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tohumanhealthandeconomicburden.Bacteriahavedevelopedtheabilitytoresistantimicrobialsby
alteringtargetsite/enzyme,inactivationoftheenzyme,decreasingcellpermeability,increasingefflux
duetoover-expressionofeffluxpumps,targetprotection,targetoverproduction,andmanyotherways.
Theshortageofnewantimicrobialsandrapidriseinantibioticresistancedemandspressingneedto
developalternateantibacterialagents.
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Theworldwidemisuseofantimicrobialsandsubsequentriseofthemulti-drugresistant(MDR)opportunistic
intracellularpathogenshaveledtoaparadigmshiftintheestablishedperspectiveofantimicrobialsand
bacterial-humanrelations.Antibioticresistantstrainsofmycobacteriumtuberculosishavethreatenedthe
progressinmanagementandcontrolofworldwideepidemicoftuberculosis.Mycobacteriumtuberculosis
intrinsically resistsmanyantimicrobials, limiting thenumberofcompoundsavailable for treatment.
Typically,conventionaltreatmentsforthesediseasesconsistoflong-termtherapywithacombination
ofbioactive(s)thatcancausesideeffectsandcontributetolowpatientcompliance.Theescalationof
antimicrobialresistanceposescompellingdemandfornewwaysoftreatingbacterialinfections.Themain
objectiveofthischapteristoreviewthepotentialapplicationsofnanotechnology-baseddrugdelivery
systemsincombatingdrugresistanceassociatedwithopportunisticintracellularpathogenswithspecial
referencetotuberculosis.
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Theantimicrobialresistancehassignificantlyriseninlastfewdecadesasaresultoftoomuchusage
ofantibiotics. In thecaseof failureofdrug therapy, themultidrug resistancehasbecomeaserious
issueinaclinicalandfoodsectors.Therapidemergenceofantibioticresistancehasbecomeagreat
concernforpublichealthworldwide.Therefore,thenovelapproachesofnano-biomaterials(NBM)and
bacteriophage(phage)havereceivedanewattentionasanalternativetreatmentforantibiotic-resistant
bacterial infections. Moreover, the advanced molecular biology and genetic engineering have been
successfullyappliedfortherapiddetectionandcontrolofmultidrugresistantpathogenicstrains.This
chapterspecificallysummarizestheprevalenceofcommonaswellasunder-researchedantimicrobial
resistanceofbacterialpathogensandtheapplicationofnano-biomaterialsandbacteriophagetofight
againstantimicrobialresistance.Ultimately,thesynergisticapproachwillbeahighlypromisingprospect
tothreatofantimicrobialresistance.
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Antibiotictherapyforlife-threateningbacterialinfectionshasgreatlyenhancedthelifespanandhealthof
humanbeings.Butcontinuedincreaseintheimproperusageofantibioticsandemergenceofmultidrug
resistantbacteria(MDR)remainsamajorreasonforthemorbidityandmortalityworldwide.Delayin
thedetectionofpathogens,poorpenetrationpowerof theantimicrobialagent,andsusceptibilityfor
mutationalresistancealsoresultedinclinicalfailureofconventionalantibiotics.Innovationofnanoparticles
(NPs)servesasapromisingstrategytoovercomeMDRbacteria.Thesite-specificactionofNPs,high
penetrationpower,minimaldosage,andmultidimensionalmechanismmakesNPshighlyefficientto
tackleMDRbacteriathanconventionaldrugs.Thischapterpresentsabriefoverviewonvarioustypes
ofNPs,strategiestocombatdrugresistance,modeofactionofNPsasantibacterialagents,applicability
invariousmedicalfields,clinicalmanifestation,challengesinclinicaltranslation,andfutureprospects.
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Thetechnologicaladvancementshavenotonlymadehumansmorecivilizedbuthavealsocausedthe
micro-organismstodevelopseveralsurvivalstrategiesviaantimicrobialresistancetokeeppace.Such
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highlydevelopedmicrobialsystemshavebeenclassifiedassuperbugs,exhibitingTrojan-horsemechanism.
Thisuncertainbehaviourinmicrobeshaschallengedhumanstoscouraroundnovelmoietytoshield
themselvesfromthedetrimentaleffects.Onesuchnaturalphenomenonthathasdrawntheattentionof
researchersisthemetal-microbeinteractionwheremicrobeswerefoundtobecontrolledduringtheir
interactionwithmetals.Fine tuningcouldbestow themwith enhancedphysico-chemicalproperties
capableofcontrollinglife-threateningmicro-organisms.Nanoformsofmetals(nanoparticles,quantum
dots,polymericnanostructures)exhibitingmedicinalpropertieshavebeenimpliedtowardbiomedical
theranostics.Thischapterhighlightsthemechanisticantimicrobialresistanceandthecontainmentstrategy
usingvariousnanoassemblagehighlightingitsfabricationandbio-molecularinteraction.
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Nanotechnology has vast applications in virtually all the fields including health and environment.
Nanomaterials have different origins like plants, animals, metals, and microorganisms. They have
larvicidalactivitiesagainstmosquitolarvaethatcausemalariaanddenguefeverwhicharemostmalicious
parasiticdiseasesofhumanbeings.Multidrugresistanceofmalariahasbeenreportedindifferentparts
ofSoutheastAsiaespeciallytothefirstlineofantimalarialdrugs.Nanomaterialshavingdifferentorigin,
sizes,concentrations,andshapes,havevariedefficacyagainstthevectorswhicharecomparablewith
thecommerciallyavailableinsecticidesandevenhavebetterresultsthanthesame.Nanomaterialscan
beusedasanalternativetocommerciallyavailableinsecticidesfortheeradicationofvectorscausing
boththediseases.Inthischapter, types,sources,composition,larvicidalpotentialagainstvectorsof
nanomaterialshavebeendiscussedalongwithpossible toxicityandfuture recommendationson the
eco-friendlyapproachforthecontrolofmosquito-bornediseases.

Chapter 9
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In the arena of biomedicine, peptide-nanoparticle conjugates (PNCs) have been newly arising as a
multifunctional tool. The synergistic effect of the two groups was directly heightened the various
biologicalproperties.TherearethousandsofPNCsthathavebeendevelopedforboththenarrowand
broadbioactivities.Inthisreview,theauthorshighlightedthenoveltechnologieslikesingleandmulti-
walledcarbonnanotubesconjugates,trivalent,andmultivalentconjugatesandtheirimportance.This
studyprovidesaclearpictureabouttheemergingtechnologiesinthefieldofPNCsandalsooffersa
guidelineforthebuddingresearchers,particularlywhoarenewtothisfield.
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Nanotechnologyhasexploredtremendousdevelopmentduringthelastdecadebecauseofitsspecific
properties.Nanotechnologyoffersgenerousprospectsintheimprovementofagriculture,watertreatment,
andfoodindustry.Inthisstudy,modernextractiontechniquesofagriculturalandplantsampleswith
advancedcharacterizationmethodswerediscussed.Additionally,variousfactorsaffectingduringsynthesis
ofNPsarealsobrieflydescribed.TheassessmentsofNPsinthesesamplesareverycomplexandvarious
techniquesaretobeusedtogetessentialdata.Theoutcomesestimatedbythesevarioustechniques
andmethodologiesarenotconstantlyidenticalbecauseofdifferentsamplesdifferentstandardization
methodology.Anewchallengeemergeswhentestingsampleswithlowconcentration.Forthissituation,
expositorytechniqueswithhighaffectabilityarewantedtogaugelowconvergencesofNPs.Aperfect
analyticaltechniqueshouldbeabletodetectplant-NPassociation,forexample,structure,morphology,
naturalspeciation,size,massconcentration,etc.
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Nanomotors are the new generation drug delivery devices that find their major application in the
pharmaceutical sector. This chapter highlights the basic aspects, mechanisms, and applications of
nanomotorsinantibacterialtherapy,cancertherapy,nano-surgery,andimaging.Becauseoftheirhigher
penetrationability,rapidtransportation,andcontrolledmobility,microandnanomotorsarereferredasnew
generationtargeteddrugdeliverydevices.Thedetectingandsensingabilityofnanomotorsfindpotential
applicationsindiagnosticsandtherapeutics.Bio-hybridnanomotorsaremostattractingcandidatesfor
effectivedrugdelivery.Bio-functionalizednanomotorcanbeusedfordetectionandidentificationoftumor
cells.Thus,nanomotorsandmicromotorscanpavewayfordevelopmentofdiagnosticandtherapeutic
toolsforthefuture.Furtherdevelopmentintheseareasfacilitatethediscoveryoflab-on-chipdevices
thatcanbeusedforsuper-fastscreeningandclinicaldiagnosticapplications.
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Cancerisoneoftheprimerationalesformortalityinhumanityandremainsadifficultdiseasetotreat.
Contemporaryproblemsalliedwithconventionalcancerchemotherapiesembracetheinsolubilityof
drugsinanaqueousmedium,deliveryofsub-therapeuticdosestotargetcells,lackofbioavailability,
and most importantly, non-specific toxicity to normal tissues. Recent advances in nanotechnology
investigationtacklepotentialsolutionstotheseriddles.However,therearechallengesregardingtargeting
specificsites,trackingthedeliverysystemandcontroloverthereleaseofthedrugtothetargetsite.The
nanodevicesare100to1000timessmallerthancellsinhumans;theirsizeiscomparabletotheenzymes,
thereceptors.Thisenablesthemtohavealargesurfaceareaandabilitytointeractwithbiomoleculeson
boththesurfaceandinsidecells.Nanomedicinesbetween8-100nmhaveanenhancedpermeabilityand
retention(EPR)effect,whichmakethesemedicinestotargetpassivelythesolidtumours.
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Cancerremainstheimportantcauseforthemortalityworldwide.Inrecentdays,differentbiomedical
strategiesareinthelimelightforthecontrolofmortalityduetocancer.Asapromisingstrategyincancer
treatment,nano-formulationswithadvantagesindrugdelivery,health,andpharmacyarebooming.The
conventionalnanocarriercontinues,however,tosufferfromlowdrugloadefficiency,possibletoxicity,
unknownmetabolism, andotheruncertainties.Toovercome theseproblems, carrier-freenanodrugs
withdesirablebioactivityweredevelopedquicklyandattractedconsiderableattention.Inthemeantime,
thenanoarchitecturedevelopedbyasimple“natural”methodwithamultifunctionalself-lifehasmajor
advantagesinmulti-drugresistantsynergisticcancertherapiesandinhibition.Untilnow,thecarrier-free
nanoparticlesfortumourtherapy,phototherapy,chemotherapy,diagnostics,andsynergistictherapyhave
madesignificantprogress.Inthisreview,theauthorsprovideanintegratedanddetailedreviewofrecent
literatureonnanodrugdeliverysystemscomposedofseveralactiveagents.
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Immunotherapyhasbecomeapreferablecandidateformanydiseasesinrecentdays.Theinfusionor
administrationofimmunecomplexesorcomponentstoelicittheownimmuneresponseagainstaparticular
diseasebyattractingtheantigenpresentingcellsagainstthediseasecausingorganismandelicitingthe
T-cellmediatedkillingandfurtheractivatingcellmediatedimmunitybasedontheprocessedsurface
antigensunderliesthebasicconceptbehindtheimmunotherapy.Immunotherapycanbeappliedforall
courseofdiseaseseveninthetreatmentofcancer.Thelimitationinusingimmunotherapyisthatitneeds
aproperdeliveryvehicletoreachthediseasedspottoshowsitspharmacokineticproperty.Incaseof
cancer,theimmunecomponentsadministereditselfarenotabletopertainandpenetratethesolidtumor
mass.Nanoparticlesaresmall-sizedparticleswhicharegenerallyspecificinactionusedinthefield
ofmedicine.Nanoparticlesaidintargeteddrugdeliverytothespecificspotsandimmunetargetingof
nanoparticlesisduetoitsenhancedpermeabilityandretention(EPR).
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Duetodrugresistance,lackofcancercellselectivity,andsolubility,conventionalcancertreatmentslose
theirtherapeuticuses,andassuch,newtherapeuticagentsneedtobedeveloped.Nanomaterialsand
peptidesareincreasinglybeingusedinthefieldsofcancerdiagnosis,biomarkerdiscoveryduetotheir
therapeuticvaluesandnovelwayoftargetingandcuringthedisease.Synergismamongthepeptide-
conjugatednanoparticlesisanexhilaratinggroupofmaterials,notonlysharingthebenefitsofconventional
nanomedicine,butalsopossessingtheuniquepropertiesofexcellentbiocompatibility,biodegradability,
versatilesensitivity,specificbiologicalpurpose,andsyntheticfeasibility.Thesevirtuesinspiredbythe
scientistsandhavetakenadvantageinthepeptide-conjugatednanodrugsfortheaccuratedeliveryof
drugsreliablytothesiteofthelesion.Thischapteroffersasummaryofemergingtechnologiesthathave
recentlybeendevelopedinthebroadfieldofpeptide-conjugatednanoparticlesandoffersguidancefor
targeteddrugdeliveryandcancertherapy.
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Metalssuchassilver,gold,andcopperwereusedinancienttimesfortheirmedicinalproperties.When
these metals are converted to nanoparticles, they show unique and advanced physicochemical and
biologicalpropertiesduetotheirenhancedsurfacetovolumeratio.Hence,thesepropertiesareutilized
byresearcherstodevelophighlyspecificdiagnostictoolsaswellasatherapeuticagentagainstcancer.
Cancerisacomplexdisease-causingdesolationanddeath.Earlydetectionandtreatmentistheonlyway
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toevademortality.Thischapterfocusesonmetalnanoparticlesusedasatheranosticagentagainstcancer.
Itsummarizesthesynthesismethodologyalongwiththeiradvantages,drawbacksandcharacterizations.
Theirrecentapplicationindiagnosingandtreatingcancerhasalsobeenhighlighted.
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Themagneticnanoparticlesaresaidtobeaclassofnanoparticlesornanomaterialsthatcanbemanipulated
bythehelpofexternallyappliedmagneticfield.Thesemagneticnanoparticlesconstitutematerialssuchas
nickel,cobalt,iron,andtheirderivatives.Thesearenormallysmallerthan1µmindiameterpossesswide
rangeofpropertiesandattractivecharacteristicssuitableforbiomedicalsuchasusedashyperthermia,
enhancing magnetic resonance imaging (MRI) data, supplementing tissue engineering efforts, and
improving the target-baseddrugdeliveryandmanyother technological applications. In thefieldof
cancerresearch,theroleofnanoparticlesandnanotechnology-basedmethodsandnovelstrategieshave
beenincreasingswiftlyforcanceridentificationandcancertherapy.Theironoxide(Fe3O4,γ-Fe2O3)
nanoparticles(NPs)arewidelyusedforthedrugdelivery,magneticnanoparticle-enhancedhyperthermia,
andalsoasMRIcontrastagentsduetoitsbiocompatibility,lowtoxicity,etc.leadtothegrowthofnovel
biopharmaceuticaltechnologies.
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Nanoparticles are also proving a great alternative to antibiotics in combating the deadly bacterial
infections.Coppernanoparticles, inparticular, arebeingutilized as antimicrobial agents aswell as
their interactionwithotherparticleshelps to improve theantimicrobialefficacy.Compared toother
metallicnanoparticles,coppernanoparticlesarehighlyreactive,andtheirsmallsizeallowsthemtobe
usedindifferentareas.Whenexposedtoair,coppernanoparticlesformcopperoxide,andtoprevent
thisoxidation,silicaandcarbonareutilizedtocoatcoppernanoparticles.Metalliccoppernanoparticles
havebeenusedinplaceofsilvernanoparticlesandothernoblemetalsasanti-infectiveagentsandalso
utilizedininwaterpurification.
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Preface



Multidrug-resistantbacteriaplayasignificantroleinpublichealthbydestroyingthepotencyofexisting
antibiotics.Meanwhile,cancerremainsoneofthemostcommonhealthproblemsthatimpactsociety,
resultinginmanydeathsworldwide.Novelstrategiesarerequiredtocombatantimicrobialresistance
andcreateefficientanticancerdrugsthatcouldrevolutionizetreatment.

Nano-Biotechnologyisapromisingfieldofsciencethatencompassesbiologyandnanotechnology
tobenefitthehumankind.Thecurrenteditedbookdealswithsynthesismethods,andvariousapplica-
tionsofnanomaterialsinthefieldofantimicrobialandanticancer.Featuringarangeoftopicssuchas
bacteriophage,nanomedicine,andoncology,thisbookisidealformolecularbiologists,microbiologists,
nanotechnologists, academicians, chemists, pharmacists, oncologists, researchers, healthcare profes-
sionals,andstudents.

INSIDE THIS BOOK

Theemergenceofantimicrobialresistance(AMR)isthemajorthreattothepublic,Inbrief,AMRisthe
abilityofamicroorganismstoresisttheeffectsofantibioticsortheotherexistingantimicrobialsthat
wereappliedtotreatthemicrobialinfections.Thetermantibioticresistance(AR)isakindofAMR,asit
appliesonlytobacteriathatbecomeresistanttoantibiotics.Inrecentyearstheresistantmicrobialinfec-
tionsaremoredifficulttotreat,thusrequiringalternativemedicationsoverthecurrentantibioticsand
otherantimicrobials.Nanomaterial-basedtherapeuticalapproacharepromisingtoolstocombatbacterial
infectionsthatarechallengingtotreat,advancingthecapabilitytoeludeexistingmechanismscorrelated
withdrugresistancemechanisms.Lastly,wediscussaboutthecurrentprogressandfuturisticchallenges
fortheextensiveclinicalutilizationofnanomaterialsasantimicrobialandanticancertherapeutics.The
above-mentionedreason,thiseditedbookisveryexcitingtotheresearcherswhoareinvolvinginthe
antimicrobialandanticancertherapeutics.

xx
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IMPORTANCE OF EACH CHAPTER

Chapter 1: Antimicrobial Resistance and Antimicrobial 
Nanomaterials – An Overview 

Theemergenceofantibacterial,antifungal,antiviralresistanceandthetreatmentcomplicationsinmodern
medicine.Thegrowingriseofantimicrobialresistanceinflictsaremarkableeconomicandsocialburden
onthehealthcaresystemglobally.Thereplacementofconventionalantimicrobialsbynewtechnology
tocounteractandlessenantimicrobialresistanceiscurrentlyongoing.Nanotechnologyisanadvanced
approach toovercomechallengesof such resistedconventionaldrugdeliverysystemsmainlybased
onthedevelopmentandfabricationofnanoparticulatestructures.Numerousformsofnanoparticulate
systemshavebeendiscoveredandtriedasprospectivedrugdeliverysystems,comprisingorganicand
inorganicnanoparticles.Thechapteralsocoverstheareaofadvancementsinnanomedicinetocombat
antimicrobialresistanceandnanoparticlesmicrobialinteractionmechanism.Despite,nanoparticlespose
fewdrawbacks,theyprovidehopeforthedevelopmentofeffectiveantimicrobialagentsforthefuture
wereextensivelystudied.

Chapter 2: Biopolymer-Based Nanomaterials for Biomedical Applications

Biopolymersderivedfromnaturalmaterialsarewidelyutilizedforbiomedicalapplicationforitsbio-
compatibility,biodegradability,lessertoxicity,lowcostandabundantnaturecomparedtothesynthetic
counterparts.Inrecentyears,theemergenceofnanosciencehasevidencednotablepreferenceinthede-
velopmentofsafeandpotentnano-biomaterials.Amongthevariousmethodsreportedforthefabrication
ofnanomaterials,electrospinninghasreceivedprimefocusinthegenerationoftunablenanostructures
withversatileproperties.Thischapterhighlightstheimportance,modeofsynthesis,applicationsand
limitationsofbiopolymernanomaterialsfromnaturalorigin.

Chapter 3: Addressing Antimicrobial Resistance Through 
Nano-Antibiotics – Challenges and Novel Strategies

Thecurrentworksignificantlyanalyzestherecentadvancesonnano-antibioticssystemsdevelopedto
enhancetherapeuticefficiencyofantimicrobialresistance.Inrecentyears,theirrationaluseofantibiot-
icshasescalatedtheevolutionofmultidrug-resistant(MDR)bacterialstrains.TheInfectiousdiseases
causedbytheseMDRbacterialstrainsremainamajorthreattohumanhealthandhaveemergedasthe
leadingcauseofmorbidityandmortality.TheWHOandCDChaveexpressedseriousconcernregarding
thecontinuedincreaseinthedevelopmentofmultidrugresistanceamongbacteria.Theantimicrobial
resistance(AMR)posesasevereglobalthreatofgrowingconcerntohumanhealthandeconomicburden.
Bacteriahavedevelopedtheabilitytoresistantimicrobialsbyalteringtargetsite/enzyme,inactivation
oftheenzyme,decreasingcellpermeability,increasingeffluxduetoover-expressionofeffluxpumps,
targetprotection,targetoverproductionandmanyotherways.Theshortageofnewantimicrobialsand
rapidriseinantibioticresistancedemandspressingneedtodevelopalternateantibacterialagents.Over
thepastdecade,theglobaluseofnanomedicinesasinnovativetoolstocombatthehighratesofantimi-
crobialresistancehasseenasubstantialincrease.Therehasalsobeenaparadigmshiftinthemanage-
mentofbiofilmsandMDRbacteriawithpolymericnanocompositesandantibiotic-loadedpolymeric

xxi
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NPs.Improvedtherapeuticefficacywithaconcomitantdeclineinsideeffectsofantimicrobialdrugs
hasalsobeenachievedbysurfacemodificationofmetallicNPswithligandsorantibodiesfortargeted
delivery.Thischapterwillsummarizeantibioticresistancestrategiesemployedbybacteriaandnovel
nonmaterialbasedantimicrobialsunderdevelopmentwhichcouldbeusedtotreatinfectionscausedby
multidrug-resistantbacteria.Further,thetranslationofnanocomposites,nanomaterials,surface-modified
andantibiotic-functionalizedNPstoclinicsasnext-generationnanotherapeuticsisalsohighlighted.

Chapter 4: Nanomedicine and Its Applications in Combating Resistance 
Relating to Opportunistic Pathogens With Special Reference to Tuberculosis

Themisuseofantibioticsleadstothesubsequentriseofthemulti-drugresistant(MDR)pathogenshave
ledtoaparadigmshiftintheestablishedperspectiveofantimicrobialsandbacterial-humanrelations.
TheseMDRbacterialpathogenscausediseasessuchastuberculosis,hepatitis,andHIV/AIDSandare
collectivelyresponsibleforglobalmenace. Nanotechnologyoffersaninnovativeplatformtoovercome
thesechallenges,withtheirpotentialtoeffectivelytreatandmanageeveninfectionsinvolvingantibiotic
resistance. Specifically,nanomaterialsmayprovideadditionaladvantagesowing to their size in the
nanometerscale,potentialtoovercomephysiologicalbarriers,andtheirabilitytoaccesstheintendedtar-
gets. Additionally,thehighsurface-area-to-volumeratiomayfacilitatetheinteractionbetweenpathogenic
membranesandcellwalls. Themainobjectiveofthischapteristoreviewthepotentialapplicationsof
nanotechnology-baseddrugdeliverysystemsincombatingdrugresistanceassociatedwithopportunistic
intracellularpathogenswithspecialreferencetotuberculosis.

Chapter 5: Novel Synergistic Approach of Nano-Biomaterials and 
Bacteriophage for Combating Antimicrobial Resistance

Theantimicrobialresistancehassignificantlyrisenlastfewdecadesasaresultoftoomuchusageof
antibiotics.Inthecaseoffailureofdrugtherapy,themultidrugresistancehasbecomeaseriousissuein
aclinicalandfoodsectors.Therapidemergenceofantibioticresistancehasbecomeagreatconcernfor
publichealthworldwide.Therefore,thenovelapproachesofnano-biomaterialsandbacteriophagehave
receivedanewattentionasanalternativetreatmentforantibiotic-resistantbacterialinfections.Moreover,
theadvancedmolecularbiologyandgeneticengineeringhavebeensuccessfullyappliedfortherapid
detectionandcontrolofmultidrugresistantpathogenicstrains.Thischapterspecificallysummarizethe
prevalenceofcommonaswellasunder-researchedantimicrobialresistanceofbacterialpathogensand
theapplicationofnano-biomaterialsandbacteriophagetofightagainstantimicrobialresistance.Ulti-
mately,thesynergisticapproachwillbeahighlypromisingprospecttothreatofantimicrobialresistance.

Chapter 6: Medicine at Nanoscale – A New Paradigm for 
Emerging Trend of Multi-Drug Resistance in Bacteria

Nanoparticleshavealreadyprovenitspromisingroleinvariousmedicalfieldsandtreatmentofdiseases.
However,indepthknowledgeonantimicrobialandanticancermechanismisstillindevelopmentalstage.
Even though nano-antibiotics exhibited several advantages over conventional antibiotics in treating
multipledrugresistantpathogens,moreinterdisciplinaryunderstandingfromvariousdisciplinessuchas
microbiology,pathology,immunology,biomaterials,pharmacology,toxicology,andnanotechnologyare
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needed.MetallicNPprovidesapromisingapproachwhenutilizedassuchorincombinationwithother
antimicrobialagentstocombatbacterialdrugresistance.Inaddition,targetedorsite-specificactionof
NPsdisplaysitspotentialincontrollingandmitigatingvariousMDRstrains.Butasystematicinvestiga-
tionbecomesimperativebeforetheclinicaltranslationofNPsagainstMDRorganisms.Pharmacology
aspectsofnano-antibioticsshouldbeaddressedasthedosageleveltobeadministeredisessentialfor
clinicaltranslationofNPs.

Chapter 7: Encountering the Survival Strategies Using 
Various Nano Assemblages – A Mechanistic Approach

Thetechnologicaladvancementshavenotonlymadehumansmorecivilizedbutalsothemicro-organisms
todevelopseveralsurvivalstrategiesviaantimicrobialresistancetokeepinpace.Suchhighlydeveloped
microbialsystemshavebeenclassifiedassuperbugs,exhibitingTrojan-horsemechanism.Thisuncertain
behaviorinmicrobeshaschallengedhumanstoscouraroundnovelmoietytoshieldthemselvesfrom
thedetrimentaleffects.Onesuchnaturalphenomenonthathasdrawntheattentionofresearchersisthe
metal-microbe interactionwheremicrobeswerefound tobecontrolledduring their interactionwith
metals.Finetuningcouldbestowthemwithenhancedphysico-chemicalpropertiescapableofcontrol-
linglifethreateningmicro-organisms.Nanoformsofmetals(nanoparticles,quantumdots,polymeric
nanostructures)exhibitingmedicinalpropertieshavebeenimpliedtowardbiomedicaltheranostics.This
chapterhighlightsonthemechanisticantimicrobialresistanceandthecontainmentstrategyusingvarious
nanoassemblagehighlightingitsfabricationandbio-molecularinteraction.

Chapter 8: Nanotechnology-Based Emerging Approaches 
to Combat Malaria and Dengue Fever 

MalariaanddenguefeveraredevastatingdiseasescausingseriousillnessesinAsia.Nanotechnology
haspotentialroletocombatbothmalariaanddenguefeverbycontrollinglarvaeofmosquitoesorto
stopthebreedingofthemosquitoes.Nanomaterialshaveshownpotentialaslarvicidesespeciallyfood-
gradenanoparticleswhichareeconomical,ecofriendlyandnotoxictohumanhealth.Inthischapter,
types,sourcesandcompositionofNPs,howtheycontrolthevectors,dataonnanomaterialsusedfor
thecontrolofvectors,toxicityandecotoxicityofNPsandcomparisonofNPswithantiparasiticdrugs
havebeendiscussedindetail.

Chapter 9: Current Strategies in Peptide Conjugated Nanoparticles 
– A Novel Approach in the Field of Biomedicine

Inthe arena ofbiomedicine,aNano-peptideconjugates (NPCs) hasbeennewlyarisingasamultifunc-
tionalagent.Thesynergisticeffectofthetwogroupsdirectlyheightenedthevariousbiologicalproper-
ties. There are thousands of NPCs hasbeen developed forboththenarrowandbroadbioactivities. In
this review,wehighlightedthenoveltechnologieslikesingleandmulti-walledcarbonnanotubes conjugates,
trivalentandmultivalent conjugates andtheir importance. This chapter provides aclearpicture about
theemergingtechnologiesinthe arena of NPCs and also bidsa standardpath forbuddingresearchers,
particularlyforthebeginners.
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Chapter 10: Modern Nanomaterials Extraction and Characterization 
Techniques in Plant Samples and Their Biomedical Potential

Inthischapter,modernextractiontechniquesalongwithadvancedcharacterizationprocedureofagri-
culturalandplantsampleswerehighlighted.Additionally,variousfactorsinterlinkinggreensynthesis
ofnanoparticleswerealsobrieflydescribed.

Chapter 11: Role of Micro and Nano Motors in Therapeutics and Diagnostics

Nanomotorsemergeasanovelnewgenerationdrugdeliverydevicewithversatileapplications.Inthe
medicalfield,non-invasiveandminimallyinvasivesurgerytechniquesareveryarduousandishighly
preferred.Therecentfocusisonnanojetsandmicrodrillerswhichcanbeusedtoperformminimally
invasiveandprecisesurgery.Thesetechniquesarestillunderdevelopmentasthematerialscurrently
usedforthepropulsionofthemotorsaretoxictobiologicalsystem.Magneticallycontrollednanojets
arenowunderresearchtodevelopafuelfreemotorthatisalsonon-toxic.Nanomotorsfindtheirap-
plicationsinenvironmentalremediationalso.Studyingimmuneresponseofthesedevicesarealsothe
promisingareaofresearch.Therobustdesign,suitablematerialselectionandbio-compatiblenature
outweighthedrawbackofusingnanomotorsinphysiologicalenvironment,hencetheseareaswilldrive
thefutureofthenanomotorresearch.

Chapter 12: Overview of Nano-Strategies for Combating Cancer – Introduction, 
Nanostructure-Mediated Drug Delivery, Therapeutics, Diagnosis, and Imaging

Cancerisoneoftheprimerationalesformortalityinhumanityandremainscomplicateddiseasetotreat.
ApplicationsofNanotechnologyin cancerdiagnosisandtreatmentareindeedafactthatcontainsawide
varietyofnewtechnologiesandopportunities,fromextremelyearlydiagnosisby imagingandtreatment
bythetargetedarea. Nanodevicescouldpreventorregulatecancerfromrecurrencebe-sidesdestroying
anycancercells.Diagnosisofcancerby Circulatingtumorcells(CTCs)is non-invasive,predictable,
andalsoprovidenovelinsightsabout thediseasepathogenesisoflethalneoplasms.Cancerdiagnostic
systems embedded in nanomaterials, for example, NanoVelcro CTC Assays are unique techniques
whichworkby cellsortingtactic,assessingCTCsinperipheralbloodand providinganopportunityfor
noninvasivesurveillanceofprogressionofvariouscancers likesolidcancer, prostatecancer,pancreatic
cancer,lungcancer,andmelanoma.

Chapter 13: Emerging Nano-Based Drug Delivery 
Approach for Cancer Therapeutics 

Cancerisoneoftheforemostcausesofglobalmortality.Inrecentdaysdifferentbiomedicalstrategies
areinlimelighttocontrolthecancermortality,howevertheoutcomeistherapeuticallynotconvincing.
Theexistingtraditionalanticancerdrughasdemonstratedundesiredsideeffectsmorethantherapeutic
benefits.Inrecentdecades,nano-basedmaterialswereextensivelyappliedtotreatcancerandtheresults
areencouraging.Thecurrentsurveydiscussedtheadvantagesandclinicalconcernfacingthecancerdiag-
nostictherapybyapplyingnano-drugdeliverysystem.Theconventionalnanocarriercontinues,however,
tosufferfromlowdrugloadefficiency,possibletoxicity,unknownmetabolismandotheruncertainties.To
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overcometheseproblems,carrier-freenanodrugswithdesirablebioactivityweredevelopedquicklyand
attractedconsiderableattention.Inthemeantime,thenanoarchitecturedevelopedbyasimple“natural”
methodwithamultifunctionalself-lifehasmajoradvantagesinmulti-drugresistantsynergisticcancer
therapiesand inhibition.Untilnow, thecarrier-freenanoparticles for tumour therapy,phototherapy,
chemotherapy,diagnosticsandsynergistictherapyhavemadesignificantprogress.Inthisreview,we
provideanintegratedanddetailedreviewofrecentliteratureonnanodrugdeliverysystemscomposed
ofseveralactiveagents.Wesummarizebrieflythedesignandsynthesis,thebiologicalpropertiesand
itsbroadvarietyofcancertherapyapplications.

Chapter 14: Immune-Targeted Nanomedicine

Immunotherapybecomesapreferablecandidateforthetreatmentofcancertherapy.However,itneeds
aproperdeliveryvehicletoreachthetargetingareatoshowtheirpharmacokineticproperty.Incaseof
cancer,theimmunecomponentsadministereditselfcannotabletopertainandpenetratethesolidtumor
mass.Thustheclinicalappliancesofnanoparticlesaidintargeteddrugdeliverytothespecificspots
andimmunetargetingofnanoparticlesishighlyemergingduetoitsEnhancedPermeabilityandReten-
tion(EPR).Thespecificityofthenanoparticlesarebasedontheporosity,cellmembranepermeability
anditssurfacemarkers.Thechapterfocusesontheimplicationsofnano-basedbiopolymerictargeted
drugdeliverysystem.Thestudyalsoemphasisonactivelymodulatinghostanticancerimmunityusing
nanomaterialsprovidesnewavenuesfordevelopingnoveltherapeutics.

Chapter 15: Current Therapies and Future Prospects of Peptide-
Conjugated Nanoparticle for Targeted Drug Delivery to Cancer

Duetodrugresistance,lossofspecificityandsolubilityofcancercells,traditionalcancerdrugsarelosing
theirtherapeuticapplications,andnewtherapeuticagentsneedtobecreated.Fabricationofnanomate-
rialswithbioactivepeptidesarewidelyusedintheareaofcancerresearch,biomarkerexplorationdue
totheirmedicinalutilityandinnovativeapproachtodiseasemanagement.Thecombinationofpeptide-
conjugatednanoparticlesisanexhilaratingcommunityofmaterials,notonlydotheysharethebenefits
oftraditionalnanotechnology,buttheyalsohavethespecialpropertiesofoutstandingbiocompatibility,
biodegradability,flexibleresilience,precisebiologicalactivitiesandartificialfeasibility.Suchprinciples,
inspiredbyscientistsandusedinpeptide-conjugatednanodrugsfortheprecisedeliveryofmedica-
tionsefficientlytothesiteofthelesion.Thischapteroffersadetailedreviewofemergingtechnologies
thathaverecentlybeenintroducedinthebroadareaofpeptide-conjugatednanoparticlesandprovides
guidelinesforselectivedrugdeliveryandcancertreatment.

Chapter 16: Smart Theranostic Applications of 
Metal Nanoparticles Against Cancer 

Thischapterdescribedvariousproceduresthatwereemployedforthesynthesisandcharacterizationof
metalnanoparticles.Further,thebiomedicalimportanceofsilver,goldandcoppernanoparticlesinthe
fieldofcancertheranosticshavealsobeenhighlighted.Thesenanoparticlesovercomethelimitationof
theexistingtechniquetherebyprovidingastepaheadincancertherapy.
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Chapter 17: Magnetic Nanoparticles – Role in Next Generation Nanomedicine

Themagneticnanoparticlescanbemanipulatedbythehelpofexternallyappliedmagneticfield.Dueto
theiruniquebiophysicalpropertiesandattractivecharacteristicsmagneticnanoparticlesarehighlysuit-
ableforbiomedicalsuchasusedashyperthermia,enhancingmagneticresonanceimaging(MRI)data,
supplementingtissueengineeringefforts,andimprovingthetarget-baseddrugdeliveryandmanyother
technologicalapplications.Inthefieldofcancerresearch,theroleofnanoparticlesandnanotechnology-
basedmethodsandnovelstrategieshavebeenincreasingswiftlyforcanceridentificationandcancer
therapy.The ironoxide(Fe3O4,γ-Fe2O3)nanoparticles (NPs)arewidelyusedfor thedrugdelivery,
magneticnanoparticle-enhancedhyperthermiaandalsoasMRIcontrastagentsduetoitsbiocompat-
ibility,lowtoxicitythatleadstothegrowthofnovelbiopharmaceuticaltechnologies.Thepresentstudy
elaboratestheclinicalsignificanceofmagneticnanoparticlesinthefieldofnanomedicine.

Chapter 18: Copper Nanoparticles – Easily Accessible Nano-
Weapons Against the Escalating Antibiotic Resistance

Metalnanoparticleshaveshownpromisingeffectsthatmimicsfor therapeuticantibioticsandotherantimi-
crobialmaterials;however,themicrobialinteractionofmetalstatesandrelated antibacterial mechanisms
aremostlyunknown.Here,thebacterialdrugresistance,pathogenicityandthemultifunctionalbehavior
of coppernanoparticleswereextensivelystudiedincludingdrugdelivery,antibacterial,biosensors,cata-
lystanditspharmaceuticspotential.Ourreportprovidesadeeperunderstandingofcoppernanoparticles
antibacterial behaviorsandemphasizeanewapproachforfabricatingselective antibacterial treatments
basedoncoppernanoparticles.

Chapter 19: Toxicity and Risk Assessment of Nanomaterials

Thedevelopmentandadvancementofnanotechnologyhasledtowidespreaduseofnanomaterials(NMs)
inmultidisciplinarysectors,includingtheenvironment,agriculture,biomedicine,industryandhuman
health.Nanomaterialsmay interferewithbiological systemsdue to their smallersizeand increased
surfacearearatiosintermsofvolumewhichmayraiseunanticipatedtoxicologicalapprehensions.The
ultrasmallnatureoftheparticlesmaycrossbiologicalmarginsandinducetoxicityinvitalorganslike
thehumanbrainandplacenta.Moreover,environmentalexposurestoNMsareinevitable,whichhave
becomecrucialpartsofourdailyroutinelivesandconsequently,searchforthenanotoxicityisgaining
attentiontolessenorgetridofthetoxicimpactsoftheNMs.Thesafetyconcernsandriskassessment
ofNMshavebeenraisedsignificantlyinresearchcommunitycircles,industriesandregulatorybodies.
Theinformationintheconcernedsection,obtainedfromcurrentliteratureandtoxicologicaleffectsof
NMsresearchareassorted.Inthischapter,wefocusedonthehazardousimpactofNMsonhumanhealth,
environment,andsoilduetotheexposureofvarioussortsofNMsandtheirriskassessmentwithcontrol
measures.Insummary,theinformationdiscussedinthischapterwillprovidetherequisitefoundation
fortheregulatingagencies/society,andotherorganizationstoassessthetoxiceffectsoftheseNMs.
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TARGET AUDIENCE

Thisbookchapterwehavefocusedtoaddressthemajorongoingchallengesofantimicrobialandanti-
cancertherapeuticsbyapplyingnano-materialsbasedtherapeuticapproach.Thechapteralsodiscussed
withtheconclusiveremarksinwhichresearchchallengesandfuturetrendsarediscussed.Moreover,
thetopicisveryusefultotheacademician,researchersandgraduatestudentsinthefieldofappliedand
Medicalscience,nanotechnologyandnanomedicine.

CONCLUSION

Nanomedicineisonesuchinnovationthatplaysasignificantroleindevelopingalternativeandmore
effectivetreatmentstrategiesforantimicrobialresistanceandcancertheranostics.Nano-Strategiesfor
CombattingAntimicrobialResistanceandCancerisanessentialscholarlyresourcethatexamine:

1. Howtoovercometheexisting,traditionalapproachestocombatantimicrobialresistanceandcancer.
2. Howtoapplymultiplemechanismstotargetthecancercellsandmicrobes.
3. Howthenanomaterialscanbeusedascarriersfordeliveringthedrugintotargetsite.
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ABSTRACT

Back in the mid-nineties, the discovery of antimicrobials denoted a profound and remarkable achieve-
ment in medicine which was capable of saving lives. However, recently, antimicrobial resistance became 
a major global issue facing modern medicine and significantly increased among bacteria, fungi, and 
viruses which results in reduced efficacy of many clinically important and lifesaving antimicrobials. The 
growing rise of antimicrobial resistance inflicts a remarkable economic and social burden on the health 
care system globally. The replacement of conventional antimicrobials by new technology to counteract 
and lessen antimicrobial resistance is currently ongoing. Nanotechnology is an advanced approach to 
overcome challenges of such resisted conventional drug delivery systems mainly based on the develop-
ment and fabrication of nanoparticulate structures. Numerous forms of nanoparticulate systems have 
been discovered and tried as prospective drug delivery systems, comprising organic and inorganic 
nanoparticles.
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INTRODUCTION

Back in the mid-nineties, the discovery of antimicrobials denotes a profound and remarkable achieve-
ment in medicine which was capable of saving lives of millions of populations [1]. Antimicrobial agents, 
with their static or cidal ability for numerous microorganisms such as bacteria (antibacterials), fungi 
(antifungals), and viruses (antivirals). Commonly used antimicrobials may be synthetic, may be natural 
compounds which are modified chemically or may be of animal or plant origin, (Von Nussbaum et al., 
2006). Having such variant forms, antimicrobials have a substantial effect on the disease outcome of an 
infected individual mainly responsible for recovery if they are chosen and used appropriately. Their use 
ranges from chemotherapy (treatment) to prophylaxis (prevention) of various infections. The history of 
antimicrobials officially started in 1928, when penicillin, which is the first antibiotics, was discovered. 
The discovery of penicillin put a major landmark in medicine and started, what is called “the antibiotic 
revolution” (Davey et al., 2017).

Antibiotics have different mode of actions including the inhibition of cell wall synthesis, inhibition 
of DNA replication, inhibition of protein synthesis, and alteration or inhibition of metabolism (Awad 
et al., 2012). In order to behave such mode of actions and access targets located inside the bacterial cell 
wall, antimicrobials necessarily need to penetrate into the cell. Hence, antimicrobial agents must be 
capable of penetrating to the site of action which is usually attained by diffusion or by active transport 
mechanisms. However, antimicrobial agent’s penetration into the microbial cell and reaching the sensitive 
intracellular targets is largely influenced by the presence of lipopolysaccharide-lipoprotein complexes 
which are mainly found in the cell wall of Gram-negative microorganisms. Despite such impeding 
mechanism, some antibacterial agents deploy aqueous transmembrane channels called porins in the 
bacterial outer membrane to gain entry into Gram negative organisms. Moreover, both Gram positive 
and Gram-negative bacteria possess an outer membrane structure known as Peptidoglycan, which forms 
a rigid layer. However, Gram positive organisms have a very thick peptidoglycan layer (cross-linked 
with interpeptide bridges) and Gram-negative organisms have a very thin peptidoglycan layer. Numer-
ous antibiotics, including penicillins, fosfomycin, cycloserine, bacitracin, cephalosporins, teicoplanin 
and vancomycin selectively inhibit peptidoglycan layer synthesis at different stages (Awad et al., 2012). 
On the other hand, antimicrobials such as ionophores affect the transport of cations through the cell 
membrane. The intracellular targets for antimicrobials include DNA replication and protein synthesis. 
Antibiotic agents such as chloramphenicol, puromycin, aminoglycosides, tetracyclines, fusidic acid, 
macrolides, lincosamides, mupirocin, streptogramins, and oxazolidinones interfere with the process of 
protein synthesis. Some antibiotics such as novobiocin, quinolones, diaminopyrimidines, nitroimidazoles, 
rifampicin and sulfonamides, inhibit DNA synthesis by targeting topoisomerases which are vital com-
ponents for modulation of DNA supercoiling, an essential step in DNA replication (Drlica et al., 2008). 
However, microorganisms revealed an astonishing capability to adapt, evolve, and survive by developing 
resistance mechanisms to antimicrobial compounds; and antimicrobial resistance became a major global 
issue and significantly increased among bacteria, fungi and viruses which results in reduced efficacy 
of many clinically important and lifesaving antimicrobials (Seiffert et al., 2013) The development of 
antimicrobial resistance, which may be intrinsic or acquired occurring through mutation (Martinez & 
Baquero, 2018) or gene transfer from other species or strains(Hegstad et al., 2010; Palmer et al., 2010) is 
principally caused by alteration in the binding sites; modification of the metabolic pathways; alteration or 
inactivation of the drug; or decreased permeability (increased flux) of antimicrobial agents (Schmieder 
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& Edwards, 2012). The growing rise of antimicrobial resistance inflicts a remarkable economic and 
social burden on the health care system globally.

The discovery of nanotechnology is an advanced approach to overcome challenges of such resisted 
conventional drug delivery systems mainly based on the development and fabrication of nanoparticulate 
structures. Nanotechnology, due to enhanced durability, performance, strength, flexibility, and the inimi-
table physicochemical characteristics of nanomaterials, currently become the groundbreaking technology; 
and have a thoughtful impact on improving human health. Nanomaterials can mainly be used in a number 
of treatment modalities including targeted drug delivery, prognostic monitoring of therapy, and also in 
the detection of tumors (Jena et al., 2013). The antimicrobial actions of nanoparticles include blockage 
of microbial enzymatic pathways, cidal destruction of cell membranes, microbial cell wall alterations, 
and DNA or RNA pathways (Clarence & Geoffrey, 2015). Numerous forms of nanoparticulate systems 
have been discovered and tried as prospective drug delivery systems, comprising Organic Nanopar-
ticles (such as Polymeric Antimicrobials, Chitosan, Organometallic Polymers, Peptides Nanomaterials, 
Quaternary Ammonium Compounds, Benzoic Acid, Phenol, Metallic and p-Hydroxy Benzoate Esters 
nano polymers etc...) and Inorganic Nanomaterials (including Silver, Gold, Zinc Oxide, Titanium Oxide, 
Iron Oxide, Magnesium Oxide Nanomaterials etc...). Nowadays, encapsulation of antimicrobial drugs 
in nanoparticle systems has begun being a ground-breaking and promising therapeutic options which 
heightens treatment effectiveness and lessens the undesirable side effects of antimicrobial drugs.

This chapter focus on the common drug resistance mechanisms in microbes and the role of emerging 
therapeutic alternatives particularly organic and inorganic nanoparticles pursuing to address prevailing 
issue of antimicrobial resistance; provide explicit information on the antimicrobial activity of different 
types of nanomaterials.

Figure 1. The main mechanisms of action and cellular targets of antibiotics within the bacterial cell 
(Mariana et al., 2016).
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Antibacterial Resistance

Antimicrobial resistance is one of the main challenges facing modern medicine. The emergence and 
hasty spreading of resistant bacteria is currently decreasing the efficiency of antibiotic agents in the 
community; and recent assessments report that more than 700,000 individuals die each year mainly 
as a result of antimicrobial related problems (O’Neill et al., 2016). This leads to the growing concern 
regarding antimicrobial resistance worldwide, particularly to antibacterial agents intended to combat 
gram positive and negative bacterial agents causing disease to human. Bacteria deploy different resis-
tance mechanisms against commonly used drugs including beta lactamase production, carbapenemase 
production, methicillin resistance and vancomycin resistance.

Beta Lactamase Production

Bacteria have a complex cell wall structure comprises an outer membrane imbedded with protein chan-
nels called porins. The β- lactam antibiotics have three important characteristics (mechanisms) to pass 
through this porin channels: sufficiently small in size, positive in charge, and being hydrophilic. However, 
bacteria particularly gram negative bacilli develop resistance to these drugs by altering the permeability 
of the channels. Beta lactamase are enzymes produced by bacteria and have ability to hydrolyze all types 
of beta lactam ring found in beta lactam antibiotics. The genes code for these enzymes may be coded 
in chromosome or in plasmid. The plasmid coded beta lactamase are transferable to other bacteria and 
becomes a challenge for drug resistance (Ruppé et al., 2015).

Beta lactamases are the major resistance determinant enzymes for beta lactam antibiotics in bacte-
ria. The resistance mechanism pertained by beta lactamase enzyme producing bacteria is hydrolyzing 
the beta lactam ring of the antibiotics. Enterobacteriaceae, P. aeruginosa and A. baumannii are gram 

Figure 2. History of antimicrobial agent development Vs subsequent acquaintance of resistance by 
microorganisms.
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negative bacilli (GNB) and infections they cause are primarily treated with beta-lactam (β-lactam) class 
of antibiotics. Beta-lactams are the group of antibiotics which contain a common beta-lactam ring and 
comprise pencillines, cephalosporins, monbactams and carbapenems. Beta-lactams act on the newly 
forming bacterial cell wall peptidoglycan by binding and inactivating the penicillin binding protein. 
Resistance of GNB for β-lactams can be intrinsic (chromosomal) or acquired (plasmid), both includes 
modifying the porin channel, efflux out the drug and/or importantly production of hydrolyzing enzymes 
like extended spectrum beta-lactamase (ESBL), Amp C and carbapenemase (O’Neill et al., 2016; Santajit 
& Indrawattana, 2016).

Extended spectrum β-lactamases can hydrolyze penicillin, first-, second-, and third- generation cepha-
losporins and monbactam, while carbapenemase have a wide hydrolyzing activity that can degrade all 
β-lactams including carbapenems and β-lactams inhibitor like clavulinic acid. ESBLs are inhibited by 
-lactam inhibitors and do not hydrolyze cephamycins. The genes for ESBL that found on mobile genetic 
element are important for the spread of drug resistance. Moreover, it allows GNB to acquire resistance to 
other antibiotics classes like aminoglycosides, trimethoprim, and quinolones (Lovleva & Bonomo, 2017).

Carbapenemase Production

Carbapenemase are enzymes that are capable of hydrolyzing one or more carbapenem antibiotics such 
as doripenem, ertapenem, impenem, meropenem. Carbapenemase enzymes belong to class A, B or D 
of Ambler classification. The bacteria that produce carbapenemase have a limited treatment choice; for 
instance, Carbapenemase (AmpC) enzymes, unlike ESBL enzymes, are not inhibited by classic β-lactam 
inhibitors and confer resistance to cephamycins but do not efficiently hydrolyze cefepime (Mehrad et 
al., 2015). Carbapenemase genes mediate a stable and transferable form of resistance, which is able to 
spread through clonal expansion or by horizontal transfer of genes to another bacterium. Nowadays, 
infection due to carbapenem producing bacteria is increasing and become associated with mortality. It 
is predominantly seen among gram negative bacteria particularly among Enterobacteriaceae. Routine 
identification carbapenemase production knowing its type is significant for the follow up of the spread 
of carbapenemase producers, the early identification or recognition of outbreaks and the choice of treat-
ment with novel drugs such as ceftazidime/avibactam combinations or using nanoparticulate antibacterial 
agents (Nordmann & Poirel, 2014).

Methicillin Resistance

Methicillin resistant, predominantly studied on Staphylococcus aureus (MRSA) has been identified as one 
of the major threat associated with the development of antimicrobial resistance (AMR). MRSA strains 
pose multidrug resistance patterns mainly achieved due to the acquisition of extra resistance determinants 
such as conjugative plasmid carrying gentamicin resistance (Ohlsen et al., 2013). Methicillin-resistant 
Staphylococcus aureus (MRSA) was first observed in 1960, less than one year after the introduction 
of this second generation beta-lactam antibiotic into clinical practice. It is a general fact that infections 
due to methicillin resistant strains of S. aureus are inflict higher mortality rates than infections caused 
by methicillin susceptible strains. The genetic basis of methicillin resistance in S. aureus is associated 
with carriage of a mobile cassette of genes known as the staphylococcal cassette chromosome mec 
which contain mecA gene responsible for resistance to beta lactam antibiotics including methicillin 
(Katayama et al., 2010). Most importantly epidemiological evidences regarding MRSA suggest that 
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MRSA resistance commonly occur when mecA gene which is capable of encoding methicillin resistance 
was able to horizontally transferred to another methicillin sensitive strain of S. aureus. Poor infection 
control measures along with continued indiscriminate exposure of humans to antibiotics have resulted 
in this enormous problem of attainment and spreading of MRSA, which in turn restrict the choice of 
treatment for MRSA infections. Several studies have reported that MRSA have developed resistance to 
most common antibiotics used for the treatment of its infections.

Vancomycin Resistance

Vancomycin most importantly used for the treatment of methicillin resistant bacteria. It has been an 
effective drug of choice potent against methicillin resistant strains such as MRSA. However, recently 
bacterial isolates with reduced susceptibility or complete resistance to vancomycin have emerged and are 
still spreading. Resistance to vancomycin was discovered among enterococci bacteria in 1980, and this 
discovery prompted a remarkable concern regarding the forthcoming usage of vancomycin as a potent 
treatment for MRSA. Vancomycin resistance is predominantly seen among S. aureus and enterococcus 
species; and currently becoming a challenging problem worldwide (Hidayat et al., 2006) Some researchers 
confirmed the fact that S. aureus can acquire enterococcal plasmids during distinct conjugation processes 
and exhibit vancomycin resistance ability(Zhu et al., 2010).

ANTIFUNGAL RESISTANCE

In spite of the fact that therapeutic drugs are predominantly used to control infections caused by prokary-
otic microorganisms, microbial disease due to eukaryotic microorganisms has also been controlled using 
therapeutic drugs intended controlling or managing and preventing disease caused by fungi pathogens. 
Numerous types of antifungals, pertaining diverse drug resistance profiles, are used for treating disease 
caused by fungi (Table 1). The earliest and oldest antifungal is amphotericin B, a broad spectrum agent, 
which is categorized under polyene macrolide antibiotics and remains a forefront choice for fungal 
infections having unknown etiology. Similarly, as with prokaryotic infectious agents, resistance against 
antifungal drugs is becoming an increasingly significant clinical problem particularly in tropical coun-
tries and among immune compromised population (Denning & Bromley, 2015). Some known cases 
exist showing inherent resistance of fungi to particular antifungal agents, however antifungal resistance 
is most commonly attributable to and mutations and induced changes.

Likewise, the azoles, including imidazoles and triazoles found to be the leading class of antifungal 
agents commonly prescribed for the management of fungal infections. Several modifications of the 
triazole groups have generated an advanced forms of antifungals including ravuconazole, itraconazole, 
posaconazole, voriconazole, and the recently licensed isavuconazole, which have enhanced action against 
Aspergillus and filamentous fungal species. Such advancements also lead to emergence of fluconazole 
which are used mainly in the treatment of Candida infections. These antifungals indeed have signifi-
cant variations in potencies, bioavailability, spectrum of activities, potential toxicity and drug interac-
tions (Epaulard et al., 2013). Moreover, sterol inhibitors including the allylamines squalene epoxidase 
inhibitors, isomerase inhibitors and phenylmorpholine reductase are also as topical antifungal against 
dermatophyte fungal infections.
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Fungal resistance against antifungal drugs pertain different mechanisms. For instance, some fungi 
species such as Candida krusei are inherently resistant to azole groups (Shor & Perlin, 2015). Similarly, 
increased triazole resistant strains are emerging nowadays (Kidd et al., 2015). Moreover, fungal strains 
showing cross resistance to azoles and echinocandins, signifying the emergence of multidrug resistant 
species phenotypes among medically important fungi pathogens (Van der Linden et al., 2015). A recent 
study depicts that threat from multi-azole-resistant strains of A. fumigatus might be occurring as a re-
sult of the selective pressure of agricultural azole fungicides and subsequent transmission of such azole 
resistant fungal strains to the health facility via spore dispersal mechanisms (Alan et al., 2017).

The most lately developed class of antifungals are the echinocandin antibiotics which comprises of 
clinically important micafungin, caspofungin and anidulafungin. These antifungal agents have relatable

pharmaco-kinetic characteristics; and are fungi static or fungicidal against Aspergillus species and 
fungicidal against Candida species, resulting bud tip or hyphal lysis. However, echinocardin antifungals 
are found to be ineffective against Pneumocystis jiroveci and other species (Hegstad et al., 2010).

In recent times, multidrug azole resistance specifically multidrug echinocandin resistance has been 
recognized among fungi particularly in C. glabrata strain, which is frequent in patients with solid tumors 
and hematological malignancies (Alexander et al., 2013). Such multidrug resistant strains of C. glabrata 
can only be managed using intravenous injections of amphotericin; however, due to poor penetration of 
amphotericin into urine, such infections are non-respondent to treatment and are principally untreatable 
(Pfaller & Diekema, 2012).

Antiviral Drug Resistance

Discovery of antiviral drugs lack behind antibacterial drugs. This is mainly due to the fact that treating 
viral disease is difficult due to their replication mechanisms. Viruses mostly exist as pathogen intracel-
lularly, use host cell machinery for their replication and some have ability to conjugate into host genetic 
material (DNA or RNA) and undergo rapid replication, which conclusively make antiviral treatments 
difficult. However, antiviral drug therapy is being used for common viral disease. Antiviral drugs can 
be categorized into the inhibitors of fusion, uncoating, nucleic acid synthesis, integration, protease, and 
release (Biswas et al., 2019). Conventional antiviral drugs are limited by the inadequate response, the 
rapid development of resistance, and adverse effects. It is well established that using even standard and 
the same doses of antiviral drugs may result in different inter-individual serum concentrations and clinical 
outcomes, the reasons for which may be multifactorial including differences in concomitant medications, 

Table 1. Disease caused by fungi and conventional treatment options. Data from the World Health Or-
ganization (Leroux & Ullmann, 2013).

Disease Pathogen First line (second line) treatment of choice

Invasive candidiasis C. albicans, C. glabrata,
C. parapsilosis Echinocandins; fluconazole; liposomal amphotericin B.

Aspergillosis A. fumigatus Voriconazole (amphotericin B formulations; caspofungin; 
micafungin; posaconazole; itraconazole).

Pneumocystis pneumonia Pneumocystis carinii Sulfamethoxazole–trimethoprim (clindamycin–primaquine).

Cryptococcal meningitis Cryptococcus neoformans Amphotericin B plus flucytosine; amphotericin B plus fluconazole.
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underlying diseases, treatment compliance, genetic factors, and gender-related metabolism. (Antonelli & 
Turriziani, 2012; Pommier et al., 2005). Altogether, the best antiviral agents would include those more 
effective, having less resistance and which pose low toxicity. The general principles or mechanisms of 
antiviral agents are based on the mutations in the enzyme, receptor modification, and decreased efflux 
of antiviral agents (table 3). The concept of drug resistance has been well recognized and has become 
a serious concern in clinical virology. For example, HIV/AIDS and Hepatitis infections are among the 
most prevalent viral diseases worldwide. Nowadays viral pathogens are mediating resistance against 
antiviral agents. Among the antiviral agents, drugs against Hepatitis B and HIV/AIDS are currently 
pertaining resistance and treatment failures (Pommier et al., 2005).

Table 2. Mechanism and mode of actions of drug resistance among fungi pathogens (Clarence & Geof-
frey, 2015).

Drug Drug class Mode of action Resistance mechanism

Amphotericin B, 
amphotericin 
deoxycholate

Polyene macrolide 
antibiotics

Binds ergosterol more avidly than 
human cholesterol, 
disrupting the semi-permeable 
membrane and causing leakage of 
essential metabolites and the 
collapse of electrochemical 
gradients. 
Binding of low-density lipoprotein 
receptors and amphotericin 
mediated oxidative damage may 
also contribute.

Laboratory mutants with lower ergosterol 
content are less sensitive to amphotericin 
B, but are rare clinically. 
Aspergillus terreus is intrinsically less 
amphotericin sensitive but resistant 
strains have a normal ergosterol content, 
suggesting that membrane permeability 
may not be the only mechanism of 
amphotericin action.

Fluconazole, 
itraconazole, 
voriconazole, 
posaconazole, 
ravuconazole, 
isavuconazole

Azoles

Bind haem groups and inhibit the 
P450-mediated 14α-emethylation 
(Erg11p or Cyp51p) of lanosterol in 
the ergosterol biosynthetic pathway. 
Leads to impaired membrane 
permeability, membrane protein 
action and cell wall synthesis

Resistance involves the overexpression of 
drug efflux pumps and point mutations in 
the target ERG11/ CYP51A. 
Azole resistance are likely to have arisen 
from environmentally generated mutations.

Caspofungin, 
micafungin, 
anidulafungin, CD101 
(formerly 
biofungin)

Echinocandins

Cyclic hexapeptides with an 
antifungal bioactive lipid side 
chain that binds the fungal-specific 
β-1,3-glucan synthase Fks cell 
membrane proteins, 
disrupting cell wall integrity.

Resistance through point mutations 
in two major hotspots in the β-1,3 
glucan synthase genes FKS1, and, in C. 
glabrata, FKS2 these reduce drug binding 
Upregulation of cell wall chitin can protect 
cell wall damage.

Flucytosine 
(5-fluorocytosine) Fluoropyrimdines

Converted to 5- fluorouracil by 
cytosine deaminase, which becomes 
incorporated into RNA, resulting in 
inhibition of DNA synthesis.

Resistance results from mutations in 
the genes encoding cytosine permease 
transporter, cytosine deaminase, 
which converts 5- fluorocytosine 
to 5-fluorouracil, or the uracil 
phosphoribosyl transferase required to 
convert 5- fluorocytosine into a substrate 
for nucleic acid synthesis.
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HIV Drug Resistance

The global practice of antiretroviral therapy (ART) has led to vivid reductions in HIV-1 incidence, 
mother-to-child transmission as well as mortality (Tanser et al., 2013). These extraordinary public health 
achievements were made possible by the accessibility and widespread administration of combinations 
of two nucleoside reverse transcriptase inhibitors (NRTIs) and a non-nucleoside reverse transcriptase 
inhibitor (NNRTI) (Rhee et al., 2015). However, HIV drug resistance is posing a potential threat to the 
long-standing success of ART and a threat to the eradication of AIDS as a public health problem espe-
cially in developing countries. Mainly due to various factors such as patient antiviral drug usage habit 
(incomplete adherence) and viral mutation, nowadays, there is increase in the prevalence of acquired 

Table 3. Antiviral agents, and its resistance mechanisms in different emerging and reemerging viruses

Drug Examples of targeted 
Viruses Mode of action Resistance Mechanism

Polysulphates, polysulphonates, 
other enveloped viruses 
polycarboxylates, 
polyoxometalates, 
chicoric acid, zintevir, cosalane 
derivatives, negatively charged 
albumins

HIV, HSV, CMV, RSV Virus adsorption 
inhibitors

Viral thymidine kinase or DNA polymerase 
mutation and Cross resistance among different 
antiviral drugs (Tozzi, 2010)

AMD3100, TAK779 and T20 
paramyxoviruses derivatives

HIV, RSV and 
paramyxoviruses

Virus–cell fusion 
inhibitors

Clustering resistant genes in in between catalytic 
regions and Modifying the receptor binding sites 
in case in paramyxoviruses(Strasfeld & Chou, 
2010)

Acyclovir, valaciclovir, 
ganciclovir, valganciclovir, 
penciclovir, famciclovir, brivudin, 
foscarnet, Bicyclic furopyrimidine 
nucleoside analogues, A5021, 
cyclohexenylguanine

Herpesviruses (HSV-1, 
-2,VZV, CMV, EBV, 
HHV-6, -7, -8)

Viral DNA 
polymerase inhibitor

Mutation in the DNA polymerase, Resistant 
mutations cluster at particular VZV thymidine 
kinase gene loci, and Phosphorylation of 
ganciclovir without impairing the important 
functions of enzymes used in replication (Fearns 
& Plemper, 2017)

Cidofovir, adefovir, tenofovir

DNA viruses 
(polyoma-,papilloma-, 
herpes-, adeno-and 
poxviruses), HIV, HBV

Acyclic nucleoside 
phosphonates

Mutations in the reverse transcriptase domians 
of antiviral polymerase gene, with most 
substitutions occurring in the domians B, C 
and D, Conformational changes in the domians, 
Mutations in the thyrosine-methionine-aspartate-
aspartate motif, and N236T and A181V/T 
mutations reducing viral replicative capacity and 
conferring cross resistance 39,40]

saquinavir, ritonavir, indinavir, 
nelfinavir, amprenavir, lopinavir, 
atazanavir, mozenavir, tipranavir, 
AG7088

HIV, herpesviruses, 
rhinoviruses, HCV

Viral protease 
inhibitors

Mutations/changes in the viral protease enzyme 
reducing its efficiency to bind with its substrate 
polyproteins-Gag and GagPol, and Substrate 
envelope selects active site resistant mutations 
(Balzarini et al., n.d.)

Zanamivir, oseltamivir, 
RWJ270201

Influenza A and B 
virus

Viral neuraminidase 
and hemaaglutinin 
inhibitors

Mutations in the H274Y confer resistance 
Mutations at E119, D198, I222, R292 and N294 
confer nuraaminidase sensitivity(Maarseveen & 
Boucher, 2006)

Ribavirin||, Mycophenolic acid, 
EICAR, VX497 HCV, RSV IMP dehydrogenase 

inhibitors

Amplifying the IMP dehydrogenase gene, 
Mutations in the domain of the enzyme, and 
Cross resistance with other bacterial and viral 
receptor modifications (Oakley et al., 2010)
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drug resistance (ADR) in treated individuals and transmitted drug resistance (TDR) in newly infected 
individuals, particularly in low and middle income countries (Phillips et al., 2014). Even though both 
acquired and transmitted HIV-1 drug resistance are public health concerns,

TDR has the potential to more rapidly reverse the effectiveness of first-line antiretroviral (ARV) 
therapy in the community. HIV patients with TDR who begin ARV therapy with a lower genetic barrier 
to resistance have a higher risk of virological failure (Chung et al., 2014). Drug resistant HIV Viruses 
can occur naturally every day in untreated HIV/AIDS patients. Moreover, clinically significant HIV drug 
resistance occurs mainly due to drug resistance mutation resulting from incompletely suppressive therapy 
and as a result of HIV genetic variability from the high rate of HIV reverse transcriptase processing 
errors and viral recombination with nearby viruses (Perelson & Ribeiro, 2013).

Hepatitis B Drug Resistance

Worldwide, more than 240 million people are chronically infected with HBV and more than 686,000 
people die every year due to liver disease, liver cancer and hepatocellular carcinoma (World Health 
Organization, n.d.). However, quality of life and disease progression is significantly improved after 
patients were treated with interferon and nucleoside/ nucleotide analogs (NAs) (Ma et al., 2013). Most 
importantly NAs are currently serving as the primary therapeutic options for chronic hepatitis B patients. 
However, emergence of drug resistance, predominantly attributable to mutations, is currently becoming 
a major limitation of long term NA treatment (Kwon & Lok, 2011).

Rational treatment of HBV infected cases is important to suppress HBV DNA replication, reduce 
inflammatory reactions of liver and prevent progression to cirrhosis and hapatic carcinoma. Currently, 
different therapeutic agents are approved by the United States Food and Drug administration (FDA) 
like interferon (IFN), pegylated-interferon (peg-IFN), Lamivudine, Emtricitabine, Adefovir dipivoxil, 
Entecavir, Telbivudine and Tenofovir disoproxil fumarate (Lok & McMahon, 2009). Isothiafludine ef-
ficiently inhibited the replication of HBV mutants that were resistant to nucleoside and nucleotide ana-
logues. Myrcludex B, a novel peptide therapeutic that blocks viral entry in vitro and in animal models, 
has advanced to the clinical validation stage (Petersen et al., 2008).

Among five NAs, lamivudine was the first NA to be approved for the treatment of HBV patients 
(Kwon & Lok, 2011). Hepatitis B patients receiving lamivudine treatment develop resistance mainly 
as a result of the emergence of M204I and M204V primary mutations, which can significantly affect 
viral fitness and later accompanied by secondary or compensatory mutations (V173L, L180M/I, and 
L80V/I), which most commonly can either boost the level of antiviral resistance or restore the fitness 
loss (Santajit & Indrawattana, 2016).

ANTIMICROBIAL NANOMATERIALS

Antimicrobial nanomaterials become the preferable choice of antimicrobial agent owing to the global 
emergence of multidrug resistant microorganisms (bacteria, viruses and fungi) which has made con-
ventional treatment of infectious diseases difficult. Therefore, the advent of alternative new classes of 
antibiotics, antiviral and antifungal agents that can treat resistant strains is paramount achievement of 
modern medicine (Clarence & Geoffrey, 2015).

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



11

Antimicrobial Resistance and Antimicrobial Nanomaterials
 

Antimicrobial nanoparticles are pose a new and novel nano-sized platform for efficient antibiotics 
delivery in which microbial pathogens cannot be able to develop resistance. For instance, recent study 
reports have revealed that some metal nano-constructs possess antimicrobial activities, which is used to 
combat infectious agents (Rai et al., 2009). Antimicrobial nanoparticles (NPs) provide several typical 
benefits in overcoming resistance, plummeting toxicity and dropping expense (cost), when compared 
to conventional antimicrobial agents(Weir et al., 2008). Many nano-sized drug carriers (nanoparticulate 
drug delivery systems) such as Polymeric drug carriers, Liposomes, Niosomes, Solid Lipid Nanoparticles 
(SLNs), Fullerenes and Dendrimers are also offered to effectively deliver antibiotics by improving phar-
macokinetics and accumulation, while reducing the adverse side effects of the antibiotics. Nanoparticless 
are also known to be retained for longer duration in the body than conventional antibiotics, which could 
be useful for attaining persistent therapeutic effects [Table.4 and Table 5].

Nanomedicine has potential impact on the control of infectious microorganisms mainly through 
use of nanotechnology in vaccination, design and delivery of antimicrobial drugs, and diagnosis and 
control of cross infections, particularly in overcoming drug resistant pathogens which has been given 
attention as a promising alternative to the current conventional antibiotics based approaches (Allaker 
& Ren, 2008). Metal and metal oxide nanoparticles are known for their increasing use in antimicrobial 
formulations through production of reactive oxygen species. More specifically, nano sized zinc, silver, 
titanium and zinc dioxide have been extensively used and proven to be effective in inactivating and kill-
ing various pathogenic microorganisms (Mühling et al., 2019). Moreover, recent studies reported that 
antibiotics formulated in polymeric nanoparticles have shown a significant and potent antimicrobial 
activities including anti-MRSA activities when compared with non-polymerized forms of conventional 
antibiotics such as penicillin and beta lactams (Turos et al., 2017). Similarly, Vancomycin-capped gold 

Figure 3. Various functions and broad spectrum activity of nanoparticulate antimicrobial agents.
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(Au) NPs has also exhibited enhanced antimicrobial activities against vancomycin resistant bacterial 
strains (Gu et al., 2013).

Antibacterial NPs consist of naturally occurring organic antibacterial substances, inorganic metals, 
metal oxides and carbon based nanomaterials (Li et al., 2018). Nanomaterials deploy the following anti-
microbial mechanisms to combat infectious agents: Antimicrobial mechanisms of nanomaterials include:

• photocatalytic production of reactive oxygen species (ROS) that damage cellular and viral 
components,

• damaging the bacterial cell membrane/wall,
• interruption of energy transduction, and
• inhibition of enzyme activity and DNA synthesis (Huh & Kwon, 2011) (Figure 3).

Table 4. Antibacterial and Antifungal nanomaterials and their outcome

Type of Nanoparticle Type of bacteria inhibited Outcome

Fe-Oxide NP & AgNP Bacillus, E. coli and Staphylococcus 
species

Fe-Oxide NPs were sensitive against Bacillus, E. 
coli and Staphylococcus species.

Ag NPs.

Escherichia coli, Klebsiella 
pneumoniae, Pseudomonas spp. 
Bacillus species, Staphylococcus 
species

Inhibited the growth and multiplication of E. 
coli, Pseudomonas species, Bacillus spp. And 
Staphylococcus species,

Polyvinyl-N-carbazole (PVK) and 
single-walled carbon nanotubes 
(SWNTs) (PVK:SWNT)

E. coli and B. subtilis
The nano-composite showed anti-microbial 
activity against both Gram-positive and negative 
bacterial isolates.

Multi walled coated nanotubes 
(MWCNT)-lysine functionalized

S. aureus, Streptococcus agalactiae, S. 
dysgalactiae, E. coli, K. pneumonia, S. 
typhimurium

The functionalized MWCNT with lysine 
expressed high antimicrobial effect against all 
bacterial cells

MWCNT-AgNPs Escherichia coli MWCNT-AgNPs exhibited strong antimicrobial 
activities and reduce biofilm formation.

Silicon nanotubes (SNTs), 
silicon nanoparticles (SNPs)

Multidrug-resistant Staphylococcus 
aureus

SCSNTs were effective in limiting the growth of 
multidrug-resistant S aureus

Ag–Fe/SWCNTs Escherichia coli. Purified Ag–Fe/SWCNT hybrid nanoparticles 
were effective against E. coli.

SWCNTs combine with H2O2 or 
NaOCl Bacillus anthracis Spores

The combined effect of SWCNTs and H2O2 or 
NaOCl exhibited sporicidal effect on B. anthracis 
spores

Zirconia (ZrO2) nanoparticles Staphylococcus aureus, Escherichia coli, Zirconia (ZrO2) nanoparticles exhibited 
antibacterial against the test organisms.

Au/CuS core/shell nanoparticles 
(NPs) B. anthracis spores and cells

The Au/CuS NPs were highly efficient in 
inactivating B. anthracis cells, but not effective to 
the spores.

Ag NPs. Aspergillus niger, Aspergillus 
flavus, Penicillium, Candidia species

Inhibited the growth and multiplication of A. 
niger, A. flavus, Penicillium spp and candidia spp. 
Inactivating their infectiousness

Zirconia (ZrO2) nanoparticles Candida albicans, Aspergillus niger Zirconia (ZrO2) nanoparticles exhibited antifungal 
activity
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In recent times, intracellular or extracellular synthesis of inorganic (metallic) nanoparticles includ-
ing Silver (Ag), Gold (Au), Zinc Oxide, Titanium Oxide, Iron Oxide, Magnesium Oxide nanomaterials 
acting against pathogenic microbial cells have been explored as novel nanoparticle formulations.

Table 5. Antiviral nanoparticulate agents and their outcome (Clarence & Geoffrey, 2015).

Type of Nanoparticle Type of viral microorganisms 
inhibited Outcome

Polyvinylpyrrolidone 
(PVP)-coated silver 
nanoparticles

HIV-1
PVP-coated AgNP exhibit potent cyto-protective 
and post-infected anti-HIV-1 activities toward 
CCR5 cells.

PVP-coated silver 
nanoparticles HIV-1 PVP-coated AgNPs inhibited cell associated HIV-

1 and cell-free HIV-1 transmission.

mercaptoethane sulfonate 
(MES)-coated silver and 
gold nanoparticles

Herpes simplex virus type 1 (HSV-1) The MES-coated silver and gold nanoparticles 
inhibited HSV-1 infection in cell culture

PVP-coated silver nanoparticles Respiratory syncytial virus (RSV) Inhibited RSV infection

AgNP and 
polysaccharidecoated AgNP Monkey pox virus (MPV) The AgNPs of approximately 10 nm inhibit MPV 

infection in vitro, as an anti-viral

AgNPs Hepatitis B virus (HBV) AgNPs inhibited in vitro HBV RNA and 
extracellular virions

Mycosynthesized silver 
nanoparticles

HSV 1 and 2 and with human 
parainfluenza virus type 3.

Smaller-sized AgNPs were able to inhibit the 
infectivity of the viruses

Sialic-acid functionalized gold 
nanoparticles Influenza virus The NPs inhibition influenza virus infection

Figure 4. Antimicrobial mechanisms of nanomaterials (Perelson & Ribeiro, 2013).
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Inorganic Nanomaterials

Numerous forms of inorganic metallic elements and their oxide forms, such as Silver, Gold, Zinc Oxide, 
Titanium Oxide, Iron Oxide, Magnesium Oxide Nanomaterials have been demonstrated for their anti-
microbial activities against bacterial, viral and fungal pathogenic microorganisms.

Silver (Ag) NPs

Amongst the diverse forms of metallic and metal oxide nanoparticles, Silver (Ag) NPs have been dem-
onstrated to be the most effective against bacteria, viruses, and fungi microorganisms (Chamundeeswari 
et al., 2010). Ag NPs mainly synthesized through 3 methods, namely chemical (involving use of toxic 
and hazardous substances), physical (by grinding Silver metal) and biological (using fungi, bacteria and 
plant extracts). The most prominent outcome of silver nanoparticles (Ag NPs) is on the cellular metabolic 
activity, arresting the respiratory chain of microbes and on the cell division through membrane inflict-
ing damage to the microbial cells, occasioning in numerous subordinate effects, including generation of 
reactive oxygen species (ROS) and DNA damage which finally lead to bacterial and fungi cell death(Park 
et al., 2011). Moreover, Ag NPs have the ability to attach to bacterial cell wall and form ‘pits’ on the 
microbial surface increasing its accumulation. Microbial cell death subsequently results from structural 
changes in the cell membrane and formation of free silver radicals, which damage cell membrane and 
make it porous (Prabhu & Poulose, 2012).

Generally, Ag NPs interfere with the electron transport chain and transfer of energy through the 
membrane, Inhibit DNA replication and respiratory chain in bacteria and fungi being effective against 
Methicillin-resistant Staphylococcus aureus, Staphylococcus epidermidis, Vancomycin-resistant Entero-
coccus faecium, Klebsiella pneumoniae and Aspergillus species. The potency (antimicrobial efficacy) 
of Ag NPs is dependent on the cell type; as well as size and shape of Ag NPs. Improved and synergistic 
antimicrobial effect can be obtained by combining Ag NPs with antibiotics, such as penicillin, eryth-
romycin, amoxicillin, and vancomycin, most commonly against Gram-positive and Gram-negative 
bacteria (Fayaz et al., 2010). Moreover, silver nanoparticles have well developed surface chemistry and 
chemical stability, and are of appropriate size. They are able to maintain a constant shape and size in 
solution. As a result, silver nanoparticles are a good choice as inorganic nanomaterials for use against 
pathogenic microorganisms.

Zinc oxide (ZnO) NPs

Nanoparticles composed of oxide form of metals are known to be stable under tough processing settings 
and have toxicity selectively targeting bacteria exhibiting very minimal effect on human cells (Brayner 
et al., 2016). For instance, ZnO NPs, behave properties of being biocompatible and non-toxic; moreover, 
ZnO NPs have been used as drug carriers, antimicrobial agents and cosmetics ingredients (Perelson & 
Ribeiro, 2013). Recently, ZnO NPs were found to have antibacterial activity against important food 
borne pathogens, such as E. coli O157:H7 and enterotoxigenic E. coli; and against gram positive and 
gram-negative bacterial pathogens; moreover, it was ‘recognized as safe’ by the U.S. Food and Drug 
Administration (Xie et al., 2011). Previous studies revealed that ZnONPs show antibacterial activity 
against E. coli, Listeria monocytogenes, Salmonella, and Staphylococcus aureus (Tayel et al., 2011). 
The antimicrobial mechanism of ZnO NPs comprises of the release of Zn2+ ions and the production 
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of highly reactive oxygen species including hydrogen peroxide (H2O2) and OH´ which subsequently 
penetrate the bacterial cells inhibit microbial cell growth (Yamamoto, 2011). In addition, ZnO NPs are 
known to destruct proteins and lipids of the bacterial cell membrane, causing leakage of intracellular 
contents and eventually the death of bacterial cells (Perelson & Ribeiro, 2013). Simply due to their low 
production cost and UV-blocking properties, ZnO NPs are considered advantageous over Ag NPs (Uğur 
et al., 2010). As a result, ZnO NPs are widely used in the current advent nanoparticulate technology.

Iron Oxide (Fe3O4) NPs

Attributable to their intrinsic characteristics, iron containing nanoparticles have valuable scientific use. 
Iron oxide (Fe3O4) NPs are used in food preservation agents, biosensors, antimicrobial agents, storage 
media, anti-cancer agents, magnetic resonance imaging (MRI), and targeted drug delivery. Fe3O4 NPs 
have high magnetic property and enhanced biological compatibility. This property makes them preferable 
for biomedical applications (Chen et al., 2008) . Iron oxide nanoparticles can be synthesized and char-
acterized using different approaches including sol-gel and forced hydrolysis, hydrothermal processing, 
surfactant-mediated synthesis, co-precipitation, laser pyrolysis, electrochemical processing, and micro-
emulsion processing through application of techniques such as absorption spectrophotometry, scanning 
electron microscopy (SEM) and X-ray diffraction. Regarding biological actions, Fe3O4 NPs pertain similar 
antimicrobial mechanisms as ZnO, including formation of ROS, oxidative stress, superoxide radicals 
(O2), hydroxyl radicals (OH´), and hydrogen peroxide (H2O2) (Behera et al., 2012).

According to recent reports, Fe3O4 NPs has been demonstrated to impose antimicrobial activity 
against various bacteria including S. aureus, S. epidermidis, E. coli, Xanthomonas, Staphylococcus 
saprophyticus, S. pyogenes, Methicillin resistant S. aureus (MRSA) and P. vulgaris employing the 
above mentioned mechanisms (Prabhu et al., 2015). Moreover, a recent study (Arokiyaraj et al., 2013) 
assessed the antimicrobial efficiency of Fe3O4 NPs by comparing the antimicrobial action of plant leaf 
extract called Argemone Mexicana alone and in combination with Fe3O4 NPs, against bacterial patho-
gens. Remarkably, they witnessed a significant inhibition of P. mirabilis and E. coli bacterial species by 
Fe3O4 NPs treated plant leaf extract. Similarly, another study (Anghel et al., 2012) have also reported 
the high level inhibition of biofilm formation by Candidia albicans when using Fe3O4 NP-coated textile 
dressings more than their counterparts (Fe3O4 uncoated textile dressing). It is a general fact that Fe3O4 
can be coated with various structures. For instance, Fe3O4 NPs can be coated with an essential oil called 
Rosmarinus officinalis and impose effective inhibitory action against biofilm forming fungi pathogens 
such as Candidia albicans and Candidia tropicalis(Chifiriuc et al., 2012).

Gold (Au) NPs

Even before its use as nanoparticulate agents, Gold (Au) has been assumed to possess healing abilities 
and was being consumed orally in ancient times. This profound property enable Au NPs to be the earliest 
recognized forms of nanoparticulate materials. Gold nanoparticles also have distinct optical properties 
and are naturally inert and compatible. Such properties make Au NPs suitable nanomaterials in modern 
medicine. The most commonly used Au NPs have size range from 0.8 to 250 nm (Li, Zhao, & Astruc, 
2014). Synthesis of Au NPs encompasses both biological and chemical methods. Despite the involve-
ment of toxic chemicals and being expensive, chemical synthesizing method used techniques including 
tetrachloroauric acid reduction to prepare colloidal AuNPs. Currently, nanomedicine technology is 
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mainly using biological techniques for the synthesis of Au NPs yielding less expensive and non-toxic 
metallic nanomaterials (Alex & Tiwari, 2015). Numerous researchers have used the biological technique 
to synthesize Au NPs that have different form, size and antimicrobial activity. For instance, researchers 
were able to synthesize Au NPs using plant leaf extracts (Badri Narayanan & Sakthivel, 2018), or using 
microorganisms such the fungi Candidia albicans (Chauhan et al., 2011) or the bacterium Rhodop-
seudomonas capsulate(He et al., 2017) . The Au NPs antimicrobial and anticancer activity is further 
enhanced though photo thermal heating which is possible due to their property of being inert naturally 
(Méndez-Vilas, Ravishankar, & Jamuna, 2011). Moreover, Au NPs can be conjugated with several forms 
to boost their antimicrobial potency; for instance, recent research findings reported that Au NPs con-
jugated with a photosensitizer (toluidine blue) and a specific antibody have been reported to exhibit an 
enhanced antimicrobial activity against methicillin resistant S. aureus (MRSA) (Gil-Tomas et al., 2007).

The antimicrobial mode of action of Au NPs is through formation of holes in the cell wall of bacteria, 
which results in cell death due to leakage of cellular content. Furthermore, Au NPs behave a character of 
binding to DNA, preventing its uncoiling, which inhibit transcription pathway (Rai et al., 2010). Recent 
researchers reported that Au NPs used for preventing biofilm formation by the nosocomial fungi, Can-
didia albicans; and also have effective antimicrobial activity against multidrug resistant uropathogens 
including Pseudomonas aeruginosa, Escherichia coli, and methicillin resistant Staphylococcus aureus 
(Li, Robinson, Gupta et al, 2014). Studies also demonstrated that Au NPs conjugated with conventional 
antibiotics such as ciprofloxacin, gentamycin, rifampicin and vancomycin were effective in killing 
S. haemolyticus and S. epidermidis compared with using the antibiotics alone (Roshmi et al., 2015). 
Therefore, Au NPs are favorable adjuvants for antibiotics treatment in combating bacterial infections at 
a reduced antibiotics dosage with minimal adverse effects.

Copper Oxide (CuO) NPs

Largely due to its numerous physical properties such as super conductivity, copper compounds have vital 
application in current medicine. Several techniques such as laser radiation are used for the synthesis of 
CuO NPs (Sampath et al., 2014). Recent researchers have reported that CuO NPs, which are most com-
monly synthesized by the biological technique, showed antibacterial activity against both Gram positive 
bacteria such as Staphylococcus aureus and Gram negative bacteria including Escherichia coli (Chatterjee 
et al., 2012). CuO NPs commonly pose their antibacterial activity through adhesion to bacterial cell 
wall, creating negative opposite electric charges, resulting in the bacterial cell wall damage. Moreover, 
copper ions produce ROS which results in oxidative stress DNA or membrane damage while resulting 
cytotoxicity by interacting either directly with the cellular membrane or intracellularly (Naika et al., 2015; 
Weitz et al., 2015). It is also revealed that various gram positive bacterial pathogens such as S. aureus 
and gram negative microbes including such as Pseudomonas desmolyticum, Klebsiella aerogenes and E. 
coli were found to be successfully inhibited using CuO NPs synthesized from Gloriosa superba L. plant 
extract (Weitz et al., 2015). Furthermore, recent scientific work reported the improved antibacterial and 
antifungal activity of CuO NPs against Candidia albicans, Escherichia coli, Pseudomonas aeruginosa, 
Staphylococcus aureus and Proteus vulgaris when combined with fluconazole (Khashan et al., 2016; 
Weitz et al., 2015).
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Aluminum (Al) NPs

Aluminum and Aluminum oxide nanoparticles (Al2O3 NPs) have inhibitory and cidal effects against 
microorganisms mainly through disruption of cell wall. A number of methods are used for the synthesis 
of Al2O3 NPs including hydrothermal processing, laser ablation and sputtering, in which laser ablation 
method the most commonly used technique due to its quick and high purity process(Ghorbani, 2014). 
Al2O3 and Al NPs have a numerous application in therapeutic nanomedicine. Plenty of studies have 
elicited the antimicrobial activities of Al2O3 NPs against microbial pathogens. For instance, Al NPs and 
Al2O3 NPs showed greater toxicity against E. coli, B. subtilis and Pseudomonas species(Mukherjee et 
al., 2011). Likewise, Al2O3 NPs have been found to show greater potency against P. fluorescens (Bala-
subramanyam et al., 2010), while disrupting bacterial cell wall through ROS leading to cell death is the 
predominant antimicrobial mechanism (Ansari et al., 2014).

Titanium Oxide (TiO2) NPs

Titanium, which is one of the strongest metal, forms titanium dioxide (TiO2) which is nontoxic molecule 
having stability and optical properties. TiO2 is currently providing plenty of advantages in medicine, 
particularly the nanoparticulate form (TiO2 NPs) is known for its vital antimicrobial activities against 
bacteria, fungi and viruses (Pushpanathan et al., 2013). Currently, electrochemical and sol-gel techniques 
are commonly used to synthesize TiO2 NPs antimicrobial agents. The killing and inhibitory activity 
of TiO2 NPs is mainly due to photocatalytic production of vigorous oxidizing power when illumined 
with ultraviolet light at a specific wavelength, which yields active free hydroxyl (OH-) radicals which 
subsequently form superoxide radicals. Moreover, same as other metal and metal oxide nanomaterials, 
TiO2 NPs harm microbes through generating ROS which acts on bacterial membrane and cause DNA 
damage (Besinis et al., 2014). Several recent researches have reported the antimicrobial activity of TiO2 
NPs against bacteria such as E. coli biofilms, S. aureus and fungi pathogens (Méndez-Vilas, Ravishankar 
Rai, & Jamuna Bai, 2011).

Magnesium Oxide (MgO) NPs

Similarly, like other inorganic metal oxides such as ZnO, magnesium oxide (MgO) is stable and considered 
safe for use in humans. Unlike titanium dioxide nanomaterial MgO do not require photo activation to 
attain its antimicrobial activity (Tang & Feng, 2014). MgO NPs have a remarkable property of ability to 
adsorb and carry plenty of active halogens for longer duration. The process of being halogenated helped 
MgO NPs become stronger and have faster effect on the killing action of microorganisms. The MgO NPs 
exhibited killing activity against gram positive bacteria, gram negative bacteria and even some form of 
bacterial spores mainly due to various mechanisms including the formation of ROS, alkaline effects, 
electrostatic interactions, and lipid peroxidation. For instance, the surface structure of MgO NPs has 
high pH; and when it comes in contact with bacterial cell, the high pH (alkaline effect) damage the cell 
membrane of the bacteria, subsequently leading to death(Jin & He, 2011). Different scientific reports 
have showed that MgO NPs have antibacterial activity against ram positive and gram negative bacteria 
including E. coli, S. aureus, P. aeruginosa and Bacillus subtilis(Krishnamoorthy et al., 2012).
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Organic Nanomaterials

Organic nanoparticles including Polymeric Antimicrobials, Chitosan, Organometallic Polymers, Peptides 
Nanomaterials, Quaternary Ammonium Compounds, Benzoic Acid, Phenol, Metallic and p-Hydroxy 
Benzoate Esters nano polymers etc... are used as antimicrobial agents in the current advent of nanomedi-
cine. However, they are naturally less stable when compared with the inorganic NPs.

Polymeric NPs

Polymeric NPs are the most commonly available organic nanoparticles. Polymeric NPs are known to 
exhibit antimicrobial activity against pathogenic microbes. Polymeric NPs most commonly deploy contact 
killing or damage microorganisms through release of potent antimicrobial agents. They are nonvolatile, 
chemically stable and capable of binding to the surface of microbial cells. However, they have poor 
ability to influx through microbial cell membrane(Kenawy et al., 2017) .

Organometallic Polymers

Organometallic polymers are a result of a combination of metal elements combined with the polymer 
nanomaterials. Numerous organometallic polymers comprising metal elements in the external backbone 
chain (pendant groups) have been manufactured by varying the size of the alkyl groups (ethyl, methyl, 
octyl and butyl). These organometallic polymers have showed effective inhibition against DNA and RNA 
viruses viral pathogens (Beyth et al., 2015).

Peptides

Numerous peptides have been known to be synthesized using different techniques from hydrophilic amino 
acids such as lysine and hydrophobic amino acids including alanine, leucine and phenylalanine). Peptides 
synthesized using these amino acids particularly lysine and phenylalanine exhibit potent antimicrobial 
activity against E. coli and P. aeruginosa. Moreover, study reports showed that Peptides have high potenct 
and broad spectrum antimicrobial activity against Serratia marcescens, and C. albicans(Zhou et al., 2010).

Chitosan

Chitin is a long polymer of N-acetyl glucosamine chain and when deacetylated partially it forms chitosan. 
Chitosan has a broad spectrum antimicrobial activity. Furthermore, chitosan nanoparticles are effective 
antimicrobials against bacteria, fungi and viruses (Cheung et al., 2015). Chitosan is reported to have 
more effect against fungal and viral infections than disease caused by bacteria. The antimicrobial effect 
of chitosan is strongly reliant on the molecular weight of chitosan and inherent variances in the target 
bacterial cell wall structure. Most commonly chitosan poses its antimicrobial action by binding with the 
bacterial surface structure and cause agglutination, in turn enhancing leakage of intracellular components. 
Moreover, it penetrates the nucleus of fungi and inhibits RNA and protein syntheses (Qi et al., 2014). 
Chitosan predominantly showed basic characteristics including non-toxicity, biocompatibility, ability to 
enhance absorption and low level of immunogenicity. Chitosan NPs exhibit effective antifungal action 
against Candidia albicans. On the other hand, A. niger is comparatively resistant to chitosan NPs (Yien 
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et al., 2012). Using chitosan NPs as antimicrobial agent is a promising, cost-effective, and technologi-
cally affordable antimicrobial killing method having tow toxicity and enhanced broad spectrum activity.

Quaternary Ammonium Compounds

Quaternary ammonium compounds most commonly form familiar disinfectants including cetrimonium 
chloride and benzalkonium chloride. Besides, these quaternary ammonium compounds also have anti-
microbial activity particularly against bacteria and fungi. Their mechanism of action is through binding 
with negatively charged surface membrane which most commonly results in denaturation of enzymes 
and structural proteins of the bacterial surface membrane, subsequently causing cell membrane rupture 
in gram positive and gram negative bacteria; as well as Candidia albicans (Xue et al., 2015). Quaternary 
ammonium compounds exhibit better antimicrobial agents when used in combination with and Au NPs 
and TiO2 NPs. For instance, quaternary ammonium compounds functionalized with SiNPs have been 
reported to have enhanced bactericidal activity against E. coli and S. aureus(Song et al., 2011).

FUTURE PERSPECTIVES

Nanoparticles are currently providing good hope for the treatment of many diseases that are challeng-
ing to manage and treat by conventional treatment techniques. Despite this fact, certain concerns need 
to be addressed regarding detailed understanding of mechanism of action, desirable synthesis methods, 
toxicity and over-all impact on the environment and population.

CONCLUSION

The emergence and spread of drug resistant microorganisms nowadays pose huge challenge for clinicians 
and new form of drugs are required for the treatment of many diseases. Microbial pathogens including 
bacteria, fungi and bacteria develop drug resistance through various mechanisms. Currently, advancements 
in nanomedicine open a new era of synthesizing nanoparticles which have numerous functions including 
antimicrobial activity against common disease causing microorganisms. Nanoparticles synthesized by 
biological methods have lessened environmental concerns than chemically synthesized nanoparticles. 
The mechanism of action of nanoparticles differs with the type and composition of the nanoparticles. 
Despite nanoparticles currently have substantial applications in biomedicine, the associated health risks 
and the limitations of nanomaterials need to be given due attention. More studies need to be conducted 
and tangible guidelines need to be developed by the experts from industries, governments, and the 
scientific community to reduce the toxicity and other unpredictable effects of nanoparticles on human 
health. Even if nanoparticles pose few drawbacks, they provide hope for the development of effective 
antimicrobial agents for the future.
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ABSTRACT

Biopolymers derived from natural sources like plants, microorganisms, and animals have attracted sig-
nificant attention towards biomedical applications due to their biodegradability, biocompatibility, zero 
toxicity, and abundant nature compared to the synthetic counterparts. In recent years, the emergence of 
nanoscience has evidenced notable preference in the development of safe and potent nano-biomaterials. 
Among the various methods reported for the fabrication of nanomaterials, electrospinning has received 
prime focus in the generation of tuneable nanostructures with versatile properties. This chapter high-
lights the importance, mode of synthesis, applications, and limitations of biopolymer nanomaterials 
from natural origin.

INTRODUCTION

Biopolymers include a wide range of materials from plants, animals, insects, microorganisms and syn-
thetic materials which are biodegradable in nature. The term “biopolymers” encompass not only poly-
meric materials that occur naturally but also natural substances that have been polymerized into high 
molecular weight materials by biological systems (Lau et al., 2011). Compared to the synthetic polymers, 
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biopolymers possess diverse and versatile biomedical applications. Natural polymers such as cellulose, 
chitosan, alginate, pectin, starch etc., exhibit remarkable properties such as purity, crystallinity, tensile 
solidity, improved elasticity, and extensive surface area than the synthetic polymers. Biodegradable 
polymers are broadly classified into three types. 1. Chemically synthesized biopolymers: It comprises 
of biodegradable polymers synthesized by chemical methods with biodegradable properties. It includes 
diverse polymers such as polycaprolactone, polyethylene oxide and polylactic acid etc., They are ame-
nable to enzymatic modification or microbial degradation. 2. Biobased biodegradable polymers: These 
groups of polymers are biodegradable and compostable ex: cellulose, starch etc., these polymers are 
partially degradable and their degraded fragments are obstinate and prevail in nature for a long period 
of time. 3. Microbial biopolymers: Microbially derived polymers are synthesized by microbes under 
stress conditions both intra and extra cellular to cope up the harsh environmental conditions. Based on 
the structure and chemical composition, microbial biopolymers are grouped as bacterial cellulose, poly 
(γ- glutamic acid), hyaluronic acid, dextran and polyhydroxyalkanoates. Microbially derived polymers 
are completely safe, biodegradable, and biocompatible and zero toxic in nature. In recent years, studies 
on microbially derived biopolymers pretend to possess tunable properties and applications compared to 
other biodegradable polymers from natural sources. General outline classifications of biopolymers are 
summarized in Figure 1.

Nanotechnology is garnering significant attention in scientific research due to its diverse and com-
mercial applications in diverse fields. Nanomaterials are given prime importance in the development of 
smart materials with versatile properties. The unique physicochemical properties of nanomaterials such 
as size, high surface to volume ratio and quantum nature enable them for the application in multiple fields 
like medicine, biology and chemistry. The field of bionanotechnology ought to have a special focus due to 
its fascinating interdisciplinary approach of research that brings together biology, materials science, and 
nanotechnology for better clinical endings. Application of biopolymer based nanomaterials is gathering 
interest in diverse biomedical applications such as drug and gene delivery, tissue engineering, wound 
healing, cancer therapy etc., Medical applications of biopolymers are depicted in Figure 2. Different 
nanomaterials such as nanofibers, nanocomposites and nanowires fabricated by nanotechniques such as 
electrospinning, sol-gel method, chemical vapour deposition and self assembly techniques have received 
importance in the field of bionanotechnology. Therefore, in this chapter it is intended discuss about the 
features, applications and limitations of biopolymer nanomaterials and their role in biomedical applications.

Nanofibers

In recent decades, a steady progress has been witnessed in the development of novel and functional 
polymer fibers. Natural fibers, due to their versatile material properties and their abundant nature have 
become inevitable in the day to day life applications (Kotek, 2008). Nanofibres have emerged as an 
important group of nanostructures with multiple functionalities compared to the other nanomaterials. 
Nanofibers are nonwoven, three dimensional, porous and exhibit increased surface to volume ratio with 
controlled porosity makes them suitable for various applications including tissue engineering (Chae 
et al., 2011) drug delivery (Kenawy et al., 2009) wound dressing (Khil et al., 2003) filtration, energy 
storage, defense, and security (Ramakrishna et al., 2006; Thavasi et al., 2008). Nanofibers fibers have 
received more attention in material and biological sciences due to their ease of fabrication and the abil-
ity to control their compositional, structural and functional properties. A wide range of polymers can be 
used to produce polymer non woven mats, consisting of nanofibers.
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Nanofibers synthesized from natural biodegradable polymers are proven to be a good matrix for the 
generation biocompatible materials with wide scope in medical applications (Vlierberghe et al., 2011; 
Raveendran et al., 2013). In recent years, different modes of nanofiber fabrication has extensively explored 
in scientific literatures. Successive modification in the equipment set up and geometrical post-processing 
treatments favors the inter-fiber positional ordering and intra-fiber molecular alignment of nanofibers. 
Further, wide distinct polymer materials in combination with different solvent systems played a vital 
role in the formation of electrospun nanofiber with tailor specific properties and functionalities (Quiros 
et al., 2016). Nanofiber fabrication techniques can be broadly divided in to two types namely top-down 
and bottom-up approaches that includes physical, chemical and biological fabrication methods. Top-
down approaches includes ball milling, sequential cutting, refining and griding (Barhoum et al., 2019). 
Bottom-up methods include template synthesis (Martin 1996; Feng et al., 2002) phase separation (Ma 
and Zhang, A) self-assembly (Xu and Liu 1997), drawing techniques (Ondarçuhu and Joachim, 1998), 
centrifugal spinning (Weitz etal., 2008), solution blowing (Medeiros et al., 2009) and electrospinning (Ray 
et al., 2016). Among the different techniques carried out for developing nanofiber mats, electrospinning 
was found to be the efficient and affordable fabrication technique for the development of nanofibers. 

Figure 1.Outline classification of biopolymers
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Electrospinning: Fabrication of Biopolymer Nanofiber

Electrospinning is an egressing nanotechnology technique that parallels the current scientific research 
towards multidisciplinary approach. For more than a decade nanofibers fabricated by electrospinning 
process is garnering considerable attention in material research. (Aravindhan et al., 2015; Han et al., 
2008). Electrospinning is the process in which nanofibers are produced from a solution of polymer or 
melt in presence of electric field. The process is based on Rayleigh’s studies on electric fields reported 
in nineteenth century and was patented in 19th century (Cooley, 1900). Unlike conventional spinning 
process, electrospinning is intelligible, elementary and economical. Further, electrospinning apply 
electrostatic force for the fabrication of electrospun nanofibers (Feng et al., 2010; Lu and Ding, 2008). 
Electrospinning allows the rapid evaporation of solvent and results in solidification of charged droplets 
to form fibers. Electrospinning setup basically consists of syringe and a needle, in which the tip of the 
needle is connected to a high voltage supply. Supplementation of high voltage to the polymer solution 
results in the formation of high surface to volume ratio nanofibrous scaffold in presence of electric field. 
Size controlled nanofibers can be fabricated by optimizing the processing conditions. Till date different 
morphologies of nanofiber scaffolds were fabricated by optimizing the parameters such as voltage, flow 
rate, tip to collector distance, solvent and polymer concentration etc., relatively low cost equipment, simple 

Figure 2 .Biomedical applications of biopolymers
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as well as basic operating procedures and possibility of large-scale nanofiber production has resulted in a 
rapid development of electrospinning technique towards laboratory scale applications. Multiple electro-
spinning techniques have been emerged in the last two decades, such as needless electrospinning, bubble 
electrospinning, magnetic field assisted electrospinning, electroblowing, coaxial electrospinning, charge 
injection and electrospinning (Liu and He, 2010; Weng et al., 2005; Nayak et al., 2012). Coaxial electro-
spinning was developed using special bilayer spinneret with two different types of polymer solutions for 
the formation of core-shell filaments especially for slow release of drugs and other compounds (Jiang et 
al., 2014; Moulton and Wallace, 2014). In magnetic field assisted electrospinning, uniform nanofibers 
are fabricated in presence of magnetic field for modulating the nanofiber deposition and alignment (Liu 
et al., 2010). Solvent evaporation during spinning process is the major limiting factor that hinders mass 
production of specific nanofibers and confers negative effect to the environment. In order overcome these 
obstacles solvent free electrospinning methods such as super critical CO2 facilitated electrospinning, melt 
electrospinning and UV curing electrospinning was developed in recent days (Barhoum et al., 2019). 
Solvent free electrospinning is considered as an ecofriendly method for the fabrication of nanofibers with 
large diameter. However, different factors such as higher precursor viscosity and specific set up require-
ment limits their usage priority. Supercritical CO2 facilitated electrospinning employ supercritical CO2 
instead of liquid solvents for spinning un dissolved bulk polymer samples (Zhang et al., 2017). In UV 
curing electrospinning nanofibers are electrospun in presence of UV light under N2 atmopshere (Zhang 
et al., 2016). Basic schematic experimental set up of electrospinning units are illustrated in Figure 3.

Figure 3. Schematic Ilustration of Electrospinning process
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Various biomimetic nanostructures resembling honey comb (Si et al., 2015; Si et al., 2017) spider 
web (Ding et al., 2011; Zainab et al., 2017), tubular (Zhao et al., 2007; Liang et al., 2017), bamboo 
stem (Li et al., 2012), bird feather (Liu et al., 2008; Wang et al., 2016), lotus leaf (Koch et al., 2009) 
are synthesized by electrospinning process. Electrospun polymeric nanofibers mimics the structure and 
function of the natural extracellular matrix (ECM) and enhances the function of human tissues. The small 
pore size with high porous nature of the nanofibers enhances the gas exchange and filtration property. 
Further, electrospun nanomaterials represent an efficient formulation of natural and synthetic drugs in 
high concentration with controlled and sustained release properties.

Polymer Nanocomposites

Composites are generally considered as combination of two molecules, usually consisting of a polymer 
and organic /inorganic materials. Generally composites consist of simple fillers dispersed in to polymers. 
The properties of the filler influence the composite behavior depending upon the shape, size, physio-
chemical dimensions and other inherent properties. Nanocomposites are defined as composite materials 
in which at least a part of a component has nanoscale dimensions. (Qi et al., 2018). Nanocomposites 
have engrossed significant attention in therapeutic and industrial application due to its multifunctional 
materialistic properties. Recently, polymer nanocomposites have escalated as superior nanomaterials 
with exceptional physical and chemical properties (Jeevanandam et al., 2018). Nowadays, tailor made 
polymer nanocomposites with unique functional groups confer peculiar properties for multiple applica-
tions in modern science. (Li et al., 2015). Annexation of nanofiller within the polymer host and their 
composition is considered as the key factor that influences the physical and chemical properties of the 
nanocomposites. Especially, bionanocomposites are considered as a boon for scientific research that 
encircles the innovative approach of nanotechnology with biomedical sciences (Blaiszik et al., 2010; 
Gaharwar et al., 2014). The molecular interactions between inorganic/organic fillers and polymer matrix 
controls the properties of the bionanocomposites (Hule and Pochan, 2007).

Methods Involved in Fabrication of Biopolymer Nanocomposites

The past few years of polymer research have authenticated a number of methods for the synthesis of bio-
polymer nanocomposites such as in-situ polymerization, melt interaction, solution interaction, polymer 
grafting surface modifying process, layer by layer assembly technique (LBL) etc., In all the methods 
fabrication and properties of the nanocomposite depends upon different factors such as type of polymer, 
solvent system, molecular weight and size of the nanofiller. Controlled radical polymerization is one of 
the popular methods followed for the synthesis of polymers with explicit structural design and molecu-
lar weight (Qi et al., 2018). Of the different radical polymerizations techniques, atom transfer radical 
polymerization technique (ATRP) is documented as a favorable method, for the fabrication of polymer 
nanocomposites with diverse multifunctional materials. (Matyjaszewski, 2012). Further, surface initi-
ated atom transfer radical polymerization (SIATRP) has become a powerful tool for the fabrication of 
various polymer bionanocomposites. The technique is suitable for the development of different polymer 
composite materials at various reactions conditions with diverse functionalities (Kumar et al., 2016; 
Rajender et al., 2016). LBL assembly technique depends on sequential deposition of inversely charged 
species, and this method is highly suitable for polyelectrolyte systems (Decher, 1997). In situ polymer-
ization method favours the dispersion of nanofiller in to the momomer with the suitable polymer matrix. 
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This process facilitates the effective distribution of nanofiller in to the polymer matrix compared to the 
other methods (Okamoto et al., 2001). Melt intercalation is a solvent free method where the dispersion 
of the composites happens in molten state of the polymer (Chen et al., 2003; Kim et al., 2009). Here, the 
nanofiller polymer matrix forms a network with the polymeric materials to form nanocomposite (Weng 
et al., 2005). Solution intercalation is preferred as most favorable and simple method for the fabrication 
of biopolymer nanocomposites such as polyvinyl alchol, polyvinyl chloride and polylactic acid etc.,. 
It involves simple mixing of colloidal suspension of nanofiller in to the polymer matrix with suitable 
solvent system followed by solvent evaporation (Wanga et al., 2004; Kalaitizidou et al., 2007). 

BIOMEDICAL APPLICATIONS OF BIOPOLYMERS BASED NANOMATERIALS

Cellulose

Cellulose is considered as the most copious renewable biopolymer in the biosphere. Plants are consid-
ered as authentic and prime source of cellulose. Apart from plant source, cellulose is also produced by 
certain bacteria such as Gluconacetobacter, Acetobacter and Rhizobium in extracellular mode (Picheth 
et al., 2017). Cellulose and its derivative forms such as cellulose acetate, carboxymethylethyl cellulose 
cellulose have emerged as an important materials in biomedical, pharmaceutical and industrial applica-
tions, Nanoscale applications of cellulose nanomaterials are highly documented in scientific literatures 
due to their biocompatibility and nontoxic behavior towards biological systems (Menon et al., 2017). 
Some common nanofabrication methods and their corresponding nanofiber characteristic features are 
mentioned in Table 1.

Table 1.List of literature reports on nanofabrication techniques and solvent systems of cellulose nano-
materials

Biopolymer Nanomaterial type Fabrication 
Technique Solvent Characteristic

features Reference

Starch Nanofiber Electrospinning Water/formic 
acid

Highly stable, 
homogenous, 
cylindrical, 
randomly oriented 
nanofibers

Adeli et al. (2019)

Starch/PVA/Chitosan Nanofiber Electrospinning Water/Acetic 
acid

Uniform, bead free, 
porous nanofibrous 
mats

Fonseca et al. ( 2019)

Starch/PCL Nanofiber Melt electrospining - Multilayered mesh 
like nanofibers Martins et al. (2009)

Starch/PVA/PEO Composite polymer 
nanofiber Electrospinning Water

Randomly oriented 
smooth imporous 
nanofibers

Tang et al.(2016)

Starch/Silkfibrion Polymer 
nanocomposite 

Electrospinning 
and freeze drying

Methanol/ 
water

Uniform, smooth 
homogenous 
nanofibers

Hadisit et al. (2015)
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Cellulose is composed of (1-4)-D-glucose units and Bacterial Cellulose (BC) is made up of (1-4)-D-
anhydroglucopyranose chains connected through β-glycosidic linkages. Production of cellulose nanofibers 
from bacteria is relatively cheap, efficient and eco-friendly compared to the plant sources. Chawla et al. 
(2009) suggested that, by adopting different fermentation strategies, tailor made BC can be synthesized 
in different size, thickness and porosity for diverse applications. BC nanocomposite displays high tissue 
regeneration efficiency and wound healing capacity in chronic wounds (Ullah et al., 2016). Picheth et al. 
(2017) highlighted BC as an outstanding, indispensible and versatile biomaterial for tissue engineering 
and wound repair. However, BC in its native form does not possess antimicrobial activity. In order to 
inherit antimicrobial properties BC have been amalgamated with metals to form BC nanocomposites. 
Wahab et al. (2019) demonstrated the thermal synthesis of AgNPs blended cellulose nanofibers with 
antimicrobial property. Further, Ullah etal.(2016) fabricated antibacterial bacterial cellulose blended 
silver nanoparticle membrane by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) mediated oxidation 
reaction. Pinto et al.(2013) employed synthesized stable copper nanofiller and nanowires in cellulose 
matrices with excellent antimicrobial activity. Further, cellulose acetate nanofiber embedded, TiO2 
coated silver nanofibers found to exhibit tremendous antimicrobial activity towards multiple pathogens 
with 36-72 hours of incubation (Jotai et al., 2019). In addition to antibacterial effect, Yadav et al. (2010) 
investigated the antiviral property of the NAcG blended BC exvivo.

Cellulase integrated Bioresorbable BC composites were developed by Hu and Catchmark (2011). The 
results of the study indicates loss of 90% enzyme activity in a suboptimal pH conditions. To overcome 
the loss of enzyme activity the authors had optimized the buffer components of BC composite solutions 
in optimal pH microenvironment. Amin et al. (2012) designed pH sensitive BC-PAA nanocomposite 
hydrogels for controlled delivery of bovine serum albumin. Similar assay was carried out with BC-PAA 
by Ahmad et al. (2014) for oral delivery of proteins. Nanocellulose is reported to be the most explored 
nanomaterial in recent decades. It includes two main nanoforms namely cellulose nanofibers (CNF) 
and cellulose nanocrystals (CNC). Nanocellulose materials are tested in a number of biomedical and 
biotechnological applications as composites in drug delivery, bone replacements, anticancer drug deliv-
ery, artificial skin scaffolds and as wound dressing materials (Jorfi& Foster, 2015; Smyth et al., 2017). 
Electrospun cellulose nanofiber exhibits inherent properties of cellulose and characteristic features 
such as porosity, nanoscale dimension, breathability, high surface area and mechanical stability enable 
them to transform as an ideal material for healthcare and therapeutic sectors (Missoum et al., 2014; Liu 
et al., 2017). CNCs and CNF possess mechanically stable self-assembled structural alignment due to 
their specific higher surface area and uniform particle size distribution (Gu et al., 2018). Assessment 
of mechanical strength and cytotoxicity of CNC incorporated gelatin nanofibers at different concentra-
tions was reported by Hivechi et al.(2018). Their findings highlighted the increased biodegradability 
and zero toxicity of the composite nanomaterials. Souza et al. (2018) investigated the role of physical 
properties of nanocellulose and its biocompatibility nature against vero cell lines. Khoshnevisan et al. 
(2018) explored the possible application of cellulose acetate nanofibers as drug delivery agents for the 
treatment of transdermal patches with anti-inflammatory potential. Golizadeh et al. (2019) evaluated 
the improved cellular attachment and proliferation of electrospun surface charged cellulose nanofibers.

Starch

Starch is the second important renewable, inexpensive, and abundant polymer material found next to 
cellulose. Starch is semi-crystalline in nature and composed of two types of carbohydrate molecules 
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namely amylose and amylopectin. Amylose and amylopectin are branched polymers made up of α (1, 
4) glucopyranose linked by α (1, 6) bonds. The composition of amylopectin and amylose differs with 
that of the plant source and genetic makeup of the plant species. Research outputs of the recent studies 
have declared starch as a promising biomaterial for successful application in tissue engineering, wound 
healing, drug delivery and antimicrobial therapy. Initial attempts on the fabrication of starch nanofibers 
were carried out by extruding amylose from starch (Muetgreet& Hiemstra, 1959). But the process was 
failed due to the inexpensive methodology and lower occurrence of amylose in starch composition. 
Transforming starch in to fiber form is complex due to the heat instability, water resistibility, low strength 
and poor process ability. Bailey and Mackey (2012) insisted that high amount of amylopectin affects the 
formation of starch nanofibers through electrospinning. 

Kong and Ziegler (2002) produced starch fibers in dual solvent medium composed of DMSO and 
water. The results highlighted the role of solvents in the fiber formation with respect to molecular ori-
entation. Compilation of literature reports on the effect of different solvents on starch nanofibers are 
summarized in Table 2. Li et al. (2016) applied centrifugal electrospinning technique for the synthesis 
of starch microfibers from various sources. Further, studies on the development of starch nanofibers 
highlighted the potential of starch acetate (SA) obtained by esterification favors nanofiber formation 
(Luncuski et al., 2017). Luncuski et al.(2015) reported the electrospinability of starch was enhanced in 
presence of 90% formic acid. The results further confirmed the development of bead free fibers with 
improved mechanical strength. Similarly, Oktay et al. (2013) prepared highly stable electrospun starch 
nanoweb composite in presence of 10% (poly (ethylene-alt-maleic anhydride) by thermal modification.

Encapsulation potential of lactobacillus paracasei with starch nanofibers was reported by (Luncuski 
et al., 2017). The report of the study confirms the increased survival rate of the bacteria suitable for 
probiotic applications. Prashanthini and Kalyani (2015) designed a hybrid starch nanofibers with PVA 
and rice husk for bone tissue engineering. Electrospun starch/polycaprolactone composite nanofiber 
was fabricated by coaxial electrospinning method with effective blood clotting property (Giridev and 
Hemamalini, 2018). Hadisi et al.(2018) investigated the antibacterial and anti-inflammatory activity of 

Table 2. Literature data on fabrication mode and characteristic feature of starch nanomaterials

Biopolymer Nanomaterial 
type

Fabrication 
Technique Solvent Characteristic 

features Reference

Starch Nanofiber Electrospinning Water/formic 
acid

Highly stable, 
homogenous, 
cylindrical, 
randomly oriented 
nanofibers

Adeli et al. (2019)

Starch/PVA/Chitosan Nanofiber Electrospinning Water/Acetic 
acid

Uniform, bead free, 
porous nanofibrous 
mats

Fonseca et al. ( 2019)

Starch/PCL Nanofiber Melt electrospining - Multilayered mesh 
like nanofibers Martins et al. (2009)

Starch/PVA/PEO Composite polymer 
nanofiber Electrospinning Water

Randomly oriented 
smooth imporous 
nanofibers

Tang et al.(2016)

Starch/Silkfibrion Polymer 
nanocomposite 

Electrospinning and 
freeze drying

Methanol/ 
water

Uniform, smooth 
homogenous 
nanofibers

Hadisit et al. (2015)
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gelatin blended starch nanofiber on burn wound in mice model. The results indicated the clear observa-
tion of re epithelialization and angiogenesis with promising wound healing property.

Polyhydroxybutyrate

Polyhydroxyalkanotes (PHAs) comprises a large biopolymer family produced by bacteria as intracel-
lular carbon reserve material under stress conditions. Polyhydroxybutyrate (PHB) is the predominant 
homopolymer of 3-hydroxybutyrate and significant member in PHA family. More than 100 types of 
PHAs and their co-monomers have been considered for commercial applications in multiple disciplines 
(Lu et al., 2013). PHB along with their corresponding copolymers and composites are recently receiving 
considerable attention in biomedical sectors. Especially, PHB nanofiber composites with large surface 
area, high porosity, cytocompatibility and biodegradability are considered as appreciable materials in 
anticancer drug delivery and tissue engineering (Kuppan et al., 2011; Bhattacharjee et al., 2016). Recent 
studies has suggested, PHB as a preferable candidate for bone tissue engineering due to the favorable 
mechanical property and zero chronic inflammatory response even after years of implantation (Thada-
virul et al., 2017; Zarei et al., 2018). Gunes et al. (2018) fabricated 3D silk impregnated HAp/PHBV 
nanofibrous scaffolds for bone regeneration by wet electrospinning process. Amini et al.(2018) developed 
gentamycin loaded PVDF/PHB/chitosan nanofiber for the treatment of postsurgical ulcers. However, 
brittleness and high degree of crystallinity of PHB is assumed to be the most important factor limiting its 
role in tissue engineering (Toloue et al., 2019). Further, low hydrophilicity and degradation rate of PHB 
undermines its application in bone tissue engineering (Zhijiang et al., 2016). Xu et al.(2017) substanti-
ated the importance of solvent system and their effects on morphological features of PHB nanofibers . 
The results of their study insisted the use of binary solvent for the effective fabrication of PHB and their 
corresponding copolymer nanofibers. The effect of different solvents, fabrication modes and their impact 
on PHB nanofiber structures are represented in Table 3. Therefore different attempts have been made to 
improve the physical, mechanical and biological properties by blending PHAs with biomaterials such as 
chitosan, alginate, cellulose etc., Mohammadalizadeh et al. (2019) suggested that low hydrophilicity and 
degradability can be overcomed by formulating chitosan/PHB nanocomposites. Followed by chitosan, 
hydroxyapatite (HA)/ PHBV nanofiber was designed with better osetogenic potential with increased 
surface roughness and cell adhesion (Noorani et al., 2018). Fernandes et al. (2014) highlighted the ap-
plication of antibacterial effect of chlorhexidine loaded PHB/PEO nanofiber membranes. 

Chitin and Chitosan

Chitin is considered as an important degradable polymer of biological origin. Chitin is composed of 
poly (β-(1–4)-N-acetyl-D-glucosamine) moieties. Chitin microfibrils occurs as structural entity of ar-
thropods and cell wall exoskeleton of unicellular and multi cellular eukaryotes such as yeast and fungi 
(Rinaudo, 2006). Chitosan, the deacytlated form of chitin is a polysaccharide containing one amino 
and two hydroxyl group with repeated glycosidic residues. Both chitin and chitosan nanomaterials 
has drawn significant consideration in nanoscience due to their renewable property, biodegradability, 
biocompatibility, non-toxic nature, porous nature and intrinsic antibacterial behavior. (Zamora-Mora et 
al., 2017; Ho et al., 2014). However, chitosan is the preferred choice of polymer for in biomedical ap-
plications due to the poor soluble behavior of chitin. Therefore, different approaches were followed by 
modifying the solvent type to enhance the application of the chitin nanoformulations. Different fabrica-
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tion methods for the development of chitin and chitosan nanomaterials are depicted in Table 4. A novel 
water dispensable graphene coated chitin nanofibers was synthesized by ball milling process (Wang et 
al., 2018). The hybrid nanomaterial was highly stable and biocompatible in nature. PCL incorporated 
chitin derived glycosamine sulfate nanofibers was fabricared by coaxial electrospinning for cartilage 
regeneration (Chen et al., 2019b). Chen et al. (2019a) designed chitin nanofiber based hydrogels with 
improved mechanical strength via surface deactylation. Madhumathi et al. (2010) prepareda α-chitin/
silver nanocomposite scaffolds with antibacterial and blood clotting properties. Kong et al.(2010) reported 
that high degree deacylation leads to the generation of increased positive charge density and confers 
potent antibacterial activity.

Chitosan have been emerged as predominant biopolymer in the fabrication of nanocomposite poly-
mer scaffolds for tissue engineering (Elie-Ali-Komi and Hamblin, 2016). Electrospinning of chitosan is 
quite complex due to their polycationic specification and high molecular weight distribution. Homayoni 
et al. (2009) explored that several parameters such as electric field, tip to collector space and choice 
solvents strongly influences the fiber morphology and properties. Solubility of gluteraldehyde cross 
linked chitosan nanofibers was assessed by Schiffman and Schauer (2007). Considerable improvement 
in structural and chemical properties was observed. Electrospun chitosan nanofiber matrix along with 
nanoscale properties and high surface to volume ratio was believed to mimic the extracellular matrix of 
the mammalian cells. Feng et al.(2009) fabricated a novel galactosylated chitosan nanofiber in presence 
of formic acid for tissue engineering application using electrospinning. Time dependent degradation 
behavior of chitosan nanofiber materials have demonstrated to provide an excellent space for osteoblast 
adhesion. Improved effects of chitosan nanofiber scaffolds on osteoblast proliferation and maturation 
was highlighted by Ho et al.(2014). Similarly, chitosan/ polycaprolactone nanofibrous scaffolds have 
reported to promote bipolar elongation of neurons and stimulation of cell proliferation (Wang et al., 

Table 3. Literature reports on fabrication type, solvent and morphological features of PHB Nanomaterials

Biopolymer Nanomaterial type Fabrication 
Technique Solvent Characteristic 

features Reference

PHB Nanofiber Electrospinning Chloroform Bead free, loopy 
nanofibers

Acevedo et al. 
(2018)

PHB Nanofiber Electrospinning Chloroform/ NaCl
Uniform, continuous, 
small diameter 
nanofibers

Kuntzler et al. 
(2018)

PHB/Multiwalled 
carbon nanotube

Polymer 
nanocomposite fiber Electrospinning Chloroform/DMF

Ultrafine, circular, 
random, highly 
porous nanofibers 
with large surface 
area

Zhijiang et al. 
(2018)

PHB/Gelatin Nanofiber Co-axial 
Electrospinning

1, 1, 1,3,3,3 
hexafluoro-2-
propanaol/ 2,2,2 
trifluroethanol

Highly stable porous 
nanofibers with high 
surface area

Nagiah et al. 
(2013)

PHB/Chitosan/Alumina Nanowires Electrospinning Tri fluroaceticacid
Uniform, fully 
porous, bead free 
nanofibers

Toloueet 
al.(2019)
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2009). A novel chitosan/PVA blend nanofibers was fabricated in presence of quartenery ammonium salts 
by Ignatova et al. (2006) for wound-healing applications. The average diameter of the fiber was between 
the range of 60-200nm. Jiang et al. (2004) highlighted the controlled drug delivery potential of ibuprofen 
loaded electrospun PEG-g-chitosan with PLGA. Sasmal and Datta (2019) investigated the controlled 
release of tranexamic acid loaded chitosan nanofiber with antibiofilm activity and heamocompatibility.

Tragacanth Gum

Tragacanth Gum (TG) is a natural polysaccharide obtained from dried exudates of stem and branches 
of Asiatic species (Zare et al., 2019). TG is a made of complex mixture of D-galacturonic acids. Com-
positional studies on the different species indicate the presence of rhamnose, xylose, glucose, galactose, 
arabinose and fucose in their structure (Mayes, 2011; Balaghi et al., 2011). TG hydrocolloid has been 
declared as safe material for food safety and biomedical applications (Anderson and Bridgemen , 1985). 
In recent years immense efforts have been riveted on therapeutic applications including wound repair, 
artificial skin substitutes and antibacterial activity (Zarekhalili et al., 2016; Morad et al., 2019). Scaf-
folds fabricated with Aloe vera loaded PCL/TG nanofibers demonstrated the anti-inflammatory and 
wound healing properties in fibroblast cells (Ranjbar-Mohammadi, 2018). However, electrospinning 
of pure tragacanth poses many challenges due to the hindrance in fiber formation. High viscosity and 
polyanoionic properties of TG favors chain entanglement by repulsive interaction between the polyanioni 
chains, prevents fiber formation (Zarekhalili et al., 2016). The significance of single and dual solvent 
systems and their impact on nanofiber morphology reported in literature studies are represented in 
Table 5.Ranjbar-Mohammadi et al. (2013) investigated the spinnability of PVA blended TG nanofiber 
matrix. Their result suggested the possible fabrication of smooth PVA/TG nanofibers with antimicrobial 
property and biocompaitability in human fibroblast cells. Further, controlled release of curcumin by 
PVA/TG nanofibers under optimized conditions was investigated by Ranjbar-MohammadiandBharami 
(2016).Ghayempour and Montazer (2019) explored the possible production of peppermint loaded TG 
nanofibers by sonochemical/microemulsion method.

Table 4. Nanofabrication techniques of chitin and chitosan nanomaterials reported in literature

Biopolymer Nanomaterial 
type Fabrication Technique Solvent Characteristic 

features Reference

Chitin Nanofiber 
hydrogel

Ballmilling/ 
ultrahomogenization Water

Monodispresed 
swirled nanofiber 
networks

Song et al. 
(2019)

Chitin/PCL Nanofiber Co-axial Electrospinning
Water/ 
1,1,1,3,3,3-Hexafluoro-
2-propanol

Highly Porous 
nanofibers

Chen et 
al.(2020)

Chitin/PVA/ 
Graphene

Composite 
hybrid polymer 
nanofibers

Ballmilling/TEMPO 
mediated oxidation Water/ethanol Stable 

nanocomposites
Wang et 
al.(2018)

Chitosan Nanofiber Electrospinning Acetic acid/water Slightly beaded, 
uniform nanofbers

Sasmal and 
Datta (2019)

Chitosan/Gelatin/ 
Hydroxyappatite

Composite 
nanofiber Co-axial Electrospinning Acetic acid/water Uniform, smooth, 

stable nanofibers
Chen et 
al.(2019)

Chitosan/PEO Nanofiber Electrospinning/ 
Photo cross linking Acetic acid/water Uniform, defect free 

nanofibers
Kianfar et al. 
(2019)
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Alginate

Alginate is a natural, linear, anionic un branched copolymer made up of (1–4)-linked α -L-guluronic 
acid (G) and β-D-mannuronic acid (M) monomers synthesized by wide range of brown algae and bac-
teria. Structure, stability and properties of the alginate vary with composition and sequence pattern of 
the G and M residues (Lee and Moneey, 2012). Alginate is considered as a safe biological material for 
biomedical applications due its non-toxic, biodegradable, biocompatible and non-immunogenic by FDA 
(Paques et al., 2014; Daemi et al., 2017; Ching et al., 2017). Electrospun alginate nanofiber materials, 
have found to possess broad applications in biomedical divisions such as, artificial skin tissue engineer-
ing and wound dressing systems, and drug delivery systems (Dami et al., 2018). However, fabrication of 
electrospun alginate nanofiber is still a challenge due to the stable complex hydrogen bonding and rigid 
nature of alginate molecular chains (Fang et al., 2011).Lim et al. (2017) reported that electrospinnability 
of alginate can be improved by blending PVA and PEO. Alginate nanofibers blended with other biod-
edegradabe polymers and their characteristic features are listed in Table.6. A similar report on improve-
ment of mechanical strength of the alginate nanofibers was achieved by blending with PEO (Bhattari et 
al., 2006). Kim et al. (2018) fabricated nanofibrous dressings composed of PCL/alginate/spirulina by 
coaxial electrospinning. Tang et al. (2019) fabricated honey loaded alginate/PVA nanofinrous wound 
dressing material in aqueous conditions. Majidi et al (2018) developed 3D Alginate/gelatin nanofibrous 
hydrogel with improved greater cell adhesion, motility, proliferation and maturation in human dermal 
fibroblast cells (HDFs) by wet electrospinning. Further, modifications in alginate structure by sulfation 
have been reported in recent years to enhance the both stability and compatibility (Arlov et al., 2014). 

Table 5. Compilation of nanomaterial type, solvent system and fabrication method of Tragacanth Gum 
based nanofibers from literature

Biopolymer Nanomaterial 
type Fabrication Technique Solvent Characteristic 

features Reference

Tragacanth Gum Nanofiber Sonochemical/micro 
emulsion method Triton-X/Acetone

Uniform 
nanofibers with 
smooth surface 
and large surface 
to volume ratio

Ghayempour and 
Montazer(2019)

Tragacanth Gum Nanofiber Electrospinning Acetic acid
Smooth, bead 
free narrow 
nanofibers

Mohammadi and 
Bharami (2016)

Tragacanth Gum/Zein Core-shell 
nanofiber

Co-axial 
electrospinning Water/Ethanol Ultrathin 

nanofiber
Dehcheshmeh and 
Fathi (2019)

Tragacanth Gum/PVA/
PCL

Hybrid 
Nanofiber

Co-axial 
electrospinning Chloroform/DMF Uniform, thick 

nanofibers
Zarekhaliliet 
al.(2016)

Tragacanth Gum/PVA/
Nanoclay

Polymer 
nanocomposite 
fiber

Electrospinning Water

Porous 
nanofibers with 
large surface area 
to volume ratio

Heydaryet 
al.(2015)
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CONCLUSION

Continuous efforts on the exploitation of natural polymers in the development of advanced functional 
materials have led to the sustainable fabrication of biomimetic nanomaterials. Electrospinning has 
evolved as an inevitable nanomaterial fabrication technology for the synthesis of nanoscale materials 
such as nanofibers, nanorods and nanowires. This chapter summarized the methods, applications and 
limitations of biopolymer nanomaterials with respect to the electrospinning technique. Development of 
novel biomaterial based on electrospinning by natural polymers will lead to significant progress in bio-
medical science. Further, research on the usage of cheap solvent and solvent free nanofiber fabrication 
methods will transform electrospinning as an outstanding nanofabrication technique in the economic point 
of view.However, large scale production of biopolymer nanomaterials is still scarcely explored. More 
research effort needs to be investigated in the mass production of biopolymer nanomaterials. In depth 
analysis on the development of controllable polymer nanomaterials with specific medical applications 
will overcome the hurdles in the commercialization of bionanomaterials. Further, Integrated approach 
on the simultaneous synthesis and modification of nanoscale materials with desired applications will 
replace the role of synthetic polymers in health sector. Further studies on the cheap production and 
purification strategies will improve the adoption of biopolymers in biomedical field. 
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ABSTRACT

In recent years, the irrational use of antibiotics has escalated the evolution of multidrug-resistant (MDR) 
bacterial strains. The infectious diseases caused by these MDR bacterial strains remain a major threat to 
human health and have emerged as the leading cause of morbidity and mortality. The WHO and CDC have 
expressed serious concern regarding the continued increase in the development of multidrug resistance 
among bacteria. The antimicrobial resistance (AMR) poses a severe global threat of growing concern to 
human health and economic burden. Bacteria have developed the ability to resist antimicrobials by altering 
target site/enzyme, inactivation of the enzyme, decreasing cell permeability, increasing efflux due to over-
expression of efflux pumps, target protection, target overproduction, and many other ways. The shortage 
of new antimicrobials and rapid rise in antibiotic resistance demands pressing need to develop alternate 
antibacterial agents.
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INTRODUCTION

Infectious diseases caused by pathogenic bacteria’s are a leading cause of morbidity and mortality among 
all ages. The severity of the infection varies from mild inflammation to a catastrophic epidemic. Cholera, 
dysentery, gonorrhea, measles, meningitis, necrotizing fasciitis, pneumonia and tuberculosis are some of 
the most severe bacterial infections that have ravaged humanity and had changed the course of history. 
Many microbial pathogens have evolved diverse escape strategies to surpass the anatomical defenses of 
the immune system and develop intracellular infections. Through the circulatory system, contagious 
bacteria spreads inside the body, multiplies, colonizes, and sustains itself, making them difficult to 
eradicate. Thus, these bacterial infections turn into a life-threatening condition at this stage. Most often, 
macrophages and other immune cells present in the body’s major immune organs, such as bone mar-
row, lymph nodes, spleen and thymus, involves in the elimination of pathogens from the bloodstream 
(Infection, n.d.). However, antibiotic treatment is the only viable approach to destroy and inhibit the 
further growth of deadly pathogenic bacteria. Antimicrobials typically kill bacteria by hampering cell 
wall synthesis or inhibit vital cellular / metabolic activities in the bacterial metabolism. For example, 
beta-lactams, glycopeptides and lipopeptides class of antibiotics inhibit bacterial cell wall synthesis; 
sulfonamides inhibit folic acid synthesis, aminoglycosides, chloramphenicol, macrolides, streptogramins, 
tetracyclines inhibit protein synthesis; ansamycins inhibit the RNA production, and quinolones interfere 
with DNA replication and transcription of bacteria cells (A Brief Overview of Classes of Antibiotics, 
n.d.). Although antimicrobial development has advanced considerably, many bacterial infections remain 
hard to treat. Some major reasons include poor absorption/diffusion, rapid renal clearance, poor solubility 
and toxicity to host cells (Jijie et al., 2017). Another most serious and critical issue in treating bacterial 
infections today is the rapid acquisition of resistance to the antibiotic by the infectious microbes. Unfor-
tunately, antimicrobial resistance (AMR) is now a pandemic at an ever-increasing pace. Many bacteria 
are entirely resistant to commonly prescribed first-line broad-spectrum antibiotics such as amoxicil-
lin, clarithromycin and erythromycin, resulting in relapse and treatment failure due to recurrence of 
infection. Recent reports on bacterial resistance to carbapenems and colistin, considered to be last-line 
antibiotics, are worrying.(). Many of the antibiotics prescribed for decades have been derived primarily 
from another microbial source which makes it easy for the microbes to acquire resistant mechanisms. 
Many of the antibiotics prescribed for decades have been derived primarily from another microbial 
source, making it easy for microbes to acquire resistant mechanisms. In addition, as a result of natural 
selection, virulence gene transfer through horizontal gene transfer mechanism, environmental stress, 
and artificial gene transformation practices, the microbes have quickly gained resistance and had now 
evolved into a multi-resistant superbug. Other factors contributing towards the rise and spread of antibi-
otic resistance include inappropriate use of antibiotics, failure to complete prescribed antibiotic courses, 
overuse of antibiotics in forestry, cattle, poultry and fish farms, lack of measures to control infections, 
poor environmental hygiene, and lack of discovery and development of new antibiotics (Nagarajan et 
al., 2018). In order to overcome the ill effects and spread of AMR, it is necessary to adopt revolution-
ary approaches and develop novel antimicrobial therapy and formulation with minimal side effects and 
improved pharmacokinetic profiles. Antibiotics loaded nanoparticles are one such proposed alternative 
antimicrobial drug system. Nanoantibiotics (nAbts) offers a unique way of circumventing the existing 
antibiotic discovery approach and provides a new attack mechanism which can contribute to a longer-term 
solution for the evolution of drug resistance. It offers environment-specific activation, thus improves the 
efficacy of the nAbts and also open up new design approaches for various other clinical applications. 
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These nAbts hold a promising future in combating multidrug resistance. However, there is still plenty 
of efforts required for their successful development into a therapeutic aid for addressing antimicrobial-
resistant infections. These “Nanoantibiotics” facilitate to alter and enhance the pharmacokinetic and 
therapeutic profile of antibiotic drugs, in contrast to the drugs in its free form (). The multiple benefits 
upon employing nanocarriers include; targeted drug delivery, sustained drug release, enhanced solubil-
ity, improved bioavailability, delivery of multiple therapeutic agents for polytherapy and several others, 
which is also applicable to antimicrobial nanosystems (). Therefore, the nanoantibiotic constructs hold 
a huge promise to prioritize disease-specific bactericidal treatment at a lower dose to ensure safety with 
sustained immunity and may hopefully revolutionize the field of nanobiomedicine.

NANOPARTICLES TYPES FOR ANTIBACTERIAL APPLICATIONS

In the current nanotechnology scenario, there is a keen interest in the development of nano-drug car-
riers primarily for their use in cancer therapy. Several types of research have also extensively studied 
the antimicrobial potential of nanomaterials against a wide range of microbes. Advances in nanotech-
nology have opened up new ways to fight bacterial infections and resistance and have demonstrated 
groundbreaking prospects. The small size and high surface area strongly facilitate the antimicrobial 
activity of NPs. In some cases, metallic NPs, including AgNPs, AuNPs and metal oxides, such as ZnO 
and CuO, and other organic NPs, such as fullerene and carbon-CNTs, have inherent antibacterial activ-
ity (). In other cases, NPs do not have inherent activity but are used as carriers to supply antibacterial 
agents such as antibiotics, AMPs, small molecular drugs, proteins, nucleic acids, and enzymes. Besides, 
hybrid nanoantibiotic systems, together with bioinspired and biomimetic methods, provide additional 
functionality for the treatment of infectious diseases in clinical settings. Importantly, many of the NPs 
reported to date have shown intense antibacterial action against various pathogenic MDR bacteria, such 
as MRSA and Mycobacterium tuberculosis, and are even capable of combating biofilm infections (). 

Figure 1. The estimated number of deaths at every continent in 2050 attributed to antimicrobial resis-
tance (Refer, 119)
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Besides, NPs offer a promising alternative forum for traditional methods for managing and reducing 
bacterial and biofilm infections. Nanoantimicrobials are considered as next-generation antibiotics because 
they have a remarkable potential to control and overcome the problems caused by multidrug-resistant 
pathogenic microbes. Depending on the bacterial and bacteriostatic potential of developed nanoantibiot-
ics, it will be used in agriculture, biomedical, food processing and packaging, health and personal care 
products, livestock, textile and water treatment industries. Inorganic, metallic, organic and polymeric 
nanoparticles are often considered for nanoantibiotic development in the choice of materials in drug 
delivery (Álvarez-Paino et al., 2017). Just as the nanoparticle acts as an inert carrier, and the antibiotic 
agent expresses its antimicrobial activity. Antibacterial properties often originate from the antibiotic 
compound that is bound to or attached to the surface of the nanoparticles, which, in direct contact with 
the microbe, exerts antimicrobial effects on the microbe. However, some nanoparticles have inherent 
wide-spectrum inhibitory potential against Gram-positive and Gram-negative bacteria (Edson & Kwon, 
2016). Pioneering nanoparticles for nanomedicine have also been extensively developed over the last two 
decades, such as albumin-drug conjugates, anti-arthritis gold nanoparticles, anti-body-drug conjugates, 
antimicrobial silver nanoparticles, block-copolymer mice, DNA-drug complexes, liposomes, polymeric 
nanocapsules, polymer-drug conjugates, and polymer-protein conjugates. The FDA has approved many 
nanotherapeutics, some have been in early and late clinical trials with a focus on the personalized treat-
ment of infectious diseases ().

Figure 2. Antibiotic resistance strategies in bacteria
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METALLIC NANOANTIBIOTICS

The metals have been used for thousands of years for their antimicrobial properties. Metal NPs are known 
for their extremely ionic characteristics and are synthesized with different morphologies that exhibit 
remarkable crystallinity and high surface area. The surfaces of these NPs are reactive due to plentiful 
corners and edges. The primary metal nanoparticles that were currently used as antibacterial agents 
include copper oxide (CuO), gold (Au), magnesium oxide (MgO), silver (Ag), titanium oxide (TiO2), 
zinc oxide (ZnO) and few other metals (Al, Ga, Ge, As, Se, Sn, Sb, Te, Pb and Bi) in groups 13–16 of 
the periodic table. The metal nanoparticles help to combat AMR and mediate biocidal effect by inducing 
oxidative stress, interfering with bacterial protein synthesis, disruption of the bacterial cell membrane 
and hindering with biofilm formation (). 

Zinc Oxide Nanoparticles 

Zinc oxide nanoparticles (ZnO-NPs) antibacterial activity has received significant interest worldwide, 
particularly in the domain of antimicrobials. ZnO-NPs exhibit attractive antibacterial properties due to 
the reduced size and increased surface area, which enables enhanced particle surface reactivity. The 
ZnO has high optical absorption in UVA (315–400 nm) and UVB (280–315 nm) regions which greatly 
favours broad-spectrum antibacterial and antibiofilm activity against some ESKAPE group of pathogens. 
Many researchers across the globe had reported and recorded the strong antibacterial exhibited by ZnO-
NPs of varying morphologies. ZnO is also a non-toxic, bio-safe substance and possess photo-oxidizing 
and photo-catalysis impacts on chemical and biological entities. Studies of genotoxicity had shown that 
exposure to ZnO causes severe DNA damage to bacterial cells.

Further studies have also confirmed that the ZnO-NPs are capable of inducing reactive oxygen species 
(ROS) generation, protein oxidation and DNA damage with concomitant thiol depletion (). The ROS 
generation is one of the critical mechanisms in several pathways, including cell wall damage, membrane 
permeability, internalization of ZnO-NPs due to loss of proton energy and absorption of harmful dis-
solved zinc ions. Which in turn, contribute to mitochondrial damage, intracellular outflow, activation 
and release of oxidative stress factors, resulting in subsequent inhibition of cell growth and cell death. In 
some cases, enhanced antibacterial activity may be due to surface defects in the abrasive surface texture 
of ZnO. ZnO is currently under research for its development as an antibacterial agent in both microscale 
and nanoscale formulations (). ZnO exhibits substantial antimicrobial activity when the particle size 
gets reduced to the nanometer scale. Nano-sized ZnO upon its interaction with the bacterial cell wall 
internalizes into the cell and then initiates distinct bactericidal mechanisms. Interactions between these 
ZnO-NPs and bacterial intracellular components are reported to be lethal due to which they had found 
profound antimicrobial applications (Singh et al., 2020). Recent reports suggest that coating of hospital 
implants with 4% of ZnO-NPs helps in effective control of nosocomial infections contracted through 
medical instruments. On the other hand, these ZnO-NPs have extended applications for use in sunscreen 
skin lotions for UV protection and food packaging materials (Pinnell et al., 2000).

Iron Oxide Nanoparticles 

Iron oxides such as magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite (α-Fe2O3) and goethite (FeO(OH)) 
come under magnetic nanoparticles (MNPs). The iron oxide nanoparticles (IONPs), magnetite (Fe3O4), 
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maghemite (γ-Fe2O3), hold great promise for biomedical and biotechnological applications. Due to their 
biocompatibility, IONPs are used as active drug carriers to treat various forms of cancer. In recent days 
MNPs are profoundly used for the site-directed drug delivery applications using an external magnetic 
field, which in turn improves drug stability against enzymatic or metabolic degradation. MNPs may 
also be used in other fields, including analytical chemistry, pathogen identification, antigen diagnosis, 
tissue repair and hyperthermia, due to its excellent magnetic, physicochemical, thermal and mechanical 
properties.

The results of strenuous research to understand the mechanism behind IONP’s/MNPs antimicrobial 
activity have shown that magnetite NPs exhibit antimicrobial activity only in their nanoparticle form, 
but not in their bulk form (Arakha et al., 2015). Also, intact IONPs in contact with air loses its magnetic 
property and tend to agglomerate. In order to avoid these problems, numerous research groups have 
made untiring efforts to alter the surface of IONPs with a wide range of chemical and biological agents 
to provide enhanced in vitro and in vivo biological applications. Surface modification using natural or 
synthetic polymers enables more robust, hydrophilic nanostructures and provides a relatively higher 
number of variable surface functional groups that help in the proper binding of interactomes to the nano-
structure. It should also be noted that superparamagnetic iron oxide nanoparticles (SPIONs) with a core 
diameter ranging from 10 to 20 nm are typically considered biocompatible and biodegradable(Edson & 
Kwon, 2016) as free iron is incorporated into the body’s iron reserves, used for metabolic processes, and 
gets easily eliminated out of the body(Philosof-Mazor et al., 2013). The newly developed IONP-based 
nanosystems have been designed to hold multiple drug moieties drugs simultaneously with adequate 
release control at the target site, which is very useful in many clinical conditions. Furthermore, bare 
IONPs may release free iron that is toxic to bacterial cells as it catalyzes ROS production in Fenton’s 
reaction (equation 1 & 2) (Dinali et al., 2017).

Fe2+ + H2O2 → Fe3+ + OH· + OH- ----- (1)

Fe3+ + H2O2 → Fe2+ + OOH· + H+ ----- (2)

Another mechanism by which IONPs induces toxicity is by the release of metal ion from the metalc-
ore. Released ions can increase membrane permeability and cause cell material leakage. Besides, the 
absorption of these ions by the bacterial cells results in the disruption of DNA replication. The potential 
of surface-modified IONPs with antibiotics, targeting and permeation enhancers have demonstrated 
their efficacy in a non-toxic manner in biofilm dispersion while significantly improving the outcome 
of antibiotic therapy. Amoxicillin conjugated magnetite nanoparticles showed significant antimicrobial 
activity against Staphylococcus aureus and Escherichia coli along with 3-4 fold reduction in the dose 
of amoxicillin, which usually has serious side effects when administrated at high doses (Grumezescu 
et al., 2014).

In an attempt to treat infection caused by methicillin-resistant Staphylococcus aureus, streptomycin 
loaded chitosan-coated magnetic nanoparticles (Strep-CS-MNPs) were used to maximize antibiotic 
therapeutic outcomes. Strep-CS-MNP showed sustained drug release profiles displaying remarkable 
enhancement of up to 18 folds compared to freeform streptomycin, thus reducing drug toxicity and side 
effects concerns, which indicates the ability of iron oxide nanosystems to operate in controlled release 
systems (Hussein-Al-Ali et al., 2014).
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As a recent advancement, several antibiotics, such as Cefazolin, Cefotaxime, Ceftriaxone, Cipro-
floxacin, Doxorubicin, Doxycycline and Rifampicin, have been loaded in silver-IONP conjugates aiming 
to improve therapeutic activity and targeted antimicrobial therapy. Antibiotic molecules were bound 
to magnetite/silver nanocomposites through chemical bonding, electrostatic interaction, and hydrogen 
bonding. Besides, antimicrobial findings have also shown that magnetite - silver - antibiotic nanocom-
posites exhibit enhanced antimicrobial activity against a wide range of bacterial organisms, including 
drug-resistant and pathogenic organisms without altering magnetite magnetic properties.() Many related 
antibiotics, including lactose functionalized IONPs-ciprofloxacin nanosystem, have also been studied. 
Also, nanosystems consisting of Amikacin, Amoxicillin, Bacitracin, Cefotaxime, Erythromycin, Gen-
tamicin, Kanamycin, Neomycin, Penicillin, Polymyxin, Streptomycin and Vancomycin were directly 
linked to IONPs were analyzed for their therapeutic efficacy enhancements. Chlorhexidine (CHX), an 
antimicrobial agent used to control oral biofilms, is more effective in reducing biofilm biomass of En-
terococcus faecalis, Candida albicans, and Staphylococcus aureus when bound to IONPs (Arias et al., 
2018). The association of IONPs with the target pathogen has been shown to induce microbial toxicity 
due to several interactions, including membrane depolarization with consequent impairment of cell 
integrity, development of reactive oxygen species (ROS) along with lipid peroxidation, DNA damage, 
protein miscoordination and release of metal ions affecting cell homeostasis (Al-Shabib et al., 2018).

Silver Nanoparticles 

Silver (Ag) and its compounds were better known for their antiseptic and antimicrobial properties for 
many decades. Dr Carl Crede, a German obstetrician, used silver nitrates in the early 19th century to treat 
and prevent microbial infections. However, as the years go, the microbicidal use of silver has gradually 
decreased due to the discovery of antibiotics (Bottagisio et al., 2019). Owing to the recent evolution 
of antibiotic resistance, the reduced efficacy of conventional antibiotics, the non-applicability of anti-
biotic resistance mechanisms for nanoparticles and the intrinsic antimicrobial capacity of silver, silver 
nanoparticles (AgNPs) have regained Prominence in the treatment of infectious diseases. Rather than 
penetration or pore formation, AgNPs exert an antibacterial effect by direct contact with the bacterial 
cell (Neethu et al., 2018). Today, the biomedical applications, such as diagnostics, therapeutics, surgery, 
drug delivery and coating material for surgical instruments, personal hygiene and health care, uses Ag-
NPs in the majority. At the same time, other products have significance in industrial and environmental 
applications. Dose and size have a significant role to play in the antibacterial activity of AgNPs. AgNPs 
between sizes 5 and 10 nm have been shown to have the highest bactericidal capacity. Many studies 
suggest that, in addition to size, factors such as morphology, synthesis method, precursors used and the 
parameters adapted, determine the magnitude of the antimicrobial activity. In recent days, due to simple, 
reliable, biocompatible, eco-friendly, tunable and cost-effective features, the green chemistry approach 
for AgNP synthesis has received considerable attention (Dakal et al., 2016; Ferraris & Padoan, 2018). 
The primary benefit of biological synthesis methods is the ability to control the size and shape of the 
particle, which are the key factors deciding it to be used in biomedical applications. Several studies have 
shown that the antimicrobial propensity of AgNPs is strongly influenced by physicochemical parameters 
such as size, shape, concentration and colloidal state. Among which, the colloidal stability of the Ag-
NPs is considered to be an important attribute of their bactericidal activity The colloidal state of silver 
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is considered to be very effective in the fight against bacterial infections due to its ability to catalyze 
and destabilize enzymes that are crucial for the oxygen utilization. In contrast, the liquid systems lack 
colloidal stability hence considered less effective. It has also been proposed that AgNPs, in its colloidal 
form, appear to modulate signal transduction pathways in bacteria, thereby altering the protein profile of 
phosphotyrosine, which leads to inhibition of the respiratory chain but also for the subsequent produc-
tion of ROS within the cell leading to oxidative stress, cell damage and death (). Electrostatic guided 
adhesion of AgNPs (positively charged) over the bacterial cell membrane (negatively charged) results 
in the creation of surface pits in the lipid bilayer, which in turn increases membrane permeability and 
ultimately leads to death through cytoplasmic leakage. In addition, their internalization and interaction 
with the sulfur and phosphorus-containing biomolecules arrest bacterial growth and replication by in-
terfering with the vital functions of regulatory enzymes and DNA, which are involved in replication and 
metabolic activities. Interestingly, AgNPs have been shown to have bactericidal effects regardless of the 
pathogen type, ranging from pathogenic bacteria to antibiotic-resistant bacteria (Dakal et al., 2016; Haider 
& Kang, 2015). Recently, in order to improve antimicrobial effectiveness and to combat antimicrobial 
resistance, AgNPs have been used in combination with antibiotics. Many researchers have investigated 
the antimicrobial activity of this combination therapy using AgNPs and antibiotics of different types. 
The synergetic effects of AgNPs and antibiotics such as Amoxicillin, Clindamycin, Cephradine, Eryth-
romycin, Penicillin G, Vancomycin and Vildagliptin against Gram-positive and Gram-negative bacteria 
including Bacillus cereus, Escherichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa, Streptococ-
cus pyogenes and methicillin-resistant Staphylococcus aureus (MRSA) have been reported.  In another 
study, the antibacterial activity of biosynthesized AgNPs in combination with 14 antibiotics, namely 
Amikacin, Gentamicin, Kanamycin, Amoxicillin, Ampicillin, Ceftriaxone, Vancomycin, Ciprofloxacin, 
Doxycycline, Tetracycline, Chloramphenicol, Trimethoprim, Ceftazidime and Penicillin, was evaluated 
using the disk diffusion method.   A huge degree of variation was observed in the antibacterial activi-
ties of antibiotics in the presence and absence of AgNPs. The findings demonstrated the benefit of the 
synergy achieved by combining nanomaterials and antibiotics. The overall highest synergistic activity 
was observed for vancomycin, followed by penicillin, amoxicillin and antibiotic class Aminoglycosides, 
except for Gentamicin and Kanamycin, which had antibacterial effects similar to vancomycin and peni-
cillin against Pseudomonas aeruginosa and Acinetobacter baumannii. Similarly, drugs Cephradine and 
Vildagliptine demonstrated improved bactericidal activity when conjugated with AgNPs. In particular, 
Cephradine, a first-generation cephalosporin antibiotic that is not effective against most bacteria today 
due to resistance mechanisms, demonstrated enhanced antibacterial activity against Escherichia coli, 
Streptococcus pyogenes, and six other bacterial pathogens when conjugated with AgNPs (Ceph-AgNPs). 
Besides, the Ceph-AgNPs greatly increased the bioavailability of Cephradine and selectively decreased 
the pathogen-mediated host cell cytotoxicity (Masri et al., 2018).

Gold Nanoparticles 

Gold is a noble transition metal, traditionally considered to be chemically inert in its bulk form. While 
this metal, when reduced to nanosize or subnanometer dimensions, these ultra-small nanoclusters tend to 
express surprising and exciting physicochemical properties (Ershov et al., 2016; Nanoantibiotics, n.d.). 
The practice of using gold (Au) in Ayurveda and other Indian medicines for the treatment of a variety of 
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chronic diseases originated in about 2500 BC. ‘Swarna Bhasma’ is a red colloidal gold-based, ayurvedic 
formulation used to treat a variety of diseases such as anaemia, diabetes, skin diseases, fever, and also in 
skin rejuvenation and anti-ageing therapies (). The transformation of bulk gold into gold nanoparticles 
(AuNPs) or gold nanoclusters (AuNCs) (core sizes less than 2 nm) modulates their biophysical and bio-
chemical characteristics, including cytotoxicity, cellular absorption, biodistribution, pharmacokinetics 
and efficiency targeting.

In the way of substantiating the fact that Au in its nanoclusters form (AUNCs) pose robust catalytic 
activity, the Cambridge research group had demonstrated the robust catalytic activity of Au55NCs (contain 
55 Au atoms ) for the selective oxidation of styrene by dioxygen which has arisen due to the alteration of 
intrinsic electronic structure in small gold nanoparticles (Johnston, 2012). The ampicillin, streptomycin 
and kanamycin antibiotics conjugated AuNPs showcased an enhanced bactericidal efficiency against the 
bacterial strains, E.coli DH5α, M. luteus and S. aureus. The antibiotic conjugated AuNPs also showed a 
significant decrement in MIC values compared to AuNPs and antibiotics in their free. Since AuNPs are 
less toxic and biocompatible, they have been used as drug carriers to improve the bioavailability of the 
drug at infected sites and reduce drug-related toxicity due to the delivery of drug at the site of infection. 
Hence has been widely used for the release of the antibiotics such as ciprofloxacin, gentamycin, and 
tuberculosis drugs over an extended period for successful antibiotic therapy. Being exceptionally small 
in size, AuNCs is capable of interacting effectively with bacterial cell and subcellular organelles. Due 
to their unique features such as quantum mechanical behaviour, superior stability, high fluorescence 
intensity and strong hydrophilicity, the AuNCs has gained significant attention over these last few years 
in biomedical applications. The AuNPs conjugated with β-lactam antibiotics stabilize the β-lactam ring 
by delocalizing the electron in the carbonyl group of the β-lactam ring. This phenomenon makes the 
drug moiety more stable than its free form. It helps to preserve bactericidal activity at high temperatures 
and their storage at room temperature (). AuNPs (5nm) dispersed onto zeolites, mordenite, faujasite and 
clinoptilolite, have been reported to exhibit enhanced bactericidal activity by eliminating 90-95% of E. 
coli and S. typhi colonies (Lima et al., 2013). As a novel therapeutic strategy, ampicillin functionalized 
lysozyme capped gold nanoclusters (AuNC-L-Amp) were fabricated to act against methicillin-resistant 
Staphylococcus aureus (MRSA) infections. The study outcome reveals the reversion of MRSA resistance 
and enhanced bactericidal effect of AuNC-L-Amp against systemic MRSA. Which is due to targeted 
drug delivery and improved bioavailability, multivalent presentation and enhanced drug permeation, 
lysozyme mediated disruption of the cell wall, dysfunctioning of bacterial efflux pump and last but 
not least is the Au mediated destabilization of replication and metabolic processes (Lima et al., 2013).

Similarly, AuNPs loaded with imipenem (Ipm), and meropenem (mem) showed significant increases in 
antibacterial activity against carbapenem-resistant Gram-negative bacteria, namely Klebsiella pneumoniae, 
Proteus mirabilis and Acinetobacter baumanii. Further, the Ipm and Mem loaded AuNPs demonstrated 
four and three-fold decrease in the MIC, respectively in comparison with the free drugs over the bacterial 
isolates. These results proved carbapenems-loaded AuNPs to be, efficient drug delivery vehicle for im-
proving the therapeutic activity and destroying the carbapenem-resistant pathogens (Turner et al., 2008).
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ANTIMICROBIAL PEPTIDES

Antimicrobial peptides (AMPs) are evolutionarily conserved therapeutic biomolecules. These molecules 
play a vital role in the first line of nonspecific immune defense. They are found in all classes of organ-
isms ranging from prokaryotes to humans.() The AMPs are natural antagonistic agents, and their pri-
mary function is to protect the host from invading pathogens by exerting cell-mediated cytotoxicity over 
them. Apart from defending pathogens AMPs act as multifunctional effector molecules and mediate the 
release or activation of acute-phase proteins, complement cascades, cytokines, chemokines, mitogens, 
nitric oxides, prostaglandins and superoxides (). Since the discovery of Melittin in 1952 from bee ven-
oms, more than 4000 natural AMPs have been identified in bacteria, fungi, plants, amphibians, insects 
and animals till date. These bioactive molecules exhibit selective antimicrobial activity against a wide 
range of pathogens (Zhang & Gallo, 2016). Several mechanisms have been proposed for the bactericidal 

Figure 3. Nanoantibiotic approaches employed for combating antibacterial resistance.
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activity mediated by AMPs, the most prominent of which is the membrane destabilization and perme-
ability mechanism. To understand the action of AMPs, researchers have proposed many different pore 
formation models, such as the aggregated channel model, the barrel-stave model, the carpet model, and 
the toroidal-pore model. The first step in the process of membrane permeation is the development of the 
electrostatic interaction between the AMPs (positively charged) and the microbial cell wall (negatively 
charged). Subsequently, this interaction induces the formation of a cavity or the creation of temporary 
passage on the cell membrane, which disintegrates cell membrane leading to increased cell permeability 
which eventually causes the bacterial contents to ooze out, leading to cell lysis and death. Apart from 
the cationicity of the AMPs, the parameters such as peptide length, secondary structure and amino acid 
composition are also considered to be vital for determining the antibacterial activity (Jean-François et 
al., 2008). Natural antimicrobial peptides with a short half-life are usually not stable. It is, therefore, 
necessary to develop and synthesize long-acting peptide analogues for future clinical applications. 
Nanotechnology-based therapeutic approaches have attracted attention due to their ability to improve 
the biocompatibility, stability and therapeutic efficacy of drugs incorporated in the nanomaterials. The 
combination of AMPs with nanoparticles or nanocomposites ensures the use of synergistic therapeutic 
benefits of both the molecules, which improves the effectiveness of therapeutics against multidrug-
resistant bacteria. Several studies are being conducted to assess the therapeutic benefits of combining 
nanoparticles with membrane-active peptides (Chen & Lu, 2020). Among the various nanomaterials 
reported lipids, metal and metal oxide-based nanomaterials are widely recommended for various biomedi-
cal applications, and their unique physicochemical properties enable us to use them as antimicrobials. 
Similar formulations have previously been used in traditional medicines. 

The physicochemical factors that influence the pharmacokinetic parameters of the therapeutic for-
mulation include solubility, particle size, surface charge and zeta potential of the nanosystem (Eleraky et 
al., 2020). Hence, before the development of AMP-based therapeutics, it is essential to optimize the vital 
parameters owing to its bactericidal activity. Stability and biocompatibility are essential considerations 
in the design of AMP. There are several examples where PBP10 peptide coated magnetic nanosystem 
expressed elevated antibacterial and antifungal activity against Staphylococcus aureus MRSA Xen 30, 
Pseudomonas aeruginosa Xen 5 and Candida sp. Similar studies using PBP10-containing nanosystems 
have exhibited potent anti-inflammatory and immunomodulatory activities.

Furthermore, this nanosystem was found to mediate antimicrobial activity through penetration and 
inactivation of efflux pump and metabolic enzymes (). In the same way human antibacterial peptide 
cathelicidin LL-37, synthetic ceragenins CSA-13 in combination with core-shell magnetic nanopar-
ticles were tested against P. aeruginosa Xen 5 and S. aureus Xen 30 (a clinical MRSA isolate), which 
exhibited 64-fold and 32-fold decrease in the MIC value of LL-37 peptide (Niemirowicz et al., 2016). A 
synthetic rhodamine B-conjugated peptide (PBP10) which was found to be active against Gram-positive 
and Gram-negative bacteria that also limits bacterial pro-inflammatory factors upon binding with li-
popolysaccharide (LPS) and lipoteichoic acid (LTA), when immobilized on the surface of IONPs limit 
the production of inflammatory mediators, such as reactive oxygen species (ROS), nitric oxide (NO), 
and interleukin-8 (IL-8). The PBP10 nanosystems also showed improved hemocompatibility and low 
microbial-induced inflammation when compared to free peptides (Piktel et al., 2019). Consistent with 
the results of previous studies, Cm-p5 conjugated citric acid-coated MnFe2O4-NPs demonstrated reduced 
toxicity and improved antimicrobial efficacy and biodistribution (Lopez-Abarrategui et al., 2016). For 
instance, the nisin loaded in the soy soluble polysaccharide nanoparticle (SSPS) exhibited remarkable 
stability. It sustained its antimicrobial activity against Listeria monocytogenes, Bacillus subtilis and 
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Staphylococcus aureus. The sustained release of Nisin from NSPNP significantly increased the shelf life 
of fresh tomato juice to 60 days. Thus, NSPNP holds a great promise for its use as a preservative in food 
industries (Luo et al., 2019). From the above studies, it is clear that the combination of nonmaterial’s 
with membrane penetrating peptides and traditional antibiotics offers a revolutionary way to develop a 
therapy to treat and prevent infections caused by multidrug-resistant pathogens.

BACTERIOPHAGES 

Bacteriophages or phages (20-200 nm in size) are viruses that can replicate, invade, and destroy bacteria, 
without damaging human or animal cells. They are one of the most prolific and ubiquitous species on 
Earth, playing an important role in microbial biology, population growth, ecology and medicine (Clokie 
et al., 2011). Currently, within a century of the discovery of antibiotics, health care is facing a serious 
challenge due to antimicrobial resistance. This situation demands rapid growth, benchmarking, and the 
adoption of innovative medical approaches to infectious diseases, thus, phage therapy is once again 
gaining prominence. A systematic phage therapy using viral bacteriophages to fight bacterial infections 
and diseases was first identified in 1917 by Felix de Herrell, where the phages kill the infected bacteria 
via the lytic phase. (). Currently, this technique is being reviewed for use alone or in combination with 
antibiotics and nanoparticles to treat infections caused by resistant bacteria. The use of naturally occur-
ring phages to combat bacterial infection in Western medicine has a controversial past. However, the 
emerging phage-antimicrobial system has advanced beyond conventional approaches. Phage therapy 
has reiterated in recent years that drug-resistant bacterial infections are on the rise. In addition, phages 
were used to treat many bacterial infections, either alone or in combination with antibiotics, including 
bloodstream infections, lung infections, persistent otitis, skin burns, and lung infections (Domingo-
Calap & Delgado-Martínez, 2018). Innovations such as bioengineered chimaeras of phage-derived lytic 

Figure 4. Biological function of Antimicrobial peptides. Adapted from (Zhang & Gallo, 2016)
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proteins have prompted the emergence of a new type of antibacterial drug in this rapidly growing field. 
Besides the prospect of replacing antibiotics, phage and its proteins have substantial uses involving 
bacterial biosensing, gene transfer, vaccine adjuvants, vaccine nanocarriers, medicines and therapeutic 
genes, cancer and tumour therapy, degenerative disease management, antibiofilm agents, multidrug-
resistant (MDR) bacteria cure, glycobiology functions, surface disinfection, bacteriophage display and 
food biopreservation ().

Phage therapy was reported to be effective against pathogenic bacteria well before the discovery of 
antibiotics. The phage penetrates the bacterial cell by binding itself to the specific cell surface receptors 
that are present over the surface of the bacterium and kill the bacterial cells through activation of the 
lytic phase. The emergence of phage resistance is one of the most critical problems that phage therapy 
faces today. This phenomenon could easily be overcome by chemically altering of the phage surface 
with cell-penetrating peptides such as DGEA (Asp-Gly-Glu-Ala) or RGD (Arg-Gly-Asp). These surface 
modified phages may have improved therapeutic effects in a targeted delivery approach. Studies sug-
gest that not alone the surface of phages could be modified. Still, their genetic material could also be 
manipulated to enhance their ability to deliver drugs and genes.

Apart from drugs and genes, therapeutic moieties such as antibodies, peptides, growth factors, and 
metabolites could also be delivered (Yoo et al., 2016). So far, several strategies have been proposed, one of 
which is the suppression of the SOS DNA repair system of the resistant bacteria. The same had also been 
experimented in-vitro against a wild-type E. coli EMG2 by co-administering lexA3 repressor-producing 
phages with ofloxacin (a quinolone antibiotic). The results showed a 2-fold increase in the bactericidal 
activity against E. coli than ofloxacin alone. The engineered phage also enhanced the bactericidal activ-
ity of other antibiotics, such as gentamicin and ampicillin. The engineered phage was also found to be 
effective against persistent and biofilm cells and also reduced the development of antibiotic-resistant 
mutants. This strategy has also been found to be effective in in-vivo systems (). In another strategy, the 
genes encoding sensitivity to antibiotics were delivered into the bacterial cells to reduce the development 
of bacterial resistance to antibiotics. In regard, a study was conducted in which engineered temperate 
phages were made to deliver the dominant rpsL gene and gyrA gene encoding sensitivity to antibiotics 
streptomycin and nalidixic acid respectively into the bacteria (E. coli K-12). Upon evaluating the MICs 
after phage lysogenization, the bacterial susceptibility to both antibiotics found to be restored and the 
MICs of streptomycin and nalidixic acid had decreased by eight and two-fold, respectively ().

In addition to their therapeutic applications, bacteriophages were used in commercial food preserva-
tion technologies as food bio preservative. Hence to improve the stability of the phage particles during 
food processing, bacteriophages were encapsulated in nanovesicles such as niosomes, liposomes, and 
transfersomes. In an investigation, the stability and efficacy of phage phiIPLA-RODI encapsulated in 
different types of nanovesicles under different encapsulation conditions was studied. The results revealed 
that high encapsulation efficiency was observed with niosomes which also retained stability for an ex-
tended time than that of free or non-encapsulated phages (González-Menéndez et al., 2018).

NANOLIPOSOMES

Nanoliposomes are spherical bilayered nanoscale vesicles, widely used for encapsulation and delivery 
of bioactive compounds. The physical, chemical, structural and thermodynamic properties of nanolipo-
somes are similar to conventional liposomes and with a size less than 200 nanometers, which prevent 
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the rapid degradation and clearance by the liver macrophages. Nanoliposomes offer excellent stability 
for bioactive compounds against several prominent physicochemical stress factors. Also, they can pro-
vide sustained drug release at the target site, resulting in improved bioavailability and efficacy. Overall, 
nanoliposomal delivery systems offer a larger surface area, enhanced drug stability, controlled release, 
solubility, bioavailability, and successful targeting properties compared to other liposomal encapsula-
tions (Sarabandi et al., 2019). Due to enhanced biocompatibility and biodegradability; nanoliposomes 
finds various applications in nanotherapy, for example, in diagnosis, cancer treatment, tumour imaging, 
nutraceuticals, cosmetics, agriculture, food enrichment, and fortification. Specific nanoliposomal for-
mulations were used in the delivery of genes or the production of vaccines. Besides, their applications 
have also expanded to include antibiotics, antiviral drugs, steroid and anti-inflammatory drugs. The cell-
specific targeting seems to be a significant advantage of nanoliposomes, helping to achieve an optimum 
therapeutic efficacy at the target site alone while minimizing the adverse effects over surrounding or 
associated healthy cells and tissues ().

The physical parameters of the formulation such as vesicle size, lipid composition, surface charge 
and drug-to-lipid ratio determine the fate and the biological activity of liposomal drug preparations. In 
particular, varying one of the liposomal parameters, for example; the change in lipid composition (PC/
cholesterol) leads to concomitant changes in other parameters such as liposome size, drug-to-lipid ratio 
and in vivo stability characteristics such as circulation longevity and toxicity. The critical ingredients of 
nanoliposomes are lipid and phospholipid molecules. Lipids are derivatives of fatty acids with various 
head group moieties. Phospholipids are amphiphilic molecules, containing a hydrophilic head group and 
the hydrophobic fatty acid tail (acyl chain). Apart from lipid and phospholipid molecules, nanoliposomes 
may contain other organic molecules such as sterols in their bilayer. Sterols are the core components 
of plasma membranes in most eukaryotic cells involved in maintaining the domain structure of the cell 
membrane. The most commonly used sterol in the preparation of the nanoliposome is cholesterol. Cho-
lesterol is used in nanoliposome preparation to improve the stability and the fluidity of the lipid bilayer. 
In general, the cholesterol modulates membrane fluidity by preventing crystallization of phospholipid 
acyl chains and providing steric hindrance to their movement. This phenomenon contributes to the 
chemical stability of the nanoliposome formulation. It reduces the permeability of solute molecules 
across the lipid membrane.

The ratio of cholesterol to be used in the preparation of nanoliposomes varies according to its applica-
tion. In general, 10 to 40% molar ratio of cholesterol is widely used in the preparation of nanoliposome 
vesicles (Mozafari, 2010; Reza Mozafari et al., 2008). Similar to cholesterol the stability of nanolipo-
somes can be improved by incorporating specific polymers and stabilizing agents, such as polyethylene 
glycol (PEG), chitosan, glycerol, phosphatidylglycerol, stearylamine and using other cationic or anionic 
ingredients. The formulation employing small unilamellar vesicle (SUV) with a particle size <100 nm 
was more efficacious than multilamellar vesicle (MLV) formulation due to extended circulation half-life 
and increased accessibility, which in turn enhances the therapeutic efficiency of this liposomal drug car-
rier system (Danaei et al., 2018). Another cofactor that is vital in determines the therapeutic efficiency 
of this liposomal formulation is the drug-to-lipid ratio which also influences the longevity of liposomes 
in the circulation and drug retention properties ().

Application of nanoliposomal antibiotics presents a promising strategy for improved drug delivery to 
bacterial cells and biofilms. Many gram-positive and gram-negative bacterial strains, which displayed 
resistance to antibiotics in its free state, have shown susceptibility while encapsulated in liposomal 
nanocarriers. Recently, many liposomal nanoparticles, aiming localized delivery of antibiotics were 
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investigated with antibacterials such as Vancomycin Hydrochloride, Teicoplanin, Triclosan, Fusidic acid 
and Rifampin to eradicate MDR Staphylococcus aureus, Staphylococcus epidermidis, Acinetobacter 
baumannii, Escherichia coli, carcinogenic Streptococcus mutants and related pathogenic biofilms. The 
multimodal action of triclosan-loaded nanoliposomes such as biofilm penetration and accumulation, 
electrostatic targeting of the bacterial cell in a biofilm, and subsequent release of bacterial lipases from 
micelle core leads to degradation of the blood-accessible staphylococcal biofilms (Nicolosi et al., 2015; 
Scriboni et al., 2019; Su et al., 2018). Topical formulations containing drug-loaded nanoliposome holds 
excellent potential for localized antibiotic delivery in the treatment of skin infections caused by resistant 
bacterial strains and also dramatically reduces the drug dose and its related adverse side effects. Similarly, 
antibiotics in combination, for example, rifampin and N-acetylcysteine (NAC) loaded nanoliposomes 
(size less than 200 nanometers) had exerted mucolytic activity against Staphylococcus epidermidis, thus 
inhibiting biofilm formation (Hajiahmadi et al., 2019). 

The vesicle type determines the efficacy of the antibiotic drug. In contrast, many studies have revealed 
that the multilamellar vesicles (MLVs) are best suited for encapsulating hydrophobic antibiotic drugs, and 
large unilamellar vesicles (LUVs) are preferred for loading hydrophilic antibiotics. Interestingly, cationic 
liposomes display better interaction with negatively charged surfaces of the bacterial cell. However, 
anionic liposomes composed of dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylglycerol 
(DOPC) are capable of encapsulating positively charged antimicrobials and was reported to have a load-
ing capacity eight-fold higher than uncharged and natural-lipid based liposomes. Whereas, zwitterionic 
liposomes having both acidic and alkaline functional groups, holds flexibility for charge reversal below 
and above their iso-electric point. This feature helps the liposomes to circulate in blood without interact-
ing with other negatively-charged components of the blood, and also acquires positive charge inside the 
acidic environment of a biofilm. They thus facilitate stronger interaction with negatively-charged bacteria 
present in the biofilm. Moreover, the zwitterionic liposomes were reported to be highly biocompatible 
and are capable of disrupting the periodontal biofilm (Eleraky et al., 2020).

POLYMERIC ANTIBIOTICS 

Several new methods for controlling drug-resistant bacterial infections are currently under investigation 
to control or reverse the development of antibiotic resistance. Antimicrobial polymers and polymer-based 
antibacterials have now become one of the most promising solutions in recent years. These polymer-based 
antibacterials have the benefit of a broad-spectrum antibacterial activity by disrupting the bacterial mem-
brane, with a lower risk of developing resistance in future. Most of the polymeric antibiotics investigated 
so far are capable of binding to the bacterial cell membrane, triggering membrane disruption and the cell 
content leakage. Interestingly, some antimicrobial polymers have also been reported to mimic and promote 
the activity of conventional antibiotics (Polymers to Combat Antibiotic-Resistant Bacterial Infections - 
Advanced Science News, n.d.). The nanotechnology-based polymers based drug delivery system with 
antibiotics emphasizes on the advantages that make nanoparticles as suitable carrier delivery systems 
for antibacterial drug delivery in the treatment of infections (Patel et al., 2017). The poly (D, L-lactic-
co-glycolic acid)-b-poly (L-histidine)-b-poly (ethylene glycol) (PLGA-PLH-PEG) nanoparticles (NPs) 
encapsulated with vancomycin as core with pH-responsive, and surface charge switching behaviour was 
developed to enhance the antibacterial efficacy. These NPs are intended to protect non-target interac-
tions and are intended to bind only to the bacterial surface in an acidic state and also to reduce the dose 
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of the drug and thus to reduce drug-related side effects. The charge switching was achieved by selective 
protonation of the imidazole groups of PLH at reduced pH (Radovic-Moreno et al., 2012). The study 
reports of biodegradable poly lactide-co-glycolides (PLGA) NPs encapsulated over rifampicin (RIF) 
was developed adopting solvent diffusion method. The effect of nano encapsulated RIF on antibacterial 
activity were performed against gram-negative and positive bacterial strains. The results showed that 
the RIF NPs have considerably increased the antibacterial activity (Darvishi et al., 2015). Similarly, 
the formulation of poly (lactide-co-glycolide) (PLGA) nanoparticles loaded with 18-β-glycyrrhetinic 
acid (GLA) has been reported to show antibacterial activity. The antibacterial studies were performed 
through serial dilution technique to study the MIC of the nanoparticles; the initial characterization was 
performed reporting nanoscale size particles ranging from 175 to 212 nm were achieved. The highest 
encapsulation efficiency (53.2 ± 2.4%) was obtained when the ratio of drug to polymer was 1:4. Zeta 
potential of the developed nanoparticles was fairly negative (-11±1.5). The antimicrobial findings sug-
gested that the nanoparticles against P. aeuroginosa, S. aureus and S. epidermidis were more successful 
than pure GLA. This increase the antibacterial behaviour of GLA loaded nanoparticles relative to pure 
GLA could be correlated with higher penetration of nanoparticles into infected cells and better distri-
bution of GLA at its site of action (Esmaeili et al., 2007). The study aimed to develop clarithromycin 
(CLR) loaded PLGA nanoparticles, and the physicochemical properties of the NPs were studied. The 
antibacterial activity against S.aureus was determined by serial dilution technique and MIC was studied. 
The results revealed that NPs that encapsulate intact CLR against S.aureus showed 1/8 concentration 
of the intact drug with increased response. Further, they show potent response against S.aureus with 
increased MICs may be used for the treatment of susceptibility in inhibition of bacteria and could be 
appropriate for drug delivery systems through intravenous and other preparations in the treatment of 
infections (Mohammadi et al., 2011). To study reports that the effects of the antibiotic release profiles 
of levofloxacin-loaded polymeric nanoparticles on their antibacterial efficacy against E. coli biofilm 
cells. Biofilm cells that survive the initial antibiotic exposure have greater antibiotic resistance than 
new biofilm cells, where the lower the initial dose, the better the resistance of surviving biofilm cells. 
The lower antibiotic resistance of the remaining biofilm cells is passed to their planktonic cell progeny, 
which may eventually form new biofilm colonies with higher biofilm rates. The significance of high 
initial exposure to antibiotics makes the slow release profile inefficient, given the same amount of dosing 
(Cheow et al., 2010). Recently, to explore the relationship between polymer structure and antimicrobial 
activity, three variants of narrow-spectrum peptidomimetic antimicrobial polyurethanes varying in their 
structures was synthesized based on post-polymerization modification using decanoic acid and oleic acid. 
The results showed a remarkable transformation in the activity profile of these modified antimicrobial 
polyurethanes from narrow to broad-spectrum antibacterial activity. They exhibited broad-spectrum 
antimicrobial activity against Gram-positive bacteria such as S. aureus and S. epidermidis (Peng et al., 
2019). Selected studies of antimicrobial formulations containing organometallic polymers such as silver 
and Cu(II) are extensively studied and were found to pose potent antimicrobial activity against a wide 
range of pathogenic bacteria species including the ESKAPE group of organisms. Further, their antimi-
crobial efficacy was found to vary with the state and type of formulation (solid/liquid). Findings have 
recorded potent antimicrobial activity in solid form than in the solution which has been attributed to the 
stability of the metal ion. Similarly, the AgNP/polystyrene polymers were found to be active against E. 
coli, K. pneumoniae and S. aureus. Numerous studies have been carried out using a different antibiotic 
- polymer nanosystems in order to improve the in-vivo biocompatibility, biodistribution and targeting. 
In a study incorporating ciprofloxacin in poly L-lactic acid (PLA) had greatly increased the solubility 
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of the drug and had effectively arrested the growth of E. coli and S. aureus, thus enabling its use in the 
development of biodegradable non-woven nanofibers for biomedical applications (). 

GREEN SYNTHESIZED NANOPARTICLES

Besides the antimicrobial potential of any nanoparticle/carrier, fundamental factors such as toxicity and 
bioavailability need to be considered before its development into clinical drugs. The use of toxic reagents, 
chemical-based solvents and stabilizers during the synthesize of metal nanoparticles (MNPs), and metal 
oxide nanoparticles ( MONPs) often limit the therapeutic efficacy of metal oxide nanoparticles and 
therefore increases toxic side effects. Morteza Sagharjoghi Farahani et al. reported the in vitro toxicity 
impacts of metal nanoparticles such as gold, iron, silica, silver, zinc, and so many others in stemcells 
(Farahani et al., 2017). In order to develop nanotherapeutics with precise bioactivity, higher bioavailability 
and less toxicity it is essential to consider the greener synthesis of nanoparticles using phytochemicals 
(e.g., flavonoids, alkaloids, terpenoids, amides, and aldehydes), bacteria, fungi, yeasts and algae. Many 
research studies on the green synthesis of nanoparticles have reported that nanoparticles synthesized 
using plant compounds have higher stability, improved biocompatibility, low agglomeration and non-
immunogenic than those prepared using conventional organic or inorganic chemical-based reducing 
agents such as citrate or sodium borohydride (El Shafey, 2020). In an experimental study, cytotoxic 
and neurotoxic effects of graphene oxide and chemical vs green synthesized zinc oxide nanoparticles 
was investigated against Drosophila melanogaster. The flies were exposed to varying concentrations 
(1- 300 μg/mL) of zinc nanoparticles for about 18 days. The findings of this experiment revealed that 
ZnO Nps synthesized chemically are more toxic (60% killing) than ZnO NPs (40% killing), with 100 
µg / ml after 14 days of exposure (Sood et al., 2019).

Similarly, a previous study has reported that silver nanoparticles synthesized using aqueous extract 
of Desmodium gangeticum root exhibited relatively low oxidative stress, cortical and multifocal tubular 
damage than chemically synthesized AgNps. This nephroprotective effect attribute to the antioxidant 
potential of phytoconstituent, which has acted as a capping agent in the nanoparticle (Vasanth & Kurian, 
2017). The Ag-NPs synthesized using aqueous cyanobacterial extracts by Hamouda et al., exhibited potent 
antibacterial activity against multidrug-resistant B.cereus and E.coli, further confirmed to be non- toxic 
for human erythrocytes (Hamouda et al., 2019). Some latest researches of green synthesis of MNPs and 
MONPs have also investigated the reduction of noble metals including gold, platinum and other metals 
such as copper. Furthermore, plant extract containing substances like antioxidants and sugars function 
as a reducing, capping, and dispersing agent during the synthesis of nanoparticles. For example, the 
caffeine/ polyphenols present in tea/coffee extracts and beet juice are used in controlled synthesis of 
MNPs such as Ag, Au, Pt, and Pd nanoparticles by the single-pot and microwave-supported method 
which uses no surfactant, capping agent, or template, and has yielded nanoparticles in the desired size 
range of 20–60 nm (). Armendariz et al. and also Bogireddy et al., report that by controlling/varying 
the reaction conditions such as pH and temperature in a green synthesis procedure could influence the 
size, shape and crystallinity of the nanoparticles. These studies have also reported on synthesis AuNPs 
with different shapes such as decahedral, hexagonal, icosahedral, irregular and rod shape resulted upon 
varying the pH of the reaction medium (). Talamini et al. state that the size and shape of nanoparticles 
determine the kinetics of accumulation and excretion of AuNPs in kidneys, and it has been observed 
that only star-shaped AuNPs can accumulate in the lung. Further, it has been reported that the change 
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in the geometry of the nanoparticle does not influence to cross the passage of the blood-brain barrier 
(Talamini et al., 2017) Likewise, Ubeyitogullari, A., and Ciftci, O. N had recently reported a novel green 
low-crystallinity curcumin nanoparticles which have enhanced the bioavailability of curcumin up to 
173-fold when compared to the original curcumin (Ubeyitogullari & Ciftci, 2019)

Table 1. Nanoparticle type, size, synthesis and activity against different tested microorganisms.

Nanoparticle Synthesized using NP Size 
(nm) Tested organism Zone of inhibition 

(mm) Reference

Ag NPs
Culture broth of 
Endophytic strain SYSU 
333150 

11 - 40 S. warneri 14 122

Ag NPs Piper beetle leaves extract  10 - 30

S. aureus (ATCC 25923) 32.78±0.64

123
S. typhi (ATCC 14028) 29.55±0.45

Escherichia coli (ATCC 25922) 27.12±0.38

P. aeruginosa (ATCC 27853) 21.95±0.55

Ag NPs Culture broth of Euphorbia 
hirta L 10 - 60 

B. subtilis (MTCC 121) 13.00

124

E. coli (MTCC 7410) 15.00

K. pneumoniae (MTCC 7407) 11.00

P. aeruginosa (MTCC 7903) 20.00

S. aureus (MTCC 7443) 14.00

Chloromphenicol 
loaded Ag NPs

Culture broth of P. 
veronii AS 41G 5 - 50

B. subtilis (MTCC 121) 31.00

125E. coli (MTCC 7410) 32.00

K. pneumoniae (MTCC 7407) 29.00

Glycolipoprotein-
capped AgNPs

Exopolymer of 
Ochrobactrum 
rhizosphaerae

10 V. cholerae (N16961( 11.00 -15.00 126

CuNPs Chemical precipitation 
method 13.13

E. coli 5.00

127K. pneumoniae 9.00

P. typhus 6.00

NiNPs Chemical precipitation 
method 24

E. coli 4.00

127K. pneumoniae 7.00

P. typhus 4.00

Cu NPs Extract of green 
alga Botryococcus braunii 40 –100

P.aeruginosa (MTCC 441)  17 ± 1.56

128
E.coli (MTCC 442) 18 ± 0.1

K.pneumoniae (MTCC 109) 19 ± 0.0

S.aureus (MTCC 96) 22 ± 0.88

Ag NPs Extract of green 
alga Botryococcus braunii 10 – 70 

P.aeruginosa (MTCC 441)  20 ± 1.78

128
E.coli (MTCC 442) 20 ± 0.8

K.pneumoniae (MTCC 109) 21 ± 0.60

S.aureus (MTCC 96) 22 ± 0.75

continues on following page
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CONCLUSION

In conclusion, nanoantibiotics have a crucial role in the global effort to combat antimicrobial resistance. 
Over the past few years, many significant scientific and technological advancements have been made as 
a result of a major focus on understanding the dynamics and complexities involved between nanopar-
ticles, bacteria, antimicrobials and biological resistance. Unlike conventional antibiotics, nanoantibiotics 
are multifunctional, dynamic, and biocompatible and are made of materials with intrinsic antibacterial 
properties and can be developed using bottom-up imaging methods. The killing of bacterial cells by 
nanoantibiotics is a multimodal phenomenon which includes, but not limited to impaired membrane 
function, generation of reactive oxygen species and antioxidant depletion, protein dysfunction, geno-
toxicity, interference with nutrient assimilation and many. Thus, nanoparticles - antibiotic conjugates 
are considered the most promising tool for addressing the increased threat and challenges in treating 
infections caused by antibiotic-resistant pathogens. With the knowledge that we have gained today about 
nanomaterials and antibiotics like never before, we can design a wide range of novel nano antimicrobials 
which are capable of use in medical and non-medical applications. However, a large amount of work 
remains to be done on unresolved challenges, such as long-term stability, half-life, functionality and 
bioavailability of nano antimicrobials. Further translational research is strongly needed in the future to 
make the possibility of transferring nanoantibiotics from the bench to the bedside.

Nanoparticle Synthesized using NP Size 
(nm) Tested organism Zone of inhibition 

(mm) Reference

CuO NPs Gum karaya natural 
biopolymer

4.8 ± 1.6 – 
7.8 ± 2.3

E. coli 16.2 ± 0.8
129

S. aureus 14.5 ± 0.6

ZnO NPs Sonochemical route 41

S. aureus 2.7

130K. pneumoniae 2.5

E. coli 2.1

ZnO NPs Chemical precipitation 
method 10

P. gingivalis 18.09
131

A .naeslundii 12.05

ZnO NPs
Extracts of chamomile 
flower, olive leaves, and 
red tomato fruit

40.5 - 124.0 X. oryzae pv. oryzae (GZ 0003) 22.00 132

Fe2O3-NPs Chemical coprecipitation 10.4 ± 4.9 - 
11.4 ± 5.2

E. coli 23.0
133

B. subtilis 25.0

Fe2O3-NPs Skimmia laureola leaf 
extract  56 - 350 R. solanacearum 17.9 ± 0.5 134

Fe2O3-NPs Commercially available 25 – 30
Methicillin resistant S. aureus  14 ± 10

135
E.coli 12 ± 10

CA-Fe2O3-NPs Chemical co-precipitation 
method 113.3

E. coli 23.00
136

S. aureus 22.00

Table 1. Continued
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ABSTRACT

The worldwide misuse of antimicrobials and subsequent rise of the multi-drug resistant (MDR) opportu-
nistic intracellular pathogens have led to a paradigm shift in the established perspective of antimicrobials 
and bacterial-human relations. Antibiotic resistant strains of mycobacterium tuberculosis have threat-
ened the progress in management and control of worldwide epidemic of tuberculosis. Mycobacterium 
tuberculosis intrinsically resists many antimicrobials, limiting the number of compounds available for 
treatment. Typically, conventional treatments for these diseases consist of long-term therapy with a 
combination of bioactive(s) that can cause side effects and contribute to low patient compliance. The 
escalation of antimicrobial resistance poses compelling demand for new ways of treating bacterial 
infections. The main objective of this chapter is to review the potential applications of nanotechnology-
based drug delivery systems in combating drug resistance associated with opportunistic intracellular 
pathogens with special reference to tuberculosis.
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INTRODUCTION

Tuberculosis (TB), an ancient human scourge, is an increasing health illness in both the developing 
and developed world. It is a dreadful health challenge that primarily affects the respiratory system. It 
is a communicable disease and one among the top 10 leading infectious killers in the world (MacLean 
et al., 2019). It is considered alongside HIV as the global menace. The pathogenic bacterial species 
responsible for TB is Mycobacterium tuberculosis. It spreads through the infected person who expels 
bacteria into the air, e.g. by coughing. The frequently affected organ is the lungs wherein it is manifested 
as pulmonary TB and it might spread to other organs causing extrapulmonary TB (Sharma & Mohan, 
2019). A quarter of the world’s population including both developing and developed countries are af-
fected by Mycobacterium tuberculosis and therefore at greater risk of developing TB. As per the WHO 
report 2019, approximately 1.2 million deaths from TB among HIV-negative people and an additional 
251000 deaths among HIV positive people were reported in 2018. People of both sexes are affected by TB 
among all age groups. However, the high TB burden is recorded in men (aged≥15 years) that represents 
57% of all TB cases in 2018. In contrast to the fact, women only accounted for 32% and children (< 15 
years of age) for 11%. 8.6% of all TB cases in HIV-positive people. Most of the TB cases were identified 
by WHO in the vicinity of South East Asia (44%), Africa (24%) and the western Pacific (18%), eastern 
Mediterranean (8%), America (3%), and Europe (3%). 2/3 rd of the global TB burden was identified in 
following countries: India (27%), China (9%), Indonesia (8%), Philippines (6%), Pakistan (6%), Nigeria 
(4%), Bangladesh (4%) and South Africa (3%). These and along with 22 other countries as per WHO’s 
list of 30 high TB burden countries were found to have for 87% of total reported cases globally (World 
Health Organization, 2019).   

Drug-resistant TB continues to pose a threat to human beings worldwide. The escalation in bioactive 
resistant strains involves multiple factors: poor public healthcare facilities (e.g., delay in the diagnosis 
of bioactive resistance, treatment interruptions, the inconsistent supply of anti-tubercular bioactive(s)), 
incomplete therapy (e.g., unmonitored therapy, non-adherence by patients, inappropriate or incorrect use 
of anti-tubercular bioactive(s)), and low immunity due to HIV infection. Several first and second-line 
anti-tubercular bioactive(s) have been developed against Mycobacterium tuberculosis (Jnawali & Ryoo, 
2013). The mechanism of antimicrobial action of these bioactive(s) is used against causative pathogen 
i.e., Mycobacterium tuberculosis. Globally, a more alarming and recent public health threat has arisen 
after the identification of multidrug-resistant tuberculosis (MDR-TB) (Nyang’wa et al., 2019). In MDR-TB 
the mycobacterial strain is resistant to Isoniazid and Rifampicin, the two most powerful anti-tubercular 
bioactive(s), thus consequent upon a severe threat to conventional anti-tubercular treatment. The DOTs 
therapy (current conventional therapy) addresses this hurdle through a complex and prolongs treatment 
involving a combination of high dosage of bioactive(s) which are associated with side effects. Novel 
drug delivery modules (nanocarriers) are potentially seen as an option for the treatment of drug-resistant 
tuberculosis that can conquer the limitations of conventional anti-tubercular therapy. Anti-tubercular 
bioactive(s) entrapped or encapsulated in these nanocarrier systems leads to higher bioavailability. 
When these nanobiomaterials coupled to a targeting moiety, it may result in significantly boosted the 
drug efficacy with less or no drug-associated side effects (Mehta et al., 2019; Hamed et al., 2019). This 
chapter discusses the recent developments in the understanding of the mechanism of antibiotic resistance 
in tuberculosis with special reference to MDR-TB and also covers the applications and advantages of 
nanocarrier based anti-tubercular drug delivery systems to circumvent drug-resistant tuberculosis. 
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PATHOPHYSIOLOGY OF TUBERCULOSIS

Infection in a host is evoked by the inhalation of the droplets in the form of aerosols that contain My-
cobacterium tuberculosis. In the lungs (alveolar macrophages), pathogen internalized into the alveolar 
phagosomes through phagocytosis which is the resultant structure of membrane invagination (Pieters, 
2008, pp. 399-407). Lungs macrophages i.e., alveolar macrophages that are activated by the appropri-
ate stimulus will effectively shift the phagocytosed pathogen into the destructive environment of lyso-
somes through the formation of phagolysosome complex. Here, pathogens are exposed to the reactive 
oxygen species (ROS) generated via NADPH oxidase and lysosomal enzymes  (Galagan, 2014, pp. 
307-320). Within the cell, this degraded pathogenic material can further be carried through sequential 
vesicle trafficking events. Then this material is delivered to the antigen processing and presentation 
pathway where antigen after digestion as remnants are ligated to the major histocompatibility (MHC) 
class II molecules and resulting in clearance of potentially harmful pathogenic material (Figure 1). The 
peptide-loaded MHC class II molecules are shuttled to the plasma membrane. Here, they participate in 
the process of T cell activation to develop adaptive immune responses against the pathogen. But some 
bacteria like Mycobacterium tuberculosis inhibit the phagosome lysosome fusion and thus escape ly-
sosomal digestion and continue to live within the hostile environment of the macrophages (Hunter & 
Actor, 2019). The pathogen-infected macrophages can either stay in the lung or spread to other organs 
in the body. Nevertheless, only ~10% of infected people develop tuberculosis. This is how the immune 
system keeps Mycobacterium tuberculosis in check so that the disease might not develop in most of the 
healthy individuals (Dicks & Stout, 2019).

Figure 1. Diagrammatic representation of pathophysiology of tuberculosis
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ANTIBIOTIC/DRUG RESISTANCE IN TUBERCULOSIS

Resistance to anti-tubercular bioactive(s) has been a concern since the beginning of chemotherapy. In 
the early 1990s, after a powerful surge of MDR-TB, resistance has become identified as a challenging 
problem worldwide. MDR-TB is now threatening the occupant of Africa, Asia, Europe, and the Ameri-
cas. A thorough understanding of drug resistance at the molecular level is required for designing and 
development of new bioactive(s). As reported by WHO, drug-resistant TB may be classified into the 
following types:

• Mono drug resistance: Resistance towards one of the anti-tubercular bioactive(s).
• Poly drug resistance: Resistance towards more than one first-line anti-tubercular bioactive(s), 

other than Rifampicin and Isoniazid.
• Multidrug resistance (MDR): Resistance to both Isoniazid and Rifampicin.
• Extensive drug resistance (XDR): Resistance towards anyone fluoroquinolones (Ciprofloxacin, 

Ofloxacin, etc.) and at least one of the second-line injectable bioactive(s) (Amikacin, Capreomycin, 
Kanamycin).

• Totally drug-resistant: TB, which is known to be resistant to all first and second-line anti-tuber-
cular bioactive(s) (World Health Organization, 2013; Pai & Memish, 2016).

From the time of use of first-line anti-tubercular bioactive i.e., Streptomycin, the bioactive resistance 
has been noticed in Mycobacterium tuberculosis. In the beginning, with the use of streptomycin, patients 
with TB could be refurbished to a healthy condition. Also, their sputum was found negative of the bacterial 
strain. Nevertheless, in 1947, Pyle noticed that despite consecutive therapy, bacilli were found in some 
patients sputum that were resistant to streptomycin (Pyle, 1947, pp. 465). In 1948, with the introduction 
of two new bioactive(s) i.e., Para aminosalicylic acid (PAS) and Thioacetazone and in 1952 the third 
one was Isoniazid, it has become clear that the key to preventing the drug resistance, the combination 
drug therapy was required for 18 months of treatment. The excogitation of Rifampicin in 1957 brought 
out the development of the more effective and shorter Rifampicin and Isoniazid based dosage regimens 
which are referred to as short-course drug therapy. Directly observed treatment short-course i.e., DOTS 
therapy which is also referred to as global TB control strategy involves those anti-tubercular regimens 
which have become the standard of care even under resource-limited settings (Seung, Keshavjee, & Rich, 
2015). On the other hand, several surveillance measures have been initiated by the WHO to combat 
drug-resistant TB. Progress in bioactive susceptibility testing has shown that the prevalent behavior of 
drug resistance is growing as a global threat (Gelmanova et al., 2007).

MECHANISM OF ANTIBIOTIC RESISTANCE

It is needed to know the mechanism of antibiotic resistance to combat the disease. The effectiveness of 
chemotherapeutic regimens differs between different individuals due to differences in the mechanism 
of resistance. To overcome resistance based on molecular characteristics of antibiotic resistance, under-
standing the mechanism of antibiotic resistance is pivotal for the molecular targets identification and 
accordingly the individualized section of bioactive doses. This may potentially improve the outcome of 
the treatments (Vilchèze & Jacobs, 2019). Antibiotic/Drug resistance is of following types:

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



91

Nanomedicine and Its Applications in Combating Resistance Relating to Opportunistic Pathogens
 

Natural/Intrinsic Antibiotic Resistance

The Mycobacterium tuberculosis species is intrinsically resistant to antimicrobials due to the presence of 
the cell wall. The cell wall contains chief waxy fatty acid components i.e., mycolic acid. The existence of 
the same makes these bacilli impermeable to conventional bioactive(s) and other antibiotics. This type 
of resistance towards aminoglycosides, tetracyclines, and fluoroquinolones has been observed in Myco-
bacterium tuberculosis. Such development of resistance not only restricts the applications of available 
anti-tubercular regimens for the treatment of TB but also impedes the development of new bioactive(s) 
(Rossi, Aínsa, & Riccardi, 2006).

Acquired Resistance

Acquired antibiotic/drug resistance is primarily provoked by spontaneous alterations in the chromosomal 
genes in Mycobacterium tuberculosis.  Antibiotic resistance is not regulated by the mechanism of hori-
zontal gene transfer of mobile genetic elements such as transposons and integrons in Mycobacterium 
tuberculosis. These mechanisms are usually seen in other bacilli. Among prokaryotes, these spontane-
ous alterations usually occur at a low rate of 0.0033 for each replication. Previously, literatures have 
reported that the mutation rate relies on the nature of bioactive selection. However, it occurs at a rate of 
10-9 mutations for each cell division for most of the main anti-tubercular bioactive(s). This is the major 
reason why anti-tubercular bioactive(s) are prescribed in combination because the risk of mutant com-
prising of two resistance mutations is 10-18 (Almeida, Silva, & Palomino, 2011; Andersson & Hughes, 
2010). Several major factors which are responsible for acquired antibiotic/anti-tubercular drug resistance; 
they are as follows:

Mutations in Antibiotic Targeting Genes

Numerous altered genes are involved in the development of the resistance to different anti-tubercular 
bioactive(s). An alteration in the KatG, KasA, inhA, ndh and ahpC genes leads to the development of 
resistance towards Isoniazid. Isoniazid, which is also a prodrug, is activated by the catalase-peroxidase 
enzyme encoded by the KatG gene. The product (activated Isoniazid) prevents the synthesis of mycolic 
acid which is the chief fatty acid component of the mycobacterial cell wall. The activated Isoniazid in-
hibits nicotinamide adenine dinucleotide hydrate (NADH)-dependent enoyl-ACP reductase. The NADH-
dependent enoyl-ACP reductase is encoded by the inhA gene. An alteration in the inhA and KatG genes 
has been found as the primary cause of resistance to Isoniazid (Rawat, Whitty, & Tonge, 2003). Resis-
tance towards Rifampicin is due to alterations in the rpoB gene. This gene encodes for the β-subunit 
of RNA polymerase. This is followed by conformational changes that cause a low bioactive affinity 
and subsequently the augmentation of the bioactive resistance (Almeida & Palomino, 2011). Similarly, 
resistance towards Pyrazinamide involves alteration in the pncA gene which encodes for the enzyme 
pyrazinamidase/nicotinamidase (PZase). Pyrazinamide is activated by this enzyme to its active form of 
Pyrazinoic acid. This activated form (Pyrazinoic acid) causes bacterial cell damage (Zhang & Mitchison, 
2003). Streptomycin is another anti-tubercular bioactive which belongs to the aminoglycoside category. 
It kills actively growing bacilli on one hand and on other hand it inhibits initiation of the translation 
process of protein synthesis. At the molecular level, it binds to the 30S subunit of the ribosome at the 
ribosomal protein 16S rRNA and S1 encoded by the genes rrs and rpsL  respectively. Alterations in 

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



92

Nanomedicine and Its Applications in Combating Resistance Relating to Opportunistic Pathogens
 

the rrs and rpsL genes result in resistance to streptomycin (Palomino & Martin, 2014). Mutation in 
the embB gene is a major mechanism of resistance to Ethambutol. The mode of action of Ethambutol 
involves the inhibition of cell wall synthesis. It inhibits arabinotransferases enzymes involved in the 
arabinogalactan biosynthesis pathway of the mycobacterial cell wall. The mechanism of resistance to 
other second-line anti-tubercular bioactive(s) is described in Table 1. Fluoroquinolones, one of the 
second line anti-tubercular bioactive commonly used to treat drug-resistant TB. It inhibits DNA gyrase 
(topoisomerase II) encoded by gyrA and gyrB genes. Alterations in the gyrA and gyrB genes result in 
the resistance to fluoroquinolones (Sun et al., 2008). Other second line anti-tubercular bioactive(s) like 
Amikacin, Capreomycin, Kanamycin, and Viomycin interfere with the translation process of protein 
synthesis. Several alterations have been identified at their target site, which promotes drug resistance. 
The targets of Amikacin and Kanamycin are rrs genes encoding 16S rRNA. These genes are altered in 
drug-resistant strains. Likewise, an alteration in the tlyA gene which codes for rRNA methyltransferase 
is the major cause of resistance to Viomycin and Capreomycin (Johansen et al., 2006).

Phagosomal Association with TACO

Another factor responsible for the development of resistance is the deposition of tryptophan aspartate 
containing coat protein (TACO) on the phagosomal membrane (Figure 2). This protein is also referred 
to as P57 and coronin 1. It is recruited to phagosomes enclosing live bacteria. Previously, it is reported in 
the literature that phagosomes containing live Mycobacterium tuberculosis do not acquire Rab5 protein 
due to the deposition of TACO protein on the phagosomal membrane (Gatfield et al., 2005). Rab5 protein 
is required for phagosome maturation. The TACO protein is normally released from the phagosomes 
enclosing bacilli. It prevents phagosome-lysosome fusion by regulating calcium-dependent signaling 
processes. This action of TACO protein suggests that coronin 1 is a crucial factor in the development of 
drug resistance. Once macrophages are infected with Mycobacterium tuberculosis, they respond with 
a sustained calcium flux that largely depends on the existence of coronin 1 (Uetrecht & Bear, 2006; 
Jayachandran et al., 2008). This calcium influx stimulates calcium-dependent phosphatase calcineurin 
pathway. The coronin 1 dependent activation of calcineurin is required for blocking phagosome-lysosome 
fusion and facilitates the intracellular survival of Mycobacterium tuberculosis (Mueller et al., 2008).

CURRENTLY AVAILABLE TREATMENT REGIMENS AND THEIR 
LIMITATIONS IN CONQUERING ANTIBIOTIC RESISTANCE

In contempt of the augmentation of several first-line and second-line anti-tubercular bioactive(s), TB 
still continues to be the leading killer. Carelessness and mismanagement of anti-tubercular bioactive(s) 
result in the development of MDR-TB. Furthermore, for the treatment of MDR-TB; the second line 
anti-tubercular bioactive(s) used is more costly. However, they are associated with severe, harmful, 
and undesirable toxicological consequences. The prescribed dosage regimens in DOTS therapy for the 
treatment of TB require a multidrug combination of Isoniazid, Rifampicin, and Pyrazinamide. Initially 
these bioactive(s) are administered, along with Ethambutol for 2 months, followed by Isoniazid and 
Rifampicin for 4 months. The treatment of MDR-TB involves the use of Pyrazinamide in combination 
with second-line anti-tubercular bioactive(s) such as Capreomycin, Cycloserine, Para aminosalicylic 
acid, Fluoroquinolones, Ethionamide and Prothionamide (Onyebujoh et al., 2005). Although these con-
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ventional treatment regimens are associated with some limitations like all second-line anti-tubercular 
bioactive(s) possess high toxicity and are less active than first-line anti-tubercular bioactive(s), dura-
tion of therapy is prolonged (9-12 months) that leads to patient noncompliance, undesirable side effects 
(hepatotoxicity and neurotoxicity), poor permeability and stability, higher doses of anti-tubercular 
bioactive(s), limited bioavailability, etc. First-line and second-line anti-tubercular bioactive(s) along 
with their structure and mode of action are discussed in Table 1.

NANOMEDICINES: A RAY OF HOPE TO TREAT MULTI 
DRUG RESISTANT TUBERCULOSIS (MDR-TB)

The presence of the chief waxy layer of mycolic acid on the mycobacterial cell wall creates a problem 
in the delivery of the anti-tubercular bioactive(s). These bioactive(s) are also associated with the side 
effects on long term use. To overcome these limitations, a novel drug delivery module is needed that can 
increase the intracellular accumulation of the drug and as a consequence could increase anti-tubercular 
activity. This might result in improved efficacy of the bioactive(s) at lower doses with little side ef-
fects. The current need is to design and develop nanotechnology-based novel nanocarrier systems to 
improve the bioavailability and enhance site-specific targeting of anti-tubercular bioactive(s) in order 
to avoid the emergence of drug resistance (MDR) and drug-associated side effects (Saravanan et al., 
2015). Some recent nanotechnological interventions to combat the MDR in tuberculosis are compiled in 
Table 2. Furthermore, at a given time in free plasma, such nanocarrier systems might result in reduced 

Figure 2. Phagosomal association with TACO (tryptophan aspartate containing coat protein): Major 
cause of multidrug resistant tuberculosis (MDR-TB)
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toxicity due to their low bioactive concentration. This became possible by entrapping anti-tubercular 
bioactive(s) in the nanocarrier systems, which will acts as a reservoir of bioactive, continuously deliver-
ing the required bioactive concentration at the target site (Vyas et al., 2004; Kaur & Singh, 2014). Some 
nanomaterial-based novel nanocarrier systems with huge potential for anti-tubercular drug delivery are 
discussed here (Figure 3).

Table 1. Currently available conventional treatment regimens for tuberculosis
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Solid Lipid Nanoparticles (SLNs)

The solid lipid nanoparticles are developed to address the problems associated with the conventional 
dosage forms. The SLNs offer various advantages over conventional dosage forms such as enhanced 
physical and chemical stability, higher drug loading, better biocompatibility, and extended drug release, 
etc. There are few applications of the SLNs for the effective delivery of the drugs for pulmonary drug 
delivery. Vieira et al., 2018 formulated Rifampicin (RIF) loaded mannosylated solid lipid nanoparticles 
for effective treatment of TB by enhancing their selective uptake by macrophages. The in vitro cyto-
toxicity study was conducted on human leukemia monocyte THP1 cell line. The study demonstrated a 
nearly comparable reduction in the parasite in both RIF loaded SLNs and free RIF solution. The uptake 
studies further revealed that the mannosylated SLNs had a 1.2 fold higher uptake by the THP1 differ-
entiated macrophages as compared to the non-mannosylated ones. They concluded that the SLNs could 
provide a long term localized delivery with greater bioavailability of the drug when given through the 
pulmonary route (Vieira et al., 2018). Nemati et al., 2019 also developed Ethambutol (EMB) loaded solid 

Figure 3. Diagrammatic representations of different nanocarrier systems for anti-tubercular drug delivery
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lipid nanoparticles based on dry powder inhalable formulation. The SLNs were prepared by using hot 
homogenization and ultrasonication techniques and the encapsulation efficiency was found to be more 
than 98% and the particles were in the size range of 100 nm. The cytotoxicity studies were conducted on 
the A549 cell line using MTT assay. The results obtained suggested no significant cytotoxicity of EMB 
loaded SLNs when compared with pure intact EMB. A thorough evaluation of the formulation revealed 
that the EMB loaded SLNs can act as a potential system for the treatment of tuberculosis (Nemati et al., 
2019). Khatak et al., 2018 formulated anti-tubercular drugs (Rifampicin, Isoniazid, and Pyrazinamide) 
loaded SLNs using microemulsion techniques for enhancing the anti-mycobacterial efficacy and combat-
ing multidrug resistance. The anti-tubercular bioactive(s) loaded SLNs were evaluated for antibacterial 
activity on Mycobacterium smegmatis and the results demonstrated that the formulation was compara-
tively 10 times more effective than the standard drugs. Thus it can be inferred that the system can be 
effectively used for squaring/addressing the multidrug resistance (Khatak et al., 2018).

Nanostructured Lipid Carriers (NLCs) 

The NLCs are lipid-based nanocarriers developed to conquer the limitations and drawbacks of solid lipid 
nanoparticles. Instead of using solid lipids as in the case of SLNs the NLCs are comprised of liquid lipids 
blended with the solids. This difference in the composition of NLCs conjures them into a nanocarrier 
with improved drug loading capacity, drug retention, and better stability which can be utilized further 
to provide an efficacious drug delivery. The NLCs can be synthesized using emulsification solvent 
evaporation, solvent injection and solvent diffusion technique, high-pressure homogenization, ultra-
sonication, membrane contractor technique, etc. (Khosa, Reddi, & Saha, 2018). The NLCs due to their 
properties could be used effectively to deliver the drugs in the tropics of infection (macrophages). Such 
attempts have been made by researchers across the globe. Da Silva et al., 2018 formulated a ruthenium 
(II) complex loaded nanostructured lipid system with improved bioavailability for the treatment of infec-
tion caused by Mycobacterium tuberculosis. The NLCs were developed using the sonication technique. 
The average particle size was in the range of 10-200 nm. The complexes demonstrated promising anti-
mycobacterial activity against Mycobacterium tuberculosis H37Rv strain. The ruthenium (II) complex 
loaded nanostructured lipid system showed intra-macrophagic accumulation and activity thereof even 
when evaluated at the minimum inhibitory concentration (> 50 µg/ml). The cytotoxicity assay was 
performed on J774A.1 macrophage cell lines. The formulations also exhibited reduced cytotoxicity to 
macrophage cell line whilst the bioavailability was enhanced (Da Silva et al., 2018). Vieira et al., 2017 
developed Rifampicin loaded mannosylated NLCs using high shear homogenization and ultrasonica-
tion techniques followed by mannosylation. The prepared RIF loaded NLCs were evaluated for various 
parameters. The average size was 310 nm with an entrapment efficiency of 94-95%. The MTT assay 
revealed that the mannosylated RIF loaded NLCs are comparatively less toxic than the plain NLCs and 
free drug and can provide better cellular uptake by bone marrow-derived macrophages. The NLCs pre-
pared thus can be used effectively for targeting the macrophages (Vieira et al., 2017). In another study 
Pinheiro et al., 2016 developed Rifabutin loaded mannosylated NLCs for the selective delivery of drugs 
to alveolar macrophages. The NLCs were prepared using high shear homogenization and ultrasonication 
techniques. The mannosylated NLCs showed an average size of around 198 nm with an entrapment ef-
ficiency of 90%. In vitro drug release study demonstrated that the release of the Rifabutin was faster at 
acidic pH than neutral pH. The cell viability studies were conducted on Calu-3, A549, and RAW 264.7 
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cells using MTT assay. This study suggested that the therapeutic drug concentration could be achieved 
on the administration of dose considerably lower than the conventional dose (Pinheiro et al., 2016). 

Liposomes 

Liposomes are vesicular structures composed of lipid bilayers formed on spontaneous hydration of 
phospholipids. Over the years the liposomes are proved to be an effective carrier for the bioactive(s) and 
antigens and thus can be used for targeting specific organs or tissue by active or passive methodologies. 
Liposomes can be formulated by lipid thin-film hydration, sonication, or extrusion techniques and are 
could be in the size range of 30 nm to several micrometers (Shrivastava et al., 2020). The characteristics 
of liposomes such as size, surface charge, and presence of ligands can be appropriately utilized for up-
take by alveolar macrophages. Liposomes have been previously used as a nanocarrier for the delivery of 
anti-tubercular drugs (Pinheiro et al., 2011). Nkanga & Krause, 2019 formulated liposomes loaded with 
the Isoniazid-Hydrazone-Phthalocyanine-In-cyclodextrin complex. The author synthesized a complex 
system by complexing the Isoniazid-Hydrazone-Phthalocyanine conjugate with gamma-cyclodextrin and 
loaded into liposomes. The liposomal encapsulation was performed by the organic solvent-free method 
(heating method). The average size of the liposomes was in the range of 150-650 nm with an entrapment 
efficiency up to approximately 71%. The in vitro release studies indicate pH-dependent release behavior 
of the drug from formulation(s). Moreover these pH-dependent release characteristics of the liposome 
can be utilized for site-specific delivery (Nkanga & Krause, 2019). Ferraz-Carvalho et al., 2016 evalu-
ated the effect of the encapsulation of Usnic acid (UA) into a liposome. They also studied the effect of 
interaction on combining Rifampicin (RIF) and Isoniazid (INH) (anti-tubercular drugs) with Usnic acid 
(UA) encapsulated in a liposome against the MDR-TB. The liposomes containing UA were prepared by 
lipid thin film hydration technique. The mean particle size of the liposomes was 146.46 nm. The anti-
mycobacterial activity was assessed on Mycobacterium tuberculosis H37Rv ATCC 27294 strain and six 
MDR-TB clinical isolates (MDR-TB 1412, 1619, 0729, 1411, 1409, and 1484). The minimum inhibitory 
concentrations were found to be 31.25μg/mL and 0.98μg/mL respectively for Usnic acid and Usnic acid 
loaded liposomes. The in vitro interaction study of UA with anti-tubercular bioactive(s) was performed 
using the checkerboard method. The findings revealed a synergistic combination of Rifampicin and 
Usnic acid. The fractional inhibitory concentration index determined was to be 0.31 and 0.28 for free 
counterparts and UA loaded liposomes respectively. The improved activity of UA loaded liposomes 
could be attributed to the synergistic action of UA when given in combination with RIfampicin (Ferraz-
Carvalho et al., 2016).  Bhardwaj et al., 2013 developed ligand appended liposomes for the treatment 
of pulmonary tuberculosis using multiple drug therapy. The liposomes containing Rifampicin (RIF), 
Isoniazid (INH) and Pyrazinamide (PYZ) were prepared using the lipid thin-film hydration technique 
and mannan was used to coat the liposomes. The prepared liposomes were in a nanometric range with 
considerably good entrapment efficiency. The in vivo studies were performed on Wistar albino rats which 
demonstrated a higher lung uptake of mannan coated liposomes as compared to uncoated liposomes. 
Thus, the liposomal preparation seemingly offers exciting possibilities to deliver the bioactive(s) to the 
lungs for the treatment of pulmonary tuberculosis (Bhardwaj et al., 2013).
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Niosomes 

Niosomes are vesicular systems similar to liposomes in morphology. They are formed as a result of 
self-assembly of non-ionic surfactants in bilayers. Due to their inherent advantages over liposomes such 
as improved chemical stability, low production cost, etc., the niosomes are more preferred as a drug 
delivery system for the drugs due to their added ability to provide improved therapeutic efficacy with 
minimum side effects. Niosomes were explored extensively for the effective delivery of the bioactive(s) 
in the treatment of tuberculosis (Uchegbu & Vyas, 1998). Researchers have attempted successful deliv-
ery of the anti-tubercular drugs using vesicular system(s). Sadhu, Saisivam, & Debnath, 2019 designed 
and characterized Ethionamide loaded niosomes by thin-film hydration technique. The mean particle 
size of the Ethionamide loaded niosomes was reportedly 124.4 nm and entrapment efficiency up to 
88.9%. The niosomes were found to be stable for 30 days and showed a prolonged/slow release of the 
drug. The prolonged-release from the niosome suggested that the formulation might lower the dosing 
frequency and could be used for the effective treatment of tuberculosis (Sadhu, Saisivam, & Debnath, 
2019). Similarly, Kulkarni, Rawtani & Barot 2019 developed ethionamide and D-cycloserine loaded 
long-acting dual drug-loaded niosomes for simultaneous delivery of drug(s) in combination. The nio-
somes were optimized by Box Behnken experimental design and prepared using the ethanol injection 
method. The particle size of the niosomes was found to be 137.4 nm with % entrapment efficiencies 
(> 70%). The bacterial inhibition assay was conducted on Mycobacterium smegmatis. The minimum 
inhibitory concentrations (MIC) for ethionamide and D-cycloserine loaded niosomes and free drug(s) 
were reported to be 28.75µg/ml and 250µg/ml respectively. The co-loaded niosomal preparation showed 
a synergistic effect as compared to free drug counterparts and can successfully be used for anti-tubercular 
drug delivery (Kulkarni, Rawtani & Barot 2019).  Singh et al., 2011 formulated Isoniazid loaded nio-
somes employing reverse-phase evaporation method. The zeta potential and polydispersity index (PDI) 
of the niosomal formulation were found to be 23 mV and 0.14 respectively. The release of the drug 
from the niosomes was slow at a steady rate protracted over 20-30 hours. The uptake studies carried 
out on J744A.1 (mouse macrophage) cells using a fluorescent marker demonstrated that the niosomal 
formulation was uptaken by the macrophages. They concluded that the Isoniazid loaded niosomes can 
be used for targeting macrophage infected with Mycobacterium tuberculosis (Singh et al., 2011).  Mehta 
& Jindal, 2013 formulated anti-tubercular drug(s) loaded niosomes using tyloxapol a biocompatible 
surfactant. They incorporated Rifampicin (RIF), Isoniazid (INH) and Pyrazinamide (PZA) into the 
niosomes. The average size of niosomes was 150 nm while the loading capacity recorded for Rifam-
picin (RIF), Isoniazid (INH), and Pyrazinamide (PZA) was 97.95%, 98.89%, and 99.50% respectively. 
The stability analysis was carried out using absorption spectroscopy. The stability studies suggest that 
the niosomes remained fairly stable for a long period of time. The dissolution studies were performed 
using the dialysis bag method wherein the order of the drug(s) release rate was Rifampicin<Isoniazid
<Pyrazinamide. The different kinetic models were applied to study the release rate of the bioactive(s). 
The release of isoniazid follows the Fickian diffusion model whilst the Rifampicin and Pyrazinamide 
release following a Non Fickian release model. The studies further suggested that the niosomes based 
on Tyloxapol can be used effectively for the long term delivery of anti-tubercular drugs in the treatment 
of tuberculosis (Mehta & Jindal, 2013).
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Polymeric Nanoparticles 

Polymeric nanoparticles are the biodegradable or biocompatible polymer-based nanoparticulate system 
with a size ranging from 10 to a few 100 nanometres. The drug can be easily incorporated, adsorbed, or 
chemically linked on to the surface of these particles. The polymeric nanoparticles offer several advantages 
including biodegradability, biocompatibility, stability, higher encapsulation efficiency, and prolonged 
drug release. Polymeric nanoparticles are capable of crossing the biological barriers and thus may target 
the cellular reservoirs containing Mycobacterium tuberculosis. These characteristics make them an ideal 
carrier for anti-tubercular drugs as well. The polymeric nanoparticles can be synthesized by utilizing 
techniques such as solvent evaporation, ionic gelation, interfacial polymerization, microemulsion, nano-
precipitation, radical polymerization, etc. (Yadav et al., 2019). Earlier various researchers have attempted 
the incorporation and delivery of anti-tubercular drugs for the treatment of TB which are discussed in 
this chapter. Recently, Kalombo et al., 2019 developed PLGA based polymeric nanoparticles encapsulat-
ing first-line anti-tubercular drugs (Rifampicin, Pyrazinamide, and Isoniazid). The nanoparticles were 
prepared using a modified solvent evaporation spray drying technique. The average particle size of the 
nanoparticles was measured to be below 400 nm with a PDI between 0.2-0.4 and with drug entrapment 
efficiency for Rifampicin, Pyrazinamide, and Isoniazid was 62.4%, 75.2%, and 82.2% respectively. The 
bactericidal efficacies of the prepared nanoparticles were assessed on C57Bl/6 female mice against My-
cobacterium tuberculosis H37Rv strain after they were given an aerosol challenge test. The data obtained 
from the study demonstrated that the polymeric nanoparticles were more effective in inhibiting the My-
cobacterium tuberculosis bacterial replication as compared to that of the free drug forms administered 
orally. The nanoparticles were found to release the drug for weeks upon single administration. Thus, they 
concluded that the polymeric nanoparticles could provide cost-effectiveness, prolonged drug release with 
reduced dosing frequency for the treatment of tuberculosis (Kalombo et al., 2019). Costa-Gouveia et al., 
2017 synthesized Ethionamide and booster molecule (BDM41906) co-loaded nanoparticles for combina-
tion therapy for the treatment of tuberculosis. Ethionamide loaded polylactic acid and poly (lactic-co-
glycolic acid) nanoparticles were prepared using the nanoprecipitation method. The nanoparticles were 
in a size range from 254 to 277 nm with 76% drug entrapment efficiency for Ethionamide and 51% for 
BDM41906. The polylactic acid nanoparticles and Ethionamide booster containing pCD (cyclodextrin) 
nanoparticles were tested for their efficacy against Mycobacterium tuberculosis. The results indicated 
that the formulation containing Ethionamide as well as booster due to synergistic effect had two-fold 
higher inhibitory effects as compared to Ethionamide alone against Mycobacterium tuberculosis H37Rv 
strain. The in vivo studies were then performed on Balb/C female mice and on the basis of results it was 
concluded that this strategy could clinically be accepted as a better option for the treatment of pulmonary 
tuberculosis (Costa-Gouveia et al., 2017). Varma et al., 2015 prepared Pyrazinamide loaded polymeric 
nanoparticles (PNPs) for targeting alveolar macrophages to treat pulmonary tuberculosis. The PNPs 
were prepared using a double emulsion solvent evaporation/diffusion technique. The particle size of 
the optimized formulation was found to be below 136 nm with drug entrapment efficiency up to 73.3%. 
The nanoparticles were further evaluated for in vitro release of the drug in phosphate buffer (pH 6.8), 
the results showed the controlled drug release for more than 24 hours. The in vivo uptake studies were 
performed in Charles Foster strain rats while the ex vivo studies were performed on alveolar macrophages 
which were harvested on culture plates using fluorescein-labeled nanoparticles. The result demonstrated 
that the nanoparticles were taken up by the macrophages efficiently. The cellular uptake was attributed 
to the lipophilic nature of the polymer (Varma et al., 2015). 
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Nanoemulsion

Nanoemulsion contains two immiscible liquids as biphasic dispersion. It may be oil in water (o/w) or 
water in oil (w/o) droplets stabilized by using amphiphilic surfactant(s). The average mean droplet size 
of nanoemulsion is approx smaller than 500 nm (Rai et al., 2018). Clear or slightly hazy appearance is 
associated with small droplets size while milky white color is attained with coarse emulsion.  Nano-
emulsions are ultrafine dispersions that possess viscoelastic as well as visual properties with differential 
drug loading etc. It is composed of oil/lipid, surfactant, co-surfactant, preservatives, antioxidants, and 
chemoprotectants. Nanoemulsions having same droplets size as of microemulsions, while it differs in 
terms of long term thermodynamic stability and structural aspects (Singh et al., 2017). Ahmed et al., 
2017 prepared a nanoemulsion based vaccine for tuberculosis. Potent mucosal IL-17 T-cell responses are 
induced when the vaccine is administered intranasally along with the Mycobacterium tuberculosis spe-
cific immunodominant antigens (NE-TB vaccine). Apart from this, vaccine exhibited/offered protection 
against Mycobacterium tuberculosis  infection. When the NE-TB vaccine is administered along with 
the Bacillus Calmette-Guerin (BCG) vaccine, the severity of the disease is subsided significantly. Thus 
NE-TB vaccine is an effective, novel, and safe mucosal vaccine (Ahmed et al., 2017).  Shah, Chan & 
Wong, 2017 reported Rifampicin-Oleic acid 1st generation nanoemulsion and chitosan-folate conjugate 
2nd and 3rd generation nanoemulsions for pulmonary administration by nebulization. They synthesized 
the conjugate and formulated as a nanoemulsion by spontaneous emulsification method. The average 
droplet size of the nanoemulsion was 40-60 nm. All formulations exhibited more than 95% aerosol output 
and greater than 75% inhalational efficiency. The aerosolized and inhaled fine particles, aerosol output 
were governed by surface tension and the size of formulations following an inverse relationship. Thus, 
3rd generation nanoemulsion shows higher cell internalization potential, greater lung drug content, and 
decreased plasma drug concentration (Shah, Chan & Wong, 2017).

Cyclodextrins

Cyclodextrins (CD) are the cyclic oligosaccharides which consisted of D-glucopyranose units linked 
via α-1,4 linkage. The common natural cyclodextrins are αCD, βCD, and γCD consisted of 6, 7, and 8 
D-glucopyranose units respectively. Larger CDs are arduous to produce and not able to form an inclu-
sion complex. Cyclodextrins have doughnet shape with a hydrophilic outer surface and a central cavity 
that is lipophilic in nature. In aqueous solutions, cyclodextrins form hydrophilic inclusion complex of 
the poorly soluble drugs by incorporating lipophilic moiety into their central cavity. In aqueous solution, 
drug and cyclodextrin are in the equilibrium of formation and dissociation. Thus, drug molecule is rapidly 
released in the body cavity such as the gastrointestinal tract. Cyclodextrins show similar biological and 
physiochemical properties as those of linear counterparts. They differ in terms of susceptibility towards 
enzymatic degradation and better solubilizers and complexing agents (Jansook, Ogawa & Loftsson, 2018). 
Machelart et al., 2019 have prepared nanoparticles of cross-linked poly-βCD for the pulmonary delivery 
of anti-tubercular drugs. Poly-βCD interferes with the lipid rafts of Mycobacterium tuberculosis, without 
showing any toxicity and thus hamper colonization of the macrophages. Poly-βCD aggravates macrophage 
apoptosis, which leads to the reduction of infected cells and making the lungs microenvironment unsuit-
able to Mycobacterium tuberculosis. Thus, these findings suggest that poly-βCD based nanoparticles 
loaded with or without antibody exhibits antibacterial action and could be an effective drug carrier for 
the treatment of tuberculosis (Machelart et al., 2019). Basha, Yunus, & Doble, 2019 have delivered a 
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combination of drugs namely Rifampicin and Levofloxacin against Mycobacterium tuberculosis.  Both 
the drugs exhibiting different mechanisms of action were complexed with cyclodextrin (CD) and then 
conjugated with curdlan nanoparticles. The formulation provides sustained release of both the bioactive 
for a prolonged period of time. The formulation is non-toxic to both L929 and RAW 264.7 cells. They 
are taken up through the dectin-1 receptor by the macrophages. Within the macrophages, more than 95% 
of Mycobacterium smegmatis is killed in 4 hours. These results suggested that curdlan-CD nanopar-
ticles could be an attractive strategy for the encapsulation and intracellular release of water-insoluble 
bioactive(s) into macrophages (Basha, Yunus, & Doble, 2019).

Dendrimers

These nanocarrier systems are  highly branched polymeric macromolecules with uniform and well-
defined sizes and shapes. Dendrimers have three main components: a central core, branching units, 
and the terminal groups, which offer some unique modifiable surface functionalities. The generation 
number of dendrimers is defined by the repeated branching units and is responsible for the creation of 
the globular structure. Dendrimers are attractive drug and gene delivery carrier system(s) due to their 
molecular architecture. Dendrimers can encapsulate drugs and oligonucleotides into internal cavities or 
in the bounded form via electrostatic or hydrophobic interactions on their surface. Drugs may be attached 
via a covalent bond at their terminal end (Palmerston Mendes, Pan, & Torchilin, 2017).  Haddaoui et 
al., 2019 have reported selective detection of mutated and wild rpoB genes in Mycobacterium tubercu-
losis with the use of an electrochemical DNA sensor, which is based on the nanocomposite of Fe3O4/
polypyrrole containing redox naphthoquinone moiety on the poly amido amine or PAMAM. When given 
probe and complementary DNA target hybridized, the naphthoquinone redox signal is decreased and it is 
measured by square wave voltammetry. Apart from this, a single nucleotide mismatch DNA target does 
not show any cross-hybridization. Conducting property of the polypyrrole platform combined with the 
catalytic properties of iron oxide nanoparticles. The author(s) reported that detection of 1 fM of DNA 
target in the 50 μL drop which is equivalent to 3*104 copies of DNA. These sensors also detect the rpoB 
gene in the polymerase chain reaction amplified sample of genomic DNA and hence can distinguish 
single nucleotide mutated rpoB gene and wild type rpoB gene. Resistance towards Rifampicin is due 
to alterations in the rpoB gene. These findings suggest that the detection of mutated and wild DNA is 
possible with sensors without using PCR amplification (Haddaoui et al., 2019). Another study reported 
by Khoder & Korri-Youssoufi, 2020 for the amperometric recognition of DNA by the nanostructured 
polypyrrole. Nanowires of the polypyrrole are made up of electrochemical polymerization and oxidation 
of ethylenediamine or dendrimers PANAM, which provides an aminated surface. The ferrocenyl group, 
as redox reporter and DNA probe, were linked covalently to the surface of the nanowire of polypyrrole. 
Electrochemical properties of the nanostructured platform were characterized by cyclic voltammetry and 
electrochemical impedance spectroscopy (EIS). The chemical structures were characterized by Fourier 
transform infrared spectroscopy, X-ray photoelectron spectroscopy, and Scanning electron microscopy. 
The studies reported that greater surface area and hydrophilic character largely affect the electronic 
properties. Hence, electrochemical performance is enhanced as compared to other nanomaterials with 
the value of electron transfer of 18s-1. DNA can be detected with a detection limit 0.36 without PCR 
amplification. These findings suggest that the nanowire of polypyrrole modified with the redox marker 
is an attractive strategy for the diagnostic purpose (Khoder & Korri-Youssoufi, 2020). 
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Nanosuspension 

Recently nanosuspensions demonstrated that they could be a promising approach for the new chemical 
entities, which are hydrophobic in nature and problematic to formulate using conventional techniques. 
Nanosuspensions are suitable for the delivery of water-insoluble drugs because it increases the dissolu-
tion velocity and saturation solubility of the bioactive. It also improves the biological performance of the 
bioactive(s). The formulation is stabilized by the surfactants wherein 100% pure drug is present without 
any vehicles or carriers. Thus nanosuspensions represent a different pharmaceutical approach as com-
pared to other drug delivery systems like the polymeric matrix. High drug loading can be achieved via 
this approach. Thus greater therapeutic concentration can be achieved at the target site and maximizing 
the pharmacological effects (Wang et al., 2017).  Mehanna, Mohyeldin, & Elgindy, 2019 have prepared 
a carbohydrate-based spray-dried nanocomposite of Rifampicin for the treatment of tuberculosis. This 
strategy provides a high distribution of drugs within the lungs, increased/enhanced bioavailability, showing 
localizing effects and thus decreased systemic exposure. Rifampicin nanosuspension was developed by 
spray-drying by using a combination of leucine, mannitol, and maltodextrin as matrix former of micropar-
ticles. In vitro, inhalational properties, and physiochemical properties of the nanocomposite were studied. 
Furthermore, the formulation was subjected to differential scanning calorimetry and Fourier transform 
infrared spectroscopy for compatibility study. In vitro cytotoxicity studies on alveolar basal epithelial 
cells was carried out and evaluated. The formulation consisted of particles with a size of 3.47-6.80 μm 
and a loading efficiency of 89.3% to 99.2% w/w. Inhalational efficiency of nanosuspension was enhanced 
after converting it into an inhalable carbohydrate composite. The IC50 value of the formulation was con-
siderably high as compared to free drug. These results suggested that nanosuspension of Rifampicin by 
using carbohydrates as a matrix could significantly increase the inhalational performance with a decline 
in cellular toxicity. Thus anti-tubercular drugs can be delivered safely by pulmonary route (Mehanna, 
Mohyeldin, & Elgindy, 2019).   Shiezadeh et al., 2019 have prepared Bovine Serum Albumin (BSA) 
loaded nanoparticles of streptomycin sulfate (STP) by high-pressure homogenization (HPH) method. 
Pulmonary dry powders of STP containing BSA microparticles, free STP and microparticles embed-
ding STP loaded nanoparticles were formulated and characterized. The nanoparticles were of 200 nm 
in size. Spray-dried powder showed a size range of 3.3-3.8 μm and exhibited an excellent aerodynamic 
behavior. No interaction occurred between components which were confirmed by the Fourier transform 
infrared spectroscopy studies and differential scanning calorimetry. Dry powder was non-toxic, which 
was confirmed by the MTT assay and Trans-Epithelial Electrical Resistance (TEER). In vitro release oc-
curred from all formulation within 4 hours. Biodistribution and pharmacokinetic studies in rats revealed 
low non-target organ bioavailability of dry powders as compared to intramuscular injection. Thus these 
findings suggest that Dry powder inhalers containing STP would be an attractive delivery option for the 
treatment of tuberculosis (Shiezadeh et al., 2019). 

CONCLUSION AND FUTURE PROSPECTS

Nanotechnology-based drug delivery systems (nanocarriers) have proved to be potential modules owing 
to their utility for the advancement of existing conventional treatment of various diseases. Moreover, 
novel and innovative strategies as well as bioactive with rapid healing mechanisms must be searched and 
developed to stop or slow down the emergence of microbial resistance. Nanocarriers could reduce the 
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duration of therapy, frequency of dosage regimens involving different intracellular targeting mechanisms. 
Furthermore nonocarriers possess some additional benefits such as high % drug entrapment, enhanced 
bioavailability, sustained, and prolonged release of bioactive(s), site-specific, and targeted delivery 
of the anti-tubercular bioactive(s). Using nanoparticles as carrier systems could render the possible 
treatment of MDR-TB with immense therapeutic efficacy and lesser side effects. Till now, there is no 
competitor for the first-line dosage regimens of MDR-TB. An effort is therefore required to design and 
develop an effective method to counter MDR-TB, improve patient compliance, and ensure that infection 
is effectively controlled globally. The scientists throughout the world have confirmed the advantageous 
nature of nanoparticles based anti-tubercular drug delivery, which will continue to expand to become 
an effective stratagem to be used and practiced clinically.
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ABSTRACT

The antimicrobial resistance has significantly risen in last few decades as a result of too much usage of 
antibiotics. In the case of failure of drug therapy, the multidrug resistance has become a serious issue in 
a clinical and food sectors. The rapid emergence of antibiotic resistance has become a great concern for 
public health worldwide. Therefore, the novel approaches of nano-biomaterials (NBM) and bacteriophage 
(phage) have received a new attention as an alternative treatment for antibiotic-resistant bacterial infections. 
Moreover, the advanced molecular biology and genetic engineering have been successfully applied for the 
rapid detection and control of multidrug resistant pathogenic strains. This chapter specifically summarizes 
the prevalence of common as well as under-researched antimicrobial resistance of bacterial pathogens and 
the application of nano-biomaterials and bacteriophage to fight against antimicrobial resistance. Ultimately, 
the synergistic approach will be a highly promising prospect to threat of antimicrobial resistance.
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INTRODUCTION

Antimicrobial resistance (AMR) is the potentiality of bacteria for its growth and outspread in the state 
of existing of antimicrobial agents. Recent pathogens are getting virulent to recent antibiotics because 
of an unrestricted use of antibiotics (Kutateladze & Adamia, 2010), which are concern as an untreat-
able or uncontrollable bacterial infections. Antibiotics can act on bacteria by inhibiting or interfering 
cell-wall, protein, DNA and RNA synthesis. To overcome the influence of antibiotics, bacteria has the 
intrinsic potential to transfer the mutated genetic material between bacterial cells that leads to antibiotic 
resistance (Bengtsson-Palme, Kristiansson, & Larsson, 2018). Moreover, the characteristic features of 
resistance may gradually develop due to the modification of drug target-site, cell membrane permeability, 
enzymatic and metabolic activity (Miro et al., 2004). The World Health Organisation (WHO) has given 
prominence to the global threat of antibiotics resistance and alerted that the global death toll maybe 
ten million people per year due to antibiotic resistant infectious pathogens (de Kraker, Stewardson, & 
Harbarth, 2016).

Since the earliest antibiotic invention, penicillin have been applied as a commercially available 
antibiotics (McEwen, 2006). Moreover, antibiotics have been reported as a growth-inducing agent to 
improve the adequate quantity of animal feed (Silbergeld, Graham, & Price, 2008). As a result, resistance 
character have been enriched due to routine use of antibiotics in the domain of aquaculture, food animal 
and medicine to assist animal growth and to control bacterial infections (Cabello, 2006; Cantas et al., 
2013). Those antibiotic-resistant strains and their genes can be transmitted from contaminated food ani-
mals to human and the other way round (Woolhouse & Ward, 2013). Precisely the food animals such as 
cattle, poultry and swine have been engaged in prominent public health crisis (Marshall & Levy, 2011).

Overall antibiotics are not beneficial approach for combating antimicrobial resistance and research-
ers also look in some novel synergistic approach. Simultaneously, a lot of new alternative approaches 
such as bacteriophage (Qadir & Chauhdary, 2018), antimicrobial peptides (Atterbury, 2009), combina-
tions of antibiotics (Tyers & Wright, 2019) and nanomaterials (Gupta, Mumtaz, Li, Hussain, & Rotello, 
2019) have been successfully examined to control multidrug resistant strains that are responsible for 
the prevalence of antibiotic resistance worldwide. This chapter mainly focuses on antibiotics and its 
impact on natural bacteria, synergistic approaches to combat antibiotic resistant pathogens and strategies 
in the development of new antibiotic therapies. In recent years, the combination of nanobiomaterials 
and bacteriophage has overcome the lab boundaries and barriers of pathogen detection and applied for 
combating antibiotic resistant strains. Here, we highlight the use of phage derived protein “endolysin” 
and Nano-biomaterials, specifically in synergistic approaches for effective modalities to fight against 
resistant pathogens.

URGENT TREATS AND ITS IMPACT

A bacterium has the ability to overcome the antibiotics which have been designed to control or kill. In 
most infectious pathogen, antibiotic resistant strain have been considered as one of the world’s most 
serious public health threats now (Prestinaci, Pezzotti, & Pantosti, 2015).

Acinetobacter baumannii have considered as one of the notable pathogen in the hospital environment 
due to its acquired antimicrobial resistance (Peleg, Seifert, & Paterson, 2008). A. baumannii exhibited more 
than 90% of resistance for all the antibiotics such as cefepime, ceftazidime, ciprofloxacin, gentamycin, 
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imipenem, levofloxacin and piperacillin-tazobactam (M. H. Kim et al., 2020). According to the recent 
report carbapenem-resistant Acinetobacter can cause bloodstream, pneumonia, wound, and urinary tract 
infections (Wong et al., 2017). Overall, the mortality rate is to be higher with single antibiotic therapy 
rather than combination therapy.

Clostridioides difficile is an intestinal spore-forming pathogen that causes of community-associated 
diarrhea that can provide a route to death (Sandhu & McBride, 2018). It has been recognized as a well-
known resistant pathogen against novel antibiotics such as aminoglycosides, cephalosporins, clinda-
mycin, fluoroquinolones, lincomycin, penicillins and tetracyclines in clinical sectors (Johanesen et al., 
2015). Infectious C. difficile have considered as the leading causing agent of gastrointestinal infections 
acquired from hospital globally (Saleh & Petri, 2019). The Centers for Disease Control and Prevention 
reported that C. difficile infection caused approximately 29,000 deaths per annum in the United States 
(Balsells et al., 2019).

Carbapenem-resistant Enterobacteriaceae (CRE) have caused serious outbreaks that originating in 
hospitals (van Duin & Doi, 2017). Recently, Durante-Mangoni and his research team reported that CRE 
has been non-susceptible to multi-antimicrobials such as amikacin, fosfomycin, imipenem, meropenem, 
ceftazidime-avibactam, and piperacillin-tazobactam, an indicating resistance greater than 8 minimum 
inhibitory concentration (MIC) breakpoint (Durante-Mangoni, Andini, & Zampino, 2019). CRE colo-
nization has been associated with maximum mortality rate in hospitalized and medical intensive care 
unit patients.

Neisseria gonorrhoeae is the major causative agent for gonorrhea infection that is the top most sexu-
ally transmitted infection worldwide. In 2018, Tshokey reported that the highly active antimicrobials 
such as ciprofloxacin, nalidixic acid, penicillin G and tetracycline were non-susceptible (>72%) with N. 
gonorrhoeae (Tshokey et al., 2018). Average of 7.8x107 cases of gonorrhea infection have been reported 
each year (Newman et al., 2015). Complicated situation have been evidenced because of resistance 
mechanisms to multi- antimicrobials.

PREVALENCE OF ANTIBIOTIC RESISTANCE IN THE ENVIRONMENT

Previous studies reported that the avoparcin- resistant Enterococcus faecium has been raised in humans 
due to an animal feed (Marshall & Levy, 2011). In food animals, this characteristic feature can stimulate 
stress and weakens the immune system. As a consequence, the application of antibiotics in animal feed 
has been entirely prohibited in the United States of America (Cantas et al., 2013) and also the European 
countries (Casewell, Friis, Marco, McMullin, & Phillips, 2003).

Hospitalized patients with Acinetobacter baumannii, Staphylococcus aureus, Streptococcus and 
vancomycin-resistant enterococci, has been raised the infection even after complete sterilization process 
in the clinical regions (Carling & Bartley, 2010). Antibiotic polluted environments such as coastal area, 
hospital environment, clinical regions and natural water source have been reported by reason of improper 
use of antibiotics (V. K. Sharma, Johnson, Cizmas, McDonald, & Kim, 2016; Shimizu et al., 2013). The 
microbes from the contaminated environment may have high chance to get resistance against specific 
antibiotics (Gradmann, 2016).

A lot of health issues has been occurred by several bacterial pathogens such as Escherichia coli, 
Campylobacter, Listeria, Shigella, Salmonella, Bacillus cereus, Vibrio and Staphylococcus in human, 
goat, cattle, swine, sheep, and poultry (Hellberg & Chu, 2016; Strawn et al., 2013). Salmonella en-
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terica is one of the major zoonotic bacterial pathogens cause gastrointestinal and food-borne diseases 
worldwide (Bloom, Merrett, Wilkinson, Lin, & Paulin, 2017). Particularly, S. Typhimurium has been 
acquired mobilized colistin resistance (mcr-1) gene as a result of the continuous use of polymyxin in 
animal production (Rau et al., 2018). Consumption of contaminated poultry and red meat can cause more 
than 70% of salmonellosis in human (Scallan et al., 2011) and also cause maximum economic damage 
in beef meat industries (R. Wang et al., 2017).

A further food-borne pathogen, Campylobacter jejuni provoked inflammation in digestive tract, 
gastroenteritis and diarrhea in human worldwide (Kaakoush, Castano-Rodriguez, Mitchell, & Man, 
2015; Man, 2011; Vieira, Ramesh, Seddon, & Karlyshev, 2017). Similarly, shiga toxin-producing E. 
coli, enterohemorrhagic Escherichia coli, E. coli O25:H4 and E. coli 0157:H7 are highly resistant to 
multi-drugs such as cephalosporins, β- lactamases, fluroquinolones and tetracycline (Chopra & Roberts, 
2001; Diarra et al., 2009; Hornish & Kotarski, 2002). Those multidrug resistant strains have been re-
ported as major causing agents for uncontrolled diseases such as bloodborne and urinary tract infections 
(Johnson, Johnston, Clabots, Kuskowski, & Castanheira, 2010; Karmali, Gannon, & Sargeant, 2010). 
Staphylococcus aureus has been reported as a significant bacterial agent for fasciitis, pneumonia and 
urinary tract infection (Yonezawa, Kuwana, Kawamura, & Inamo, 2015).

NOTABLE SYNERGISTIC APPROACHES TO 
ENHANCE ANTIMICROBIAL ACTIVITY

Current antibiotics are becoming hopeless against emerging antibiotic-resistant bacteria due to the 
practical problem while treating with antibiotic resistance. An alternative antibacterial approach can 
be developed with the combination of two or more bactericidal agents for the control and treatment of 
infectious bacteria (Ma et al., 2020). Previous research revealed that the combination of antimicrobial 
compounds has potential to expand the antimicrobial activity, enhance the therapeutic effect, improve 
killing kinetics and reduce the emergence of resistance with broad inhibitory spectrum (Hu et al., 2015; 
Kalan & Wright, 2011; Soothill, Hu, & Coates, 2013).

Antimicrobial Activity in the Presence of Peptides and Antibiotics

Antimicrobial peptide (AMPs) has been reported as a traditional promising antimicrobial agent (Mahlapuu, 
Hakansson, Ringstad, & Bjorn, 2016). AMPs can generate the antibacterial characteristic feature by 
change in membrane permeability and denature of membrane structure (Teixeira, Feio, & Bastos, 2012). 
Such novel features also ineffective due to the development of resistance (Zharkova et al., 2019). The 
combination of peptides and antibiotics could be suggested for the effectiveness of antimicrobial agents 
against Gram-negative pathogens and multidrug-resistant bacteria (Baker et al., 2019; Shang et al., 2019; 
Wu et al., 2017). For example, tryptophan residues with antibiotics have been performed as an effective 
antimicrobial activity (Khandelia & Kaznessis, 2007).

Antimicrobial Activity in the Combination of Nanoparticles and Antibiotics

Nanoparticles (NPs) have been applied in case of fighting against antibiotic resistance and also for en-
hancing the antimicrobial activities (Singh, Garg, Pandit, Mokkapati, & Mijakovic, 2018). Characteristic 
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features such as stability, electrostatic attraction and hydrophobic interactions can enhance antimicrobial 
activity of nanoparticles (Niño-Martínez, Salas Orozco, Martínez-Castañón, Torres Méndez, & Ruiz, 
2019). Particularly, damage of cell membrane, proteins, internal components and DNA can generate 
nanoparticles as a suitable antimicrobial agent (Besinis, De Peralta, & Handy, 2014). Naturally, nanopar-
ticle has the potential to bind with the bacterial surface and hence damaging cell wall thereby deceler-
ating the biochemical pathways by the way of smashing cell organelles which leads to bacterial death 
(Arakha et al., 2015; Wang, Hu, & Shao, 2017). The prevalence of multidrug-resistant pathogens poses 
a serious problem to human health. These distinct features of nanoparticles have become purposeless 
because of the multidrug-resistant pathogens globally. Therefore the combined effect of nanoparticles 
with antibiotics could be the effective tool for handling the antibiotic resistant infectious pathogens. Latest 
report suggested that multidrug resistant pathogens could be controlled using a synergistic combination 
of antimicrobial drugs and silver nanoparticles against Gram-negative and Gram-positive pathogens 
(Lopez-Carrizales et al., 2018).

Synergistic Effect of Bacteriophages and Antibiotics

Bacteriophages (phages) are bacterial viruses that can infect and kill bacterial cells (Pires, Cleto, Sillan-
korva, Azeredo, & Lu, 2016). Bacteriophages were suggested as antibacterial agents once after discovered 
by Felix d’Herelle in 1919 (Fernández, Gutiérrez, García, & Rodríguez, 2019). Till today it has been 
successfully used in different fields such as agriculture, food safety, veterinary and clinical applications 
(Fernández, Gutiérrez, Rodríguez, & García, 2018). Even though bacteria can withstand during phage 
attack due to different molecular mechanisms such as gene mutations, restriction modification system and 
the CRISPR-Cas system (Labrie, Samson, & Moineau, 2010). Phage therapy also became ineffective in 
case of bacterial advantageous features due to the development of resistance. Phage can be functionally 
effective with the combination of antibiotics (Jo, Ding, & Ahn, 2016). A lot of researchers have revealed 
that combine activity of phages and antibiotics enhanced the antimicrobial activity and lytic activity of 
phages (Comeau, Tetart, Trojet, Prere, & Krisch, 2007; Kamal & Dennis, 2015).

NANO-BIOMATERIALS AGAINST ANTIBIOTIC RESISTANCE

Since the emergence of antibiotic resistance, the development of nano-biomaterial and its application has 
been repeatedly increased. Synthesis of nanoparticles through biological approaches has been encour-
aged for the control of multi-drug resistance. Since 2008, nano-materials obtained significant attention 
which are derived from natural sources such as bacteria, fungi, plant and yeast (Singh, Kim, Zhang, & 
Yang, 2016). In recent years, the applications of nanotechnology using Nano-biomaterials have been 
raised to detect, treat and prevent diseases due to its novel physicochemical and antimicrobial proper-
ties (Mohamed Hamouda, 2012). In nano-biomaterials, biomolecules such as proteins, DNA, enzyme, 
antigen and antibodies have been used for highly specific and recognition properties (Katz & Willner, 
2004; Nagamune, 2017).
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Functional Mechanism of Nano-Biomaterials

In recent years, nanotechnology has been improved their potential to cross the lab boundaries and its ap-
plications due to their different functional mechanism. Basically, NBM can inhibit the activity of enzyme, 
protein and gene in bacteria (L. Wang et al., 2017). Moreover, nano-biomaterial based diagnostic assay 
have used to diagnose infections pathogens. As an example, antibody-conjugated biomaterials have been 
successfully applied to quick spotting of a sole bacterium (Look, Bandyopadhyay, Blum, & Fahmy, 2010). 
As well, dextran-coated magnetic particles have been used for the identification of infections pathogen 
(Zhao et al., 2004). In particular, NBMs considered as the best antimicrobial activity against fungus 
Candida species (K. J. Kim et al., 2009). Specifically, it has been targeting cell membranes and creating 
pores on it and ultimately followed by discharge of intracellular substances and cell death (Gajbhiye, 
Kesharwani, Ingle, Gade, & Rai, 2009). Overall, the different functional mechanisms such as inhibition 
of protein synthesis, damage of genetic material, lysis of cell membrane and electron transport damage 
of nanobiomaterials have explained through the schematic diagram in Figure 1.

Some other nano-biomaterials such as magnesium oxide NBMs possess a notable amount of bro-
mine and chlorine, which have been involved as an effective antimicrobial agent for pathogenic bacteria 
and its spores (Huang et al., 2005). Moreover, the positive charged magnesium oxide NBMs has been 
interacted with negatively charged bacterial cells or cell membrane for the enhancement of bactericidal 
effect (Koper et al., 2002). Correspondingly the stability and toxicity of zinc oxide NBM have been 
proved their potential antimicrobial activity (Reddy et al., 2007). ZnO NBMs have been suggested to 
apply for the food and agriculture field due to its selective and minimal toxicity towards bacteria and 
human cells, respectively (Brayner et al., 2006). ZnO NBMs can stop the growth of bacterium E. coli 
by breaking down the cell membrane, increasing cell membrane permeability and thereby inhibiting 
the bacterial growth by the generation of free radicals (Jiang, Mashayekhi, & Xing, 2009). Additionally, 
it also involved in breakage of the membrane components and interference in the function of protein 
(Stanković, Dimitrijević, & Uskoković, 2013).

Application of Nano-Biomaterials

In last few years, nanobiomaterials have been considered as valuable antimicrobial agent due to their 
selective antimicrobial efficacy against bacterial pathogen. The antimicrobial activity of DNA stabilized 
silver nanoparticles was able to be adapted by different oligonucleotide sequence (Javani et al., 2016). 
Moreover, nano-biomaterials like oligonucleotide sequence with maximum number of cytosine indi-
cated the highest antimicrobial activity against both Gram strains. Additionally, nano-biomaterials also 
applied for cardiovascular diseases, cancer, diabetes, neurodegenerative and musculoskeletal treatment 
(Jiang, Rutherford, Vuong, & Liu, 2017). Specifically, it has been applied in the field of medicine and 
infectious diseases (Holban, Gestal, & Grumezescu, 2016). Nano-biomaterials are suitable agent for a 
variety of biological applications because of their electrical, mechanical and optical properties (Katz & 
Willner, 2004). In previous study, nano-biomaterials can be used not only as antimicrobial agents and 
also in water disinfection assay for the removal of pathogenic strains (Q. Li et al., 2008). Nino-Martinez 
et al. (2019) revealed that the halogens with metal oxide nanoparticles are extremely effective for the 
treatment of Gram-negative and Gram-positive strains. Researchers observed noticeable changes in the 
cell membranes and the cells due to abrasiveness, electrostatic attraction, and oxidizing properties of 
nano-biomaterials (Nino-Martinez, Salas Orozco, Martinez-Castanon, Torres Mendez, & Ruiz, 2019).
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Protection of food from biological and chemical contaminants and improve the quality of food are 
played a vital role in food sectors (Fung, Wang, & Menon, 2018). For instance, silver nanoparticles 
based nano-composites possess magnificent antimicrobial activity in food package system (Honarvar, 
Hadian, & Mashayekh, 2016). Most of the biomaterials act as an effective antibacterial agent against 
E. coli. Similarly polymer-based packaging system utilizes nanoparticles as nanosensors for microbial 
contamination process (C. Sharma, Dhiman, Rokana, & Panwar, 2017). Biological nanomaterials like 
antibody, enzymes, peptides, proteins and viruses have been used in the field of biosensors designing 
mechanism. Those biological receptors have typically applied to recognize interested microbes with 
high-affinity binding character (Whaley, English, Hu, Barbara, & Belcher, 2000). Particularly, the nano-
sensors are applied for the detections of three major pathogenic bacteria such as Bacillus cereus, Vibrio 
parahemolyticus, and Salmonella species in food industries (Law, Ab Mutalib, Chan, & Lee, 2014).

BACTERIOPHAGE AS AN ANTIMICROBIAL AGENT

Naturally, bacteriophages have the potential to control and kill infectious pathogen in the way of host 
adsorption, insertion of genetic material, and break down of host cell (Bai, Kim, Ryu, & Lee, 2016). Bac-
teriophages act as an ideal agent for the pathogen detection, their growth control with its host specificity 
and eradication of pathogenic bacteria (Golkar, Bagasra, & Pace, 2014; Yosef, Manor, Kiro, & Qimron, 
2015). For instance, phage has been examined as an antibacterial agent in case of food-borne and other 
bacterial diseases (Coffey, Mills, Coffey, McAuliffe, & Ross, 2010). In fact, the spot and the control of 
infectious bacterial pathogen are high-cost and prolonged process. Hence the phage-based assays such 
as biosensor, endolysin therapy and engineered phage have been successfully applied for the screening 
purpose of pathogens in a quick and inexpensive manner (O’Sullivan, Buttimer, McAuliffe, Bolton, & 
Coffey, 2016; Pires et al., 2016). For example, phage-based therapy have successfully identifies and 
eradicates the presence of antibiotic resistant strains in the surface of chicken and raw beef meats (Moye, 
Woolston, & Sulakvelidze, 2018).

Phage Derived Proteins and its Mechanism

Phage derived proteins are considered as antimicrobial agents using advanced molecular biology. Par-
ticularly, phage lysis proteins (holins and endolysins) are responsible for the denaturation of bacterial 
membrane and eradication of bacteria (Drulis-Kawa, Majkowska-Skrobek, & Maciejewska, 2015). Endo-
lysins has been successfully examined for the treatment of bacterial infections (Love, Bhandari, Dobson, 
& Billington, 2018). Accessory protein - holin has been regulated for bacterial lysis and it supports to 
form a lesion in cytoplasmic membrane (Catalao, Gil, Moniz-Pereira, & Pimentel, 2011). Moreover, 
the signaled sequence of holin has been recognized as a responsible substance, which is involved for 
translocation of endolysin. Like this advantageous characteristic featured phage derived proteins can 
successfully applied for the control of multidrug resistant strains (Schmelcher, Donovan, & Loessner, 
2012). Figure 2 showed the differentiation of phage therapy and endolysin therapy and its efficacy. Phage 
endolysin thrapy highlights better lytic activity (a few seconds) then phage-based therapy.
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Significance of Engineered Phage

Engineered phage is a powerful tool to produce phages with extended host-range and those phages also 
involved to arrest bacterial resistance against phage (Yehl et al., 2019). Engineered phages have practi-
cally used in the field of healthcare centers, hospitals, food sectors for the purpose of rapid pathogen 
detection and inhibition (Velusamy, Arshak, Korostynska, Oliwa, & Adley, 2010). Specifically, it has the 
potential for the rapid spotting of live pathogenic cells with high host specificity (Smartt et al., 2012). 
Previous model showed that engineered M13 phage can prevent biofilm formation by drug resistant 
pathogens (Lu & Collins, 2009). Similarly, Lu and his team produced an engineered enzymatic T7 phage 
harbored dispersin B gene, which has been most effective than wild-type phage against E. coli biofilms 
(Lu & Collins, 2007). CRISPR-Cas system also recognized as a novel approach to treat drug-resistant 
pathogens (Y. Li & Peng, 2019; Shabbir et al., 2019). Recent studies reported that CRISPR-Cas system 
has been successfully examined to recognize antibiotic resistance genes of virulent strains. Moreover, this 
approach has the ability to sensitize and eradicate pathogens as well as treat diseased animal effectively 
(Pursey, Sunderhauf, Gaze, Westra, & van Houte, 2018).

Previous report revealed that phage endolysins have been successfully applied as antimicrobial agents 
in rat, mouse, and cow against Pneumococcal meningitis and Streptococcal infections (Grandgirard, 
Loeffler, Fischetti, & Leib, 2008; Schmelcher, Powell, Camp, Pohl, & Donovan, 2015). In another case 
like exogenous applications, endolysin may not work against Gram-negative bacteria, due to the lack 
the access of peptidoglycan on the bacterial outer membrane (Lim, Shin, Heu, & Ryu, 2014). Thus, a 
recent engineered endolysin combine with artilysins peptide stimulated the transportation of endolysin 
to the outer membrane (Briers et al., 2014).

SYNERGISTIC APPROACH OF NANO-BIOMATERIALS AND BACTERIOPHAGES

Bacteria can exhibit resistance against bacteriophages through restriction-modification systems (Tock 
& Dryden, 2005) and also CRISPR-Cas systems (Barrangou et al., 2007). Similarly, nano-biomaterials 
also have few limitations to prevent or control the behavior of pathogens. The significant physicochemi-
cal properties such as size, charge, solubility and surface chemistry have been induced the antimicrobial 
properties of NBMs (L. Wang et al., 2017). Similarly, the characteristic features of recombinant endolysin 
such as high binding specificity and a lower chance of developing resistance have provided promise for 
endolysins as novel antibacterial agents (Briers & Lavigne, 2015). In addition, the emergence of antibiotic 
tolerance against endolysins have been reported at low very levels as compared to other antimicrobials 
like antibiotics and exolysins (Nelson et al., 2012). Hence, synergistic activity of bacteriophage or phage 
endolysin and nano-biomaterials are burgeoning candidates for the control of drug resistant bacterial 
pathogens in recent years.

Optimistically, the functional mechanism of the synergistic effect will defeat the efficiency of an-
timicrobial resistance. The conjugation of nano-biomaterials with biomolecules has the potential with 
catalytic and recognition properties of biomaterials (Nagamune, 2017). Nano-biomaterial based approaches 
have been played a critical role to eliminate bacterial infections in case of creating antimicrobial nano-
therapeutics. Nano-biomaterials can exhibit synergistic effect with bacteriophage and act as a promising 
tool against multi-drug resistant bacteria (Gupta et al., 2019). Bacterial resistance pattern has perfectly 
described in figure 3, it shows unlimited and moderate bacterial resistance due to the exploits of phage 
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and phage lytic protein therapy. Moreover, synergistic effect of phage-endolysins and nano-biomaterials 
showed maximum lysis of target bacterial pathogen. Despite several applications of nanobiomaterials 
and phage endolysin in the medical and clinical sectors, there is an urgent need for the development of 
phage endolysin - based nanobiomaterials to control the spread of antibiotic resistance.

CONCLUSION WITH FUTURE PROSPECTS

Over time, treatment of infectious diseases could be a substantial challenge to global public health due to 
multidrug-resistant bacteria. Drug resistant pathogens can transfer to human beings through food animals 
and vice versa and cause infection. Therefore a perfect appliance should be demanded to recognize and 
eradicate the antibiotic resistant bacterial contaminants. Recently researchers got attention to encour-
age the synergistic approach using phage therapy and nano-biomaterials to overcome the limitations. 
Both features have been applied for the efficient action plan against specific drug resistant pathogens 
and minimize its intense in the animals, humans and other environment. The aim of this chapter is the 
development of a novel approach for the treatment of infectious pathogen harboring various drug resis-
tances. Historical approach with antibiotics mainly involved in the creation of resistance in bacteria. In 
the future prospects, the phage endolysin-based nanobiomaterial approach would effectively reduce the 
existence of bacterial infection and successfully enhance healthy animal and human life and also heeded 
as a novel way of defense against various bacterial pathogens.
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ABSTRACT

Antibiotic therapy for life-threatening bacterial infections has greatly enhanced the lifespan and health of 
human beings. But continued increase in the improper usage of antibiotics and emergence of multidrug 
resistant bacteria (MDR) remains a major reason for the morbidity and mortality worldwide. Delay in 
the detection of pathogens, poor penetration power of the antimicrobial agent, and susceptibility for 
mutational resistance also resulted in clinical failure of conventional antibiotics. Innovation of nanopar-
ticles (NPs) serves as a promising strategy to overcome MDR bacteria. The site-specific action of NPs, 
high penetration power, minimal dosage, and multidimensional mechanism makes NPs highly efficient to 
tackle MDR bacteria than conventional drugs. This chapter presents a brief overview on various types of 
NPs, strategies to combat drug resistance, mode of action of NPs as antibacterial agents, applicability 
in various medical fields, clinical manifestation, challenges in clinical translation, and future prospects.

INTRODUCTION 

Infectious diseases remain an important cause of mortality worldwide. In recent days, researchers have 
focused their attention towards the development of novel antibiotics for chemotherapeutic applications. 
Despite the intense research in discovery of antibiotics, bacterial resistance to antibiotics is also becoming 
increasingly important in clinical practice (Mann, 1999). Bacteria present along with infectious micro-
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organisms have been reported to develop protection against bioactive molecules and develop resistance 
against their own antibiotics. Such antibiotic resistance mechanism by bacteria can provide protection 
against chemotherapeutics and thereby results in development of difficult situation to manage the infection. 

Tenover and Hughes (1996) have reported that the reason for increased resistance of bacteria to an-
tibiotics is due to inappropriate, indiscriminate and incomplete course of antibiotic therapy in humans. 
Russell et al., (1998) and McBain and Gilbert (2001) have reported that there exists a possible link 
between bacterial antibiotic and biocide cross-resistance. 

Annually 100,000 tons of antibiotics are produced commercially to treat bacterial infections. In 
spite of large production of antibiotics, there also exists a pressing need for the development of a novel 
antibiotic against multi-drug resistance (Alavi & Rai, 2019). In this context, developments in the field 
of nanotechnology have been found to offer new perspectives in combating antibacterial resistance. The 
nanoparticles (NPs) were found to be useful in almost all arenas like medicine, agriculture, cosmetics, 
industry due to the nano size of particles.

Sathishkumar et al., (2018) reported that metal nanoparticles have antibacterial activities based on 
the physicochemical properties of the respective metal. Further, the elemental structure, size and shape 
of NPs play a key role in conferring the antibacterial activity. Nanoparticles are synthesized by top-down 
(physical) and bottom-up (chemical) approach (Alavi & Rai, 2019). In bottom-up method of fabrication 
of NPs capping agents (polymers, citrate, thiol) and reducing agents (sodium citrate, ascorbic acid) are 
used (Usha & Rachel, 2014). In green synthesis of NPs, plant extracts, bacteria, fungi, algae, yeasts are 
used as reducing and capping agents (Taran et al., 2016). This chapter presents and discusses the various 
types of NPs, strategies to combat drug resistance, mode of action of NPs as antibacterial agents and 
current developments in medical arena.

EMERGENCE OF ANTIBIOTIC RESISTANCE

Knowledge on the antibiotic resistance mechanism by bacteria is essential in order to design better mol-
ecules to circumvent the resistance strategy of the bacteria. Further, Savjani et al., (2009) also reported 
several mechanisms of antibiotic resistance by bacteria. The major antibiotic resistance mechanisms are 
by inactivating enzymes that modify the drug, antibiotic efflux pumps and alteration of drug-binding 
site to the bacterium.

BACTERIAL RESISTANCE MECHANISMS TO ANTIBIOTICS

Tenover (2006) reported that antibacterial agents act on bacteria by inhibiting their cell wall construction, 
disrupting the bacterial cell membrane, inhibiting the synthesis of protein and interfering the synthesis 
of nucleic acid. Based on the mechanism of action, the antibiotics are classified as bacteriostatic and 
bactericidal (Neu, 1992).

Antibiotic resistance occurs in three steps such as acquisition of resistance genes by bacteria, expres-
sion of resistance genes and selection for microbes expressing the resistance genes (Pelgrift and Fried-
man, 2013). Ganjian et al., (2012) reported that antibiotic resistance genes in bacteria are also acquired 
by spontaneous mutation of existing genes. 
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The important bacterial resistance mechanism to antibacterials is increased efflux and reduced uptake 
of antibiotics. The mechanism of reduced uptake and increased efflux of antibiotics such as tetracyclines, 
sulfonamides, quinolones, aminoglycosides, chloramphenicol was also confirmed by Deck and Winston 
(2012). Pelgrift and Friedman (2013) reported that E.coli expresses multi-drug resistance by using the 
energy source derived by transmembrane proton gradient. Outer membrane present in Gram negative 
bacteria acts as an extra barrier against antibiotics (Poole, 2002). Jayaraman (2009) reported that the 
increased efflux is also a antibiotic resistance mechanism of Enterococcus faecalis against quinupristin 
and dalfopristin. Poole (2002) reported that TetA, TetB and TetK genes encoding tetracycline efflux 
pumps are being expressed in both gram positive and gram negative bacteria.

MODE OF ACTION OF NANOPARTICLES TO 
OVERCOME ANTIBACTERIAL RESISTANCE

A vast number of NPs have been synthesized from various materials for therapeutic applications. In com-
parison with other conventional medicines/antibiotics, the mode of action of each nanoparticle is highly 
distinct from one another (Figure 1). This complex antimicrobial mechanism and multi-target approach 
of NPs may serve as an efficient strategy to combat multi-drug resistance in bacteria (Zaidi et al., 2017). 

Generally, NPs exert its antibacterial activity by the following mechanisms 1) release of metal ions; 
2) ROS-mediated stimulation of oxidative stress; 3) direct adhesion of NPs to bacterial cell wall; 4) 
inhibition of biofilm formation by interrupting bacterial communication system.

Figure 1.
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Release of Metal Ions

Metal and metal oxide NPs progressively release metal ions in aqueous environment which are ab-
sorbed through the bacterial cell membrane. The dissolved metal ions reacts with the functional groups 
[carboxyl (–COOH), amino (–NH), and mercapto (–SH) groups] found in nucleic acids, proteins and 
alters its cell structure and enzyme activities, which in turn disrupt normal physiological activity of the 
bacteria (Wang et al., 2017). Efficiency of each metal ion is unique towards different microorganisms 
and its antibacterial potency depends on accomplishing the threshold NPs concentration. For instance, 
silver ions released by silver NPs interact with sulfhydryl groups in various enzymes leading to protein 
coagulation and ultimately resulted in altered physiology of the bacteria. 

In Gram-positive bacteria, the silver ions prevent cell wall biosynthesis. It can also disrupt DNA rep-
lication and cell division in the bacterium (Dakal et al., 2016). Similarly, copper ions can invade into the 
bacterium and can interact with carboxyl and amine groups in macromolecules resulting in alteration of 
enzymes involved in electron transport, nitrogen metabolism and can hinder denitrification process (Su 
et al., 2015). Hemeg (2017) reported that the metal ions released by Au NPs can penetrate and disrupt 
the cell membrane of bacteria. However, the antibacterial activity mediated by metal ions depends on 
the pH of lipid vesicles and oxidation state of the metal being used (Tamayo et al., 2014).

ROS-Mediated Stimulation of Oxidative Stress

ROS formation is the chief mechanism accountable for the antibacterial activity of NPs. Cellular oxidative 
metabolism of bacteria resulted in the formation of ROS, which is essential for its survival, prolifera-
tion, differentiation and signaling pathways. The generation and removal of ROS by the bacterial cells 
are stable under normal physiological conditions (Hemeg, 2017). But, excessive ROS production can 
destabilize the redox potential and creates oxidative stress which inhibits bacterial growth by limiting 
amino acid synthesis, lipid peroxidation and DNA replication (Wang et al., 2017). Oxidative stress can 
also alter the membrane permeability that results in intense cell injury (Li et al., 2012). Among the vari-
ous types of ROS, singlet oxygen and hydroxyl radical attributes for extensive physiological damage and 
bacterial cell death (Zaidi et al., 2017).

Each type of NPs can generate specific ROS depending on their chemical characteristics (Wang et 
al., 2017). Metallic NPs exhibited increased antimicrobial efficiency as they are capable of producing 
ROS excessively and their surface-to-volume ratio was also higher when compared to other NPs. Metal 
oxide NPs like TiO2 NPs and ZnO NPs induces ROS generation that interferes with cellular functions 
through photo catalysis (Ahmed et al., 2017). After absorbing light, TiO2 NPs can produce electron-hole 
pairs, which in turn react with water and air to produce ROS (Wu et al., 2011). But, ZnO NPs generate 
minimal amounts of OH in the dark which is responsible for its antibacterial efficacy (Prasanna and 
Vijayaraghavan, 2015). Copper oxide NPs is known to produce all four types of ROS to induce oxidative 
stress in bacteria (Kumari et al., 2017). 

Zhang et al., (2013) described the ability of uncoated Au NPs to generate ROS and metal ion with 
greater antibacterial efficacy, when subjected to UV irradiation at 365 nm. Similarly, Au NPs along 
with laser treatment also resulted in rapid loss of membrane permeability in bacterial cells. UV irradia-
tion has been proved to be effective in enhancing the antibacterial potential of other metallic NPs. Li et 
al., (2012) confirmed the ability of UV radiation to stimulate excessive production of free radicals by 
titanium oxide (TiO) and zinc oxide (ZnO) NPs, which resulted in enhanced oxidative stress and bacte-
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rial mortality. Ulloa- Ogaz et al., (2017) demonstrated that copper oxide NPs stimulated intracellular 
signaling cascade within the bacteria that triggered oxidative stress and cell lysis. 

Direct Adhesion of NPs to Bacterial Cell Wall

Direct interaction of NPs with bacterial cell wall accounts for non-oxidative mechanisms. This interaction 
can be achieved by vanderwaals, electrostatic, hydrophobic forces or receptor-ligand contact. Plasma 
membrane and cell wall of the bacterium act as defensive shield that protect the cell from adverse envi-
ronment. The adsorption capacity of NPs differs among Gram-negative and Gram-positive bacteria as 
they have unique cell membrane components (Lesniak et al., 2013).

In Gram-negative bacteria, presence of phospholipid bilayer and lipopolysaccharides (LPS) imparts 
highly negative-charge to the cells which attracts positively charged NPs. While, teichoic acid found in 
the cell wall of Gram-positive bacteria, attracts and binds the NPs evenly along its phosphate chain to 
avoid aggregation of NPs. Due to the variation in porosity; antibacterial activity of NPs is more prominent 
in Gram-positive bacteria when compared to Gram-negative bacteria (Wang et al., 2017)

In addition, surface charge of the NPs plays a significant role in its cell adhesion capability. For in-
stance, positively charged Ag NPs interacts with negatively charged bacterial cell membrane and causes 
alteration in cellular morphology of bacteria such as shrinkage of cytoplasm and cell wall disruption 
(Ghosh et al., 2012). Whereas, the interaction of negatively charged ZnO NPs with both Gram-negative 
and Gram-positive cell membrane is accompanied via receptor-ligand contact (Jiang et al., 2009). Func-
tional groups such as amide, phosphate, carboxyl, hydroxyl groups found in the bacterial cell wall acts 
as binding site for the metal oxide NPs (Omoike et al., 2004). After adhesion to the cell surface, the 
NPs inhibits activity of the enzymes involved in physiology and cell metabolism, hence leads to cellular 
dysfunction (Wang et al., 2017). Aggregation of NPs may leads to formation of irregular shaped perfora-
tions and pits in cell surface and thereby affects metabolic reactions (Ansari et al., 2014). 

Inhibition of Biofilm Formation by Interrupting 
Bacterial Communication System 

Infections caused by biofilm producing bacteria became a major medical challenge worldwide. Hetrick 
et al., (2009) reported that the dosage of the antibiotic has to be increased upto 1000 times for effective 
control of biofilm producers. Bacterial cells embedded in the biofilm could signal each other by a ubiq-
uitous regulatory system called quorum sensing and leads to phenotypic variations which aggravate its 
virulence towards the host cells (DeQueiroz and Day, 2007). In this context, recent research works have 
highlighted that the NPs can prevent and overcome biofilm formation. 

Adherence of bacterial colonies together on any solid surface bounded by a slimy extracellular poly-
meric substance (EPS) matrix is termed as biofilm formation. Biofilm acts as a shield which blocks 
penetration of antibiotic into the bacteria and also helps the bacteria to evade host immune responses 
(Lebeaux et al., 2014). NPs are known for their capacity to disrupt cell membrane and thereby preventing 
biofilm formation (Kulshrestha et al., 2017). Moreover, NPs can also interact with EPS matrix formed 
by the bacteria and can block the bacterial communication-quorum sensing. 

Inhibition of biofilm formation can be achieved by interrupting the quorum sensing system of bacteria 
(Singh et al., 2017). Quorum sensing in bacteria involves production of signal molecules for cell-to-cell 
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communication, by which the bacterial colonies coordinate their gene expression to combat adverse 
environmental conditions (Rutherford and Bassler, 2012). 

Knetsch and Koole (2011) reported the biofilm inhibition capability of silver NPs on medical instru-
ments. Hetrick et al., (2009) revealed that the nitric oxide NPs were efficient in killing Staphylococcus 
epidermidis, Staphylococcus aureus, Candida albicans and Pseudomonas aeruginosa that were present 
on the surface of biofilm. Further Roe et al., (2008) reported the utility of Ag NPs to control biofilm 
caused by S. aureus on catheters. Hajipour et al., (2012) documented the anti- biofilm activity of zinc 
oxide NPs in glass surfaces. 

An external magnetic field was applied to enhance the antibacterial activity of superparamagnetic 
iron oxide NPs (SPIONS), against biofilm producing bacteria (Hajipour et al., 2012). According to a 
study of Anghel et al., (2012), textile dressings coated with Fe3O4 NPs inhibited biofilm formation by C. 
albicans. Benzyl penicillin encapsulated in cationic liposomes was found to inhibit S. aureus biofilms 
efficiently (Huh and Kwon, 2011).

ANTIBACTERIAL MECHANISMS OF VARIOUS NANOPARTICLES

Chitosan Containing Nanoparticles

Chitosan is considered as a biodegradable, biocompatible polymer, observed as safe for human dietary 
use and for wound dressing purpose. Through various routes of administration it has been used as a car-
rier in polymeric NPs for drug delivery. In order to attain a tremendous range of potential applications, 
the chemical functional groups of chitosan can be modified to achieve specific goals by making it a 
polymer. NPs with chitosan and chitosan derivatives typically contain a positive charge on its surface and 
muco-adhesive properties with which it can adhere to the mucus membranes and releases the drug in a 
constant manner. Chitosan-based NPs possess various benefits (Figure 2) particularly in drug delivery 
for treating of cancer, ocular infections gastrointestinal, pulmonary diseases and brain related issues 
(Figure 3). Chitosan displays low toxicity both in vitro and in vivo conditions (Munawar et al., 2017).

Metal and Non-Metallic Nanoparticles

Currently NPs are considered as an alternative to the antibiotics; hence it creates a huge interest in 
different research communities. They found to have the potential of combating multi-drug-resistant 
bacteria (Pelgrift and Friedman, 2013). However, NPs such as metal, metal oxide, and non-metallic 
NPs exhibit diverse nature in its chemical composition, surface and physicochemical properties, which 
enable to be have numerous action (Beyth et al., 2015). Most of the NPs kill pathogenic bacteria in two 
main pathways (1) membrane integrity disruption and (2) ROS production. Commonly, NPs bind to the 
bacterial cell membrane electrostatically damages the membrane, which results in the changes of mem-
brane depolarization, membrane potential and loss of membrane integrity (Beyth et al., 2015). Finally, 
bacteria suffer from an imbalance in transport, interruption of energy transduction leading to impaired 
respiration and cell lysis resulting in cell death (Pelgrift and Friedman 2013). The increase in resistance 
of the microbes towards antibacterial agents has resulted in serious health issues in the recent years. 
Most of the infectious bacteria are resistant to a minimum of one of the antibiotics which are generally 
used in elimination of the infection. 
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Figure 2. Major properties and activity of Chitosan in biomedicine

Figure 3. Therapeutic applications of Chitosan Nanoparticles
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Metallic NPs are given much importance based on its small size, surface charge and large surface 
area. Some metallic NPs, increases their cellular interactions based on the different functional groups 
present on its surface. The ability of production of reactive oxygen species and the capability to bind with 
DNA or RNA by the NPs thereby, affect the microbial processes of replication which results in damage 
of bacteria. Various kinds of metal-based NPs have been recognized by several researchers in the recent 
years. The toxicity mechanism of metallic NPs differs within species to species (Singh et al., 2019).

Silver Nanoparticles

Silver nanoparticles (Ag NPs) are considered to be the most important and fascinating nanoparticles 
among various other metallic NPs which are involved in the field of bio-nanomedical applications (Fig-
ure 4). The activity of Ag NPs depends mainly based on the morphology and structure of the Ag NPs 
which are controlled by shape and size of the particles (Zhang et al., 2016). The oligo-dynamic effect 
of Ag NPs on microbes, results in the binding of ions to the reactive groups in bacterial cells causing 
precipitation and inactivation of a pathogen (Usha et al., 2014). Biological methods are much effective 
in controlling the shape, size and optimization of the synthesis methods of Ag NPs compared to the 
chemical method of synthesis (Khodashenas and Ghorbani, 2015). 

Figure 4. Application and Exposure of Silver Nanoparticles in various fields of applications
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Zinc Oxide Nanoparticles (ZnO NPs)

Zinc oxide is an important ingredient of enzymes, sunscreens and ointments used for pain and itch relief. 
Microcrystals of ZnO NPs are effectual light absorbers in UV-A and UV-B region of spectra due to the 
presence of wide band gap. A biological function of ZnO NPs depends on its morphology, particle size, 
exposure time, concentration, pH and biocompatibility.

They are effective against Bacillus subtilis, Bacillus megaterium, Staphylococcus aureus, Sarcina 
lutea, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia, Pseudomonas vulgaris, Candida 
albicans, and Aspergillus niger. ZnO NPs were activated by light, which which penetrate the bacterial 
cell wall through the process of diffusion. Based on the results of the images obtained from SEM and 
TEM, clearly depicts the disintegration of the cell membrane and accumulate in the cytoplasm, where 
they interact with biomolecules causing cell apoptosis which leads to bacterial cell death (Figure 5). 

Recently, Pati et al., (2014) observed that ZnO NPs disrupt bacterial cell membrane integrity, reduce 
cell surface hydrophobicity and disturbs the transcription mechanism of oxidative stress-resistance genes 
in bacteria. They enhance intracellular bacterial killing due the production of ROS. These NPs disrupt 
biofilm formation and inhibit hemolysis by hemolysin toxin produced that was produced by pathogens. 

Copper Oxide Nanoparticles (CuO NPs)

CuO NPs possess numerous biological properties including effective antimicrobial action against a wide 
range of pathogens and drug resistant bacteria. These selective properties induced the scientists in con-

Figure 5. Action mechanism of Zinc Oxide Nanoparticles against a bacterial cell
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ducting research with various approaches in field biomedical field and especially in modified textiles. 
It is believed that these nano systems could represent efficient alternatives in the development of smart 
systems which can be utilized for the detection of pathogens and for the treatment of infections (Grigore 
et al., 2016). Zhang et al., (2014) reported that the generation of ROS within bacterial cells is enhanced 
while using CuO water suspensions.

Magnesium Oxide Nanoparticles (MgO NPs)

MgO NPs is considered as a light metal based antimicrobial NPs, which can be metabolized and fully 
absorbed in the body. Nguyen et al., (2018) stated the production of reactive oxygen species (ROS), 
Ca2+ ion concentrations, and quorum sensing contribute to the action mechanisms of magnesium oxide 
against planktonic bacteria, but transient alkaline pH of 7 to 10 or increased Mg2+ ion concentrations 
from 1 to 50 mM showed no inhibitory or killing effects on bacteria such as S. epidermidis. In general, 
while the concentrations of magnesium oxide increased, the adhesion densities of gram-negative bacteria, 
gram-positive bacteria, and yeasts get decreased. 

Gold Nanoparticles (Au NPs)

Au NPs have been widely used in bio-nanotechnology, based on their unique properties and multiple 
surface functionalities. The simple method of synthesis by chemical reduction and exhibiting low toxic-
ity is its main advantage. The mechanism of this activity was found to be size and dose-dependent. It 
was more effective against Gram-negative bacteria. Shamaila et al., (2016) determined the antibacterial 
mechanism of Au NPs against four pathogenic bacteria and stated that Au NPs can be the next therapy 
against the enteric group of organisms. In biomedicine, Au NPs have been proved to be an important 
revolution for drug delivery and cancer therapy. They also perform as a safe and non-toxic antimicrobial 
agent due to their functional nature while compared with antibiotics.

Iron Oxide Magnetic Nanoparticles (FeO NPs)

FeO NPs are appropriate for a broad spectrum of applications, but the low stability and heterogeneous 
size distribution in an aqueous medium represent the major setback. These setbacks can however be 
reduced or diminished through the coating of FeO NPs with various polymers, such as polysaccharides. 
Sakthieaswari, (2016) explained that the polysaccharides are biocompatible, non- toxic and renewable. 
In addition, they possess chemical groups that permit further functionalization of the FeO NPs. Multi-
functional entities can be created through decoration with specific molecules such as proteins, peptides, 
drugs, antibodies, bio-mimetic ligands, transfection agents, cells and other ligands. This development 
opens a whole range of applications for FeO NPs.

Aluminium Oxide Nanoparticles (AlO NPs)

Aluminium oxide NPs antimicrobial activity is due to the attachment of the NPs to the surface of the 
bacterial cell, resulting in cell death. There are few reports on the antimicrobial activity of AlO NPs. 
The NPs perforate in the Candida cells, and disrupt the morphological and physiological activity of the 
cells, resulting in cell death. Ansari et al., (2015) prepared AlO NPs using leaf extracts of lemongrass. 
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Their antibacterial activity against extended-spectrum lactamases and metallo-lactamases of clinical 
isolates of Pseudomonas aeruginosa was found to be a significant activity of AlO NPs when compared 
with other nanoparticles which was reported by Singh et al., (2019).

Carbon Nanotubes

NPs based on carbon possess an elevated antimicrobial activity. Prior studies showed that single-walled 
carbon nanotubes (SWCNTs), fullerenes, and graphene oxide (GO) NPs showed potential antimicrobial 
or bactericidal properties. Such novel forms of allotropic carbon have been discovered in the last 2 de-
cades, and since then, they have been used in many fields of biosciences. Carbon nanotubes (CNTs) are a 
hollow cylindrical form of nanosize, which have been used in different fields of science and technology. 
SWCNTs with surface groups of eOH and eCOOH presented enhanced antimicrobial activity toward 
both gram-positive and gram-negative bacteria, whereas multi-walled carbon nanotubes (MWCNTs) 
with the same surface groups did not possess any notable antimicrobial effect. Their results showed that 
synthesis of cell-CNT aggregates affected the cell walls of bacteria (Figure 6) and then release of their 
DNA content (Kang et al., 2007). 

NANOPARTICLE-BASED DETECTION OF PATHOGENS

NPs can be used for rapid detection of pathogens with high accuracy and sensitivity. Superparamagnetic 
nanoparticles (SPM NPs) such as FeO4-Au, Fe3O4-Ag and FePt-Ag, can be applied directly or as a part 

Figure 6. Antimicrobial mechanism of Carbon nanotubes in bacterial cell wall disruption and release 
of DNA content.
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of electrochemical immunoassay to enhance the sensitivity. Kearns et al., (2017) developed lectin-func-
tionalised, antibody-coated silver NPs for detection of MRSA. A portable multiplex bar-chart SpinChip 
was fabricated by Wei et al., (2018) for instrument-free detection of food-borne bacterial pathogens like 
L. monocytogenes, Salmonella enterica and E. coli, with a detection limit of 10 CFU/mL. Chung et al., 
(2013) fabricated magnetic-DNA probe with nuclear magnetic resonance for detection of pathogenic 
bacterial RNA. 

NANOVEHICLES FOR TARGETED DRUG DELIVERY

Besides bacterial detection, nanoparticles can also be utilized as delivery vehicles for the antimicrobial 
drugs to the specific infection site. NPs such as liposomal NPs, mesoporous silica NPs, polymer micelles, 
terpenoid-based NPs, carbon nanomaterials, polymer-based NPs, solid lipid NPs, magnetic NPs inorganic 
nanodrug carriers and dendrimer NPs can be used as a carrier for site-specific release of antibiotics and 
hence can be applied to combat microbial resistance (Ranghar, 2012). This target-oriented approach can 
be used to ensure the release of optimum concentration of drug at the infection site and to minimize its 
side effects (Liu et al., 2016). NPs can be directed to the infection site by active or passive mechanism. 
In active system, NPs containing ligands such as antibodies are used for its specific binding to receptor at 
the infection site. While in passive system, NPs endure extravasations at the infection site and increased 
the blood vessel permeability. Moreover, NPs can be controlled through external stimuli like light, heat, 
magnetic field, pH and chemical agents (Lim et al., 2018). 

Aptamers are NPs containing DNA or RNA oligonucleotides that can bind specifically to the antigens 
at the infection site. Hence, aptamers can also be used as a carrier for delivering drugs to the exact site. 
Besides delivering drug, aptamers are known to have antibacterial and antiviral properties (Blecher et al., 
2011). Now-a-days, nanoparticles are being explored in the fields of disease diagnosis and site-specific 
delivery of therapeutic agents (precise medicines) in a well defined manner (Patra et al., 2018).

Liposomes

Liposomes are phospholipid vesicles consisting of concentric lipid bilayers. Liposomes have been reported 
to offer improved therapy for biomedical applications. Liposomes have been proved to be advantageous 
as they overcome the tissue uptake and improves the biodistribution of medicinal compounds in in vivo 
condition. Liposomes are also biocompatible, ability to carry large size of drug molecules with controlled 
physicochemical and biophysical properties (Hua and Wu, 2013). The uniqueness of liposomes is that 
they entrap both lipophilic and hydrophilic compounds. Hydrophobic molecules get entrapped into the 
phosopholipid bilayer and hydrophilic molecules get inserted in the aqueous region which permits the 
delivery of a large range of macromolecules such as DNA, proteins and imaging agents. 

Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) offer great promise for controlled and site specific drug delivery. SLNs 
have high drug loading capacity, large surface area and also increase the bioavailability of the drug in 
in vivo condition. Similar to liposomes, SLNs also acts as good candidate for the delivery of a large 
range of macromolecules such as DNA and proteins. Ezzati et al., (2015) reported that SLNs offer an 
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advantage of enhanced encapsulation efficiency with less active drug during the formulation process. 
Drug incorporation models of SLNs have been produced by using core shell model in which drug is 
dispersed in the lipid matrix. In the drug enriched shell model, the nanoemulsion results in a super-
saturation of the drug.

Dendrimers

Dendrimers are three dimensional organized nanoscopic macromolecules with low polydispersity index. 
Dendrimers are derived from the Greek word ‘dendron’ meaning tree. Dendrimers have a unique tree 
like branching architecture. The architecture of dendrimers can be distinguished into inner core moiety 
followed by radially attached generations. The radially attached structures possess functional groups 
at their terminals. Dendrimers are highly preferred for biological applications due to their high water 
solubility, biocompatibility and polyvalent in nature. These features make dendrimers as a potent carrier 
for drug delivery and drug targeting applications (Madaan et al., 2014).

NANOPARTICLES TO COMBAT INTRACELLULAR BACTERIA

Treating infections caused by facultative or obligate intracellular microbes are extremely difficult because 
most of the existing antibiotics exhibited poor penetration and retention power intracellularly. Moreover, 
the antimicrobial efficiency has been reduced greatly by the acidic pH in the lysosomes. This necessitates 
the need for the invention of novel therapeutics with greater intracellular activity and effective carrier 
molecules. It makes polymeric NPs as suitable weapon to overcome infections caused by intracellular 
bacteria. NPs, owing to its smaller size, have the capability to get engulfed by host cell phagocytes that 
contains intracellular bacteria. These NPs can also act as a carrier molecule which liberates required 
concentration of antibacterial drugs at the specific infection site with reduced toxicity and low side ef-
fects (Blecher et al., 2011). This site-specific mechanism prevents the development of drug resistance 
by the microorganisms (Huang et al., 2011).

The intracellular delivery and antimicrobial efficiency of the NPs depends on the surface charge and 
size of the NPs. Akbari et al., (2013) demonstrated that ciprofloxacin-conjugated nano-niosomes of size 
300–600 nm were readily phagocytosed and accumulated by macrophages than other nano-niosomes of 
size 600–1000 nm and 160–300 nm. NPs can be synthesized and modified to exhibit preferred surface 
charge and can be administered in combination along with other drug molecules.

Bacteria such as M. tuberculosis, Chlamydophila pneumonia, L. monocytogenes and Legionella 
pneumophila which can proliferate in the alveolar macrophages have been proven to be controlled by 
the use of NPs (Huh and Kwon, 2011). Alveolar macrophages are known to have more surface receptors 
for mannose, hence the addition of mannose to the NPs allowing them to target alveolar macrophages 
specifically. In case of type II pneumocytes, administration of liposomes combined with mannose leads 
to enhanced accumulation of antibacterial drugs in alveolar macrophages (Huh and Kwon, 2011). Simi-
larly, accumulation of ZnO NPs in macrophages induced ROS, nitric oxide production by intracellular 
Mycobacterium smegmatis and resulted in death of the bacterium (Pati et al., 2014). 
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COMBINATORIAL APPLICATION OF NANOPARTICLES WITH ANTIBIOTICS

Application of NPs with conventional antibiotics may lead to reduction in drug dosage and pose least 
toxicity to mammalian cells (Naqvi et al., 2013). Panacek et al., (2016) reported the synergistic activity 
of Ag NPs with other commercial antibiotics on selected Gram-positive and Gram-negative bacterial 
pathogens. Similar to this, antibacterial efficiency of Ag NPs was found to be higher when adminis-
tered in combination with ampicillin (Franci et al., 2015). Ag NPs when combined with ciprofloxacin 
(Naqvi et al., 2013), clotrimazole (Kalhapure et al., 2015) and vancomycin (Esmaeillou et al., 2017) 
also exhibited synergistic inhibition activity against MRSA species. TiO2 supplemented along with Ag 
NPs were found to exhibit efficient antifungal activity on C. albicans and Aspergillus sp. (Blecher et al., 
2011). Gao et al., (2017) recorded the combinatorial effect of graphene with standard antibiotics on the 
control of E.coli and Staphylococcus aureus. Complete eradication of uropathogenic Escherichia coli 
using chitosan-conjugated antibiotics has been recorded previously by Erman et al., (2017). 

NANOTHERANOSTICS -A BUDDING TECHNOLOGY

NPs exhibited a wide range of applications in detection of pathogens (Yang et al., 2018). Nanotheranostics 
is a newly emerging field that allows NPs based detection and real-time monitoring of therapy given to 
treat the infection. For instance, Au NPs -based Verigene R kit has been commercialized for diagnosis and 
identification of Gram-negative pathogens found in blood samples. Detection of resistance mechanism 
is also possible using this kit (Claeys et al., 2018). Matrix-assisted magnetic iron oxide NPs have been 
used as a probe for collecting bacteria, which will be analyzed within 1 hour by using laser desorption 
or ionization mass spectroscopy (Reddy et al., 2014). Similar work has been previously carried out by 
Galanzha et al., (2012) where gold multi-layered magnetic NPs attached with specific antibody were 
used for detection of Staphylococcus aureus under in vivo condition and photothermal destruction of 
bacterial cells. 

CHALLENGES IN CLINICAL TRANSLATION OF 
NANOANTIBIOTICS AND TACKLING STRATEGIES

NPs have promising antimicrobial efficiency even against MDR organisms and have several advantages 
over conventional antibiotics. NPs have also been extensively used in various allied medical fields such 
as medical diagnostics, solar cells, therapeutics, cosmetics, sensors and coatings. However, several 
challenges should be addressed before its application in clinical scale. Some of the bottlenecks include 
the interaction of NPs with cells, tissues and other organs for determining its cytotoxicity, dosage and 
proper route of administration (Sandhiya et al., 2009).

In vitro assays using cell cultures has been employed for evaluating the biocompatibility of the NPs. 
But for clinical translation, in vivo models should be applied to understand the route of administration, 
mode of action, stability, release, toxicity, metabolism and clearance (Beyth et al., 2015). But there are 
no specific guidelines to quantify biocompatibility of nanomaterials (Rai et al., 2016). A more detailed 
long-term study is needed for determining the interaction of NPs on various tissues.
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Cytotoxicity of Nanoparticles

Intravenous administration of NPs may lead to its accumulation in spleen, liver, lung, colon, lymphatic 
systems and bone marrow (Hagens et al., 2007). Clinical administration of NPs has resulted in multi-
organ nanotoxicity, like free radical-mediated oxidative stress which ultimately resulted in nephrotoxicity 
and hepatotoxicity (Lei et al., 2008). Accumulation of Ag NPs has been observed in various organs like 
kidney, lungs, liver and spleen, specifically in brain owing to its capability to pass through the blood–
brain barrier (Kim et al., 2017). Exposure to NPs has also been resulted in increased heart rate, in few 
cases (Sharifi et al., 2012). ZnO NPs accounted for toxicity via membrane injury and oxidative stress in 
mammalian cell lines (Huang et al., 2008). Toxicity analysis of ZnO NPs and CuO NPs revealed that the 
size, duration and dosage of NPs determine its toxicity level (Dobrucka et al., 2019). TiO2 NPs exhibited 
toxic effects such as genetic toxicity, DNA damage and inflammation of lungs (Trouiller et al., 2009). 
Naskar at al., (2016) demonstrated the antibacterial efficiency of Ag–ZnO–graphene nanocomposite at 
lower dosage level and its cytotoxicity at higher concentrations. Aluminium oxide NPs revealed similar 
toxic effects like distortion in cell morphology and shrinkage at higher concentrations (Cha and Myung 
et al., 2007). 

The best implemented strategy for tackling the toxicity of NPs is the capping of NPs using biocom-
patible polymers like chitosan or PEG. Cinteza et al., (2018) reported that capping of NPs using PEG 
enhanced its biocompatibility and reduced its toxic effects. Moreover, the synergistic effect of NPs with 
PEG resulted in effective killing of bacteria. Similarly, silica coating of ZnO NPs were found to reduce 
its toxicity (Chia and Leong, 2016). Doping is the second most important strategy applied for reducing 
toxicity of NPs. For example, doping of ZnO NPs with Fe decreased the dissolution of NPs and thereby 
reduced its toxic effect in zebra fish embryo and lungs of rodent (Xia et al., 2011). In congruent with 
this, Sekar et al., (2019) observed that the incorporation of Fe-doped ZnO NPs with polyvinyl alcohol 
nanofibers, exhibited effective antibacterial activity. Iqbal et al., (2014) reported the antibacterial ef-
ficiency and biocompatibility of zinc–silver-doped hydroxyapatite NPs. 

Pitfalls in Production and Characterization of Nanoparticles 

Clinical translation of NPs necessitates proper guidelines for production, scaleup and characterization 
of NPs along with their biocompatibility (Zazo et al., 2016). Currently, various physical, chemical and 
biological methods are being employed to synthesize NPs. Among these, bio-mediated NPs exhibited 
less toxicity in comparison with other techniques (Tyagi et al., 2013). Hazarika et al., (2016) described 
the effective antibacterial efficacy of Ag NPs synthesized from Thalictrum foliolosum root extract on 
RAW264.7 cells with no cytotoxic effects. Similar to this, Ag NPs synthesized from Aloe vera plant 
extract exhibited greater antibacterial potential against S. epidermidis and P. aeruginosa with zero cy-
totoxicity on human PBMCs (Tippayawat et al., 2016).

Moreover, it is essential to address the economic affordability of large scale manufacturing of NPs 
(Bertrand and Leroux, 2012). The cost of production of NPs in industrial scale still remains high (Zazo 
et al., 2016). Moreover, because of the site-specific action of NPs, no standard protocols are available 
to determine its dosage in terms of mass, surface area, number and biological samples (blood, urine, tis-
sues). To overcome this issue, additional characterization techniques are needed which are independent 
of the properties of NPs (Lei et al., 2008).
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However, various NPs have been commercialized successfully to treat bacterial infections in humans. 
For instance, Ag NPs is widely used for treating burn wound and dental caries (Politano et al., 2013). 
Magnetic NPs are being applied for antibiotic drug delivery (Tokajuk et al., 2017). SiO2 NPs are utilized 
for delivering drugs through oral route (Martínez-Carmona et al., 2018). Nanomaterials conjugated with 
AMPs are used to treat skin infections to minimize the cyototoxicity. For example, Lytixar (LTX-109) 
and pexiganan can be used as a topical application for treating skin infections (Cattoir and Felden, 2009). 
Brilacidin, murepavadin are also under phase 2 clinical trials to treat acute bacterial skin infections caused 
by resistant P. aeruginosa (WHO, 2019).

CONCLUSION

NPs have already proven its promising role in various medical fields and treatment of diseases like 
cancer. However, in depth knowledge on application of NPs in various other fields such as diagnosis, 
imaging, therapy and medicine is still in developmental stage. Eventhough nanoantibiotics exhibited 
several advantages over conventional antibiotics in treating multiple drug resistant pathogens, more 
interdisciplinary understanding from various disciplines such as microbiology, pathology, immunol-
ogy, biomaterials, pharmacology, toxicology, and nanotechnology are needed. Metallic NP provides a 
promising approach when utilized as such or in combination with other antimicrobial agents to combat 
bacterial drug resistance. In addition, targeted or site specific action of NPs displays it’s potential in 
controlling and mitigating various MDR strains. But, a systematic investigation becomes imperative 
before the clinical translation of NPs against MDR organisms. Pharmacology aspects of nanoantibiotics 
should be addressed as the dosage level to be administered is essential for clinical translation of NPs. 
More investigations on toxicity of NPs and its mechanism of action on other cells are needed before 
targeting multiple drug resistant bacteria.

The biosafety aspect of NPs has been addressed by NIEHS (National Institute of Environmental 
Health Sciences), an organization which supports research on nanoparticles to improve human health 
while examining the health hazards associated with it (Warheit, 2018). In order to avoid conflicting 
data regarding engineered nanoparticles, the standardization of in vitro methodologies for production, 
characterization of NPs becomes mandatory for establishing its toxicology profile. Construction of 
database specifically for classification and toxicological investigations of NPs can be of great use. Ef-
fective advancement in pre-clinical and clinical trials will help nanoantibiotics to enter the medicinal 
frame works in the near future.
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ABSTRACT

The technological advancements have not only made humans more civilized but have also caused the 
micro-organisms to develop several survival strategies via antimicrobial resistance to keep pace. Such 
highly developed microbial systems have been classified as superbugs, exhibiting Trojan-horse mecha-
nism. This uncertain behaviour in microbes has challenged humans to scour around novel moiety to 
shield themselves from the detrimental effects. One such natural phenomenon that has drawn the atten-
tion of researchers is the metal-microbe interaction where microbes were found to be controlled during 
their interaction with metals. Fine tuning could bestow them with enhanced physico-chemical properties 
capable of controlling life-threatening micro-organisms. Nano forms of metals (nanoparticles, quantum 
dots, polymeric nanostructures) exhibiting medicinal properties have been implied toward biomedical 
theranostics. This chapter highlights the mechanistic antimicrobial resistance and the containment 
strategy using various nano assemblage highlighting its fabrication and bio-molecular interaction.

INTRODUCTION

In the global scenario, the upsurge in the emergence of drug-resistant strains has been accelerated by 
both antibiotic overuse and reduced infection control. As a result, the most susceptible bacterial popu-
lation is eliminated and replaced by the resistant strains to flourish (Baym et al., 2016; Holmes et al., 
2016). This scenario is well explained by heteroresistance, where the bacterial sub-populations with 
reduced antibiotic susceptibility on a par with the main population. Tolerance is yet another factor that 
showcases the level of resistance exhibited by the antibiotic resistant sub-populations. They are capable 
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of surviving at concentrations close to their minimum inhibitory concentration (MIC). There are two 
principal mechanisms associated with the development of antibiotic resistance: Spontaneous mutation 
and Horizontal gene transfer (HGT) of resistance genes (Holmes et al., 2016). Mutations that occur 
spontaneously could modify the target or reduce the intake by efflux system. Notably, acquisition of 
resistant gene could lead to post-translational modification by providing alternative metabolic pathways 
pertaining to antibiotic inactivation (Blair et al., 2015).

Despite innumerable origins attributing antibiotic resistance, there exist some classical mechanisms 
for resistance development in bacterial populations (Alcalde-Rico et al., 2016). Intrinsic efflux mecha-
nism is one among them which by mutation in energy-dependent transporters that most of the resistant 
phenotypes emerge (Blair et al., 2015; Bergmiller et al., 2015; Li et al., 2015). It is also the most rapid 
and effective drug resistance mechanism evidenced in the bacterial population challenged with the anti-
biotic or toxin capable of inducing stress. This oxidative stress triggers very complex adaptive responses 
in bacteria involving modifications at the gene level and their expression as investigated in Escherichia 
coli (Nichols et al., 2011). In the current scenario, almost 80% of all bacterial infections are empirically 
related to multidrug-resistance (Fraimow et al., 2011; Viale et al., 2015). In particular, the presence of 
bacterial envelope in Gram negative bacteria acts as a barrier in restricting the entry of antibiotics and 
related compounds. 

The growing multidrug resistance in ESKAPE pathogens encompassing Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and En-
terobacter spp. have spurred the treatment regimen and containment strategies (Dantas et al., 2008; 
Nikaido, 2008; Fischbach et al., 2009; Laxminarayan et al., 2016). In order to combat the emergence of 
AMR pathogens, an intensive research to explore the molecular identity and mechanisms involved in 
the acquisition and dissemination of AMR genes in the microbial community is a mandate. 

BACKGROUND

Despite improvement in the pharmacokinetics and pharmacodynamics driving novel drug design strat-
egy, the difficulty in identifying the bacterial target sites for commercialized antibiotics is cumbersome. 
The emergence and dissemination of antimicrobial resistance could well be appreciated prior to the 
introduction of novel antimicrobials (Levy 2007; Chambers et al. 2009). Indeed resistance to antibiotic 
was documented even before the antibiotics were introduced into clinical practice (Abraham 1940). For 
instance, sulfonamides which were introduced in 1937 owing to its aggravated therapeutic usage led 
to the development of resistance in the late 1930s (Chopra et al. 2002). Subsequently, aminoglycoside-
resistant S. aureus emerged within six years of its introduction (Gootz 1990; Katayama et al. 2000). To 
counterbalance this scenario, the very first semisynthetic antibiotic Methicillin was introduced in 1961 
to target penicillinase producing strains of S. aureus but to the dismay, they too developed resistance to 
methicillin (Barber 1961).

In the antibiotic resistant sequel, fluoroquinolones which were introduced in the 1980s for the containing 
Gram negative strains of bacteria at a later stage developed resistance, but were capable enough to treat 
Gram-positive infections (Lowy 2003). Subsequently, in 2002 S. aureus strains resistant to vancomycin 
(VRSA) were reported after 44 years of introduction of vancomycin (Appelbaum 2006) as shown in 
timeline (Figure 1). Most recently, tigecycline-resistance has been identified during pre-clinical stages 
and even before its approval for human use (Moore et al. 2013).
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DEVELOPMENT OF ANTIMICROBIAL RESISTANCE (AMR)

Antimicrobial resistance (AMR), one of its kinds seems to co-exist in a complex relationship between 
the antimicrobials and the pathogens (both resistant and susceptible strains) based on its wheel of life. 
In a broader sense, those microbial pathogens viz., bacteria, viruses and protozoa with high rates of 
doubling period have short life-cycles, were more likely to become drug- resistant.

Drug resistance is acquired by the micro-organisms through natural selection. When a microbial 
pathogen grow and multiplies at a fast pace, the resulting ―progeny may contain errors, so called 
mutations which reduce its susceptibility to a given drug. When such a mutation gives the pathogen an 
advantage in a particular environment, it will grow better than its neighbors developing resistance and 
can increase its copy number for what it is selected. Another scenario is that Nature has pre-programmed 
all bacteria with a state of low resistance. For instance, a study reported from Thailand showed that the 
yesteryear antibiotics namely trimethoprim/sulfamethoxazole (TMP/SMZ), ampicillin and tetracycline are 
no longer used for the treatment of non-cholera diarrhea (NCD) (Hoge et al., 1998). In contrast, a study 
conducted in Bangladesh reported the effectiveness of the above mentioned antibiotics in treating NCD 
effectively (Rahman et al., 2017). Meanwhile without the use of antimicrobials, the susceptible strains will 
continue multiplying and challenge the resistant strains restricting their spread. Hence sufficient dosage 

Figure 1. Schematic representation of evolution of drug resistance by various clinical strains in due 
course of time
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of an antimicrobial administered during early infection augment microbicidal action toward susceptible 
strains and checks wide multiplication of newly-mutated pathogen for onward transmission (Figure 2).

Poor Quality Medicines

According to World Health Organisation (WHO) poor quality medicines have been typified as SSFFC 
(Substandard, Spurious, Falsely-labeled, Falsified and Counterfeit) medical products. It denotes medi-
cines that have not been formulated with correct ingredients or they might have degraded with time with 
reduced bioavailability. Although the definition sounds simple, the process encompasses problematic 
areas associated with antimicrobial resistance that overlooks different causes, implications with the 
regulatory non-compliance posing a threat to public health (Bate et al., 2014).

• High quality products formulated by legitimate manufacturers in compliance with all regulations
 ◦ Quality products degradation due to inappropriate storage and transit.
 ◦ Haphazard production or errors in packaging on a par with regulations

• Products with good quality formulations but not in compliance with all regulations
 ◦ Unlicensed selling of medicines in markets 
 ◦ Innovative drug products under patent
 ◦ Diversion of markets for selling quality medicines 

Figure 2. Schematic representation of Natural selection for antibiotic resistance
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Besides sub-standard medicines, it is from the manufacturers’ standpoint, manufacturing errors and 
supply chain need great attention. As a result, the products switch over to right hand quartile. In general, 
three different types of manufacturers have been classified:

• Unregistered manufacturers (medicines produced without active ingredients)
• Licensed manufacturers (medicines produced with good manufacturing practises (GMP) but due 

to underinvestment leads to poor quality production).
• High quality manufacturers (medicines produced with highest quality standards) 

The pathogenicity stands unique irrespective of manufacturing or regulatory or legal status of the 
drugs. It is only the ingredients and formulation and its synergistic interaction with patient characteristics 
determines the reliability. As discussed above these poor quality medicines aggravates development of 
resistance depending upon the circuition of the pathogen, mechanism of action and host metabolic rate 
at genetic level.

Sub-therapeutic Dose

On the other hand, sub-therapeutic doses of drugs create a selective pressure in killing the most vul-
nerable strain. This approach allows rapid multiplication of the most resistant strains on a par with the 
susceptible strain. As long as the administered antimicrobial stays in the blood, resistance factor gets 
amplified owing to the selective pressure that is built over and over by monotonous reproductive cycles. 
Upon acquiring, the resistance characteristics are transmitted via gene transfer mechanism. According to 
the population dynamics, the resistant strains tend to have developed higher fitness on a par with de novo 
resistance and may be selected. With diversified characteristics, the resistance pattern develops when 
an elevated pathogenic population encounters minimal inhibitory concentration of medicines capable of 
killing the most susceptible strains. This establishes the dissemination of resistant strains under lower 
selective pressure (Abdul-Aziz et al., 2015).

In order to reduce the prevalence of sub-standard or poor quality medicines, public health response 
is needed which include: rigorous improvement in the supply chain, ensuring compliance, detecting 
production errors and validating the quality of the product. These systems would support legitimate 
manufacturers incentivize to have a vigil on quality on a par with manufacturing errors.

Antimicrobial resistance - Mechanism

The increase in commercialization of antibiotics was proved to be fatal and led to the emergence of an-
tibiotic resistance, one such strategy urging the need for survival of microbes. It is indeed the adaptation 
of microbes to the dynamic environments exposed to antibiotics by developing resistance through wide 
range of defense mechanisms (Figure 3). They constitute (1) increase in the permeability of cell, (2) ac-
tive efflux, (3) catalytic activity on antibiotics, (4) nullifying effect, (5) alternative metabolic pathways, 
(6) excess deployment of the target enzyme and (7) alteration in target site.

Antimicrobial resistance in microorganisms was generally found to occur via mutation in the genomic 
DNA and HGT, the most important driving forces in phylogeny. This mutagenic influence brings about 
conformational changes in the secondary structures of proteins accounting for its virulence property. 
Subsequently, the transfer of acquired genes among bacterial species led to the wide spread emergence 
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in antibiotic resistance. For instance, nucleotide base substitution(s) in 23S rRNA and ribosomal pro-
teins (L4 and L22) led to macrolide resistance (Vester and Douthwaite 2001). Secondly, there exist a 
relationship between antibiotics consumption and emergence of resistance. In some European countries, 
antibiotics were used as antimicrobial growth promoters (AGPs) in animal husbandry mainly to enhance 
production. Increase in dosage of antibiotics and its continued exposure render the gut flora insensitive 
and increase the chance of survival. This led to the development of resistant bacteria in food products 
which when consumed by human results in food borne infections caused by resistant strains e.g. MRSA 
and Vancomycin-resistant Enterococci (VRE). The underlying mechanism of bacteria toward different 
classes of antibiotics has been clearly depicted in Table 1. 

FACTORS DRIVING ACQUIRED ANTIMICROBIAL RESISTANCE

In acquired antimicrobial resistance (AAR), the microorganism develops a tendency to resist the effect 
of specific antimicrobial agent to which it had shown susceptibility at an earlier stage. This is the direct 
result of mutation in genes involved in normal metabolic processes and cellular structures, that may be 
acquired or synergistic effect. 

Intrinsic Resistance

Intrinsic as the name implies is the resistance developed inherently in a bacterial species to a specific 
antimicrobial agent that can able to surpass either structurally or functionally. They may also be termed 
insensitive as it was evidenced in in microbes which have not been exposed or showed susceptibility to-
ward particular class of antibiotic. There are various factors that determine the insensitive characteristics 
viz. drug-target affinity, inaccessibility, extrusion or efflux pumps and enzymatic inactivation (Table 2). 

Figure 3. Schematic representation of antimicrobial resistance mechanism in bacteria 
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Mobile Genes (Transposons)

The genes involved in AAR are confined within mobile DNA i.e. a fragment of DNA capable of trans-
locating itself within same or between different genomes. The major players in HGT are the conjugative 
and mobilizing rudiments. Such mobilizing elements containing the entire genetic information are termed 
transposons. On the other hand, the use of conjugation machineries to transfer the genetic information 
to another host is termed conjugative plasmids or conjugative transposons.

Table 1. Antimicrobial resistance Mechanism toward various classes of antibiotics (Zaman et al., 2017)

Classes of Antibiotics   Resistant genes   Mechanism of resistance

Beta-lactams – Penicillin derivatives 
(Penicillins, Cephalosporins, Monobactams etc.)   TEM, SHV, CTX-M, OXA   Drug hydrolysis, efflux pumps and 

alteration of target.

Aminoglycosides 
(Amikacin, Gentamicin, Streptomycin etc.)   ArmA, RmtA-H, NpmA, 

  Decreased cell permeability, 
Alterations at ribosomal binding site, 
Aminoglycoside modifying enzymes

Glycopeptides (Vancomycin)   VanH, VanA,Van X   Reprogramming cell wall biosynthesis 

Tetracyclines (Tetracycline, Minocycline, Tigecycline, 
Oxytetracycline)   tetA, tetB, tetD, tetE and tetG   Monooxygenation, tetracycline efflux, 

ribosomal protection 

Macrolides (Clarithromycin, Azithromycin)   ermA, ermB, ermC, ermTR, 
mefA/E, msrA   Ribosomal dimethylation, and Efflux. 

Linosamides (Clindamycin)   linB
  Enzymatic inactivation, Ribosomal 
protection by ABC-F proteins, 
Methylation. 

Oxazolidinones (Linezolid)   cfr, cfr(B), optrA, poxtA   Efflux pumps and altered target

Quinolones (Ciprofloxacin, Norfloxacin, Ofloxacin)   qnrA, qnrB, qnrS   Mobile efflux pumps, altered target

Sulfonamides (Sulfadiazine, Sulfamethoxazole)   sul1, sul2, sul3   Efflux pumps, enzyme inactivation

Table 2. Intrinsic resistance and their respective mechanisms (Forbes et al., 1998; Giguere et al., 2006)

  Intrinsic Resistance   Mechanism 

  Aminoglycosides    Deprived of oxidative metabolism 

  Metronidazole   Anaerobic reduction deficit

  Aztreonam (β-lactam)   Paucity in PBPs 

  Vancomycin   Deficiency in uptake of drug

  Ampicillin (β-lactam)   Enzymatic inactivation (Beta lactamases)

  Imipenem (β-lactam)   Enzymatic inactivation (Beta lactamases)

  Vancomycin   Unavailability of precursor molecules

  Sulfonamides, trimethoprim, tetracycline etc.   Inefficiency in drug uptake 

  Aminoglycosides   Deprived of oxidative metabolism

  All cephalosporins   Paucity in PBPs
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Conjugative Transposons

The conjugative transposons behave in a similar fashion as conjugative plasmids possessing OriT (ori-
gin of transfer) and the genes responsible for various physiological activities pertaining to conjugation 
(Roberts et al., 2008). Alongside, they are far different from plasmids where the integration phase (either 
with plasmid or chromosome) is mandate to maintain the unique characteristic. This makes them more 
efficient in finding a larger host range over plasmids. Furthermore, they constitute a highly heterogeneous 
group with greater efficiency of integration of replicons conferring unique characteristics and broad host 
range (Frost and Koraimann 2010).

Insertion Sequences

One of the simplest among the mobile genes is the insertion sequence (IS). They are characterized by 
the presence of mobile genes with inverted repeats at either ends of the element. They may be short as 
1Kb (Stefan Kohl and Ralph Bock 2009). IS besides comprehending mobile genetic element contains 
accessory genes which does not have any role in translocation of genetic elements are thus termed 
transposons. A typical transposon encompasses an accessory gene encoding antimicrobial resistance 
and an enzyme transposase. 

Transposons are efficiently disseminated only when they are enclosed in a conjugative rudiment. For 
instance, integrative and conjugative elements were found efficient in transferring / translocating the 
transposons to a different genomic arena. Alongside, the specificity of integration depends on suitability 
of recombinases. In line, transposon Tn916 although can use large number of integration sites, they are 
highly specific in their integration (Roberts and Mullany 2009; Wozniak and Waldor 2010). 

Plasmids

They are the extra-chromosomal genetic elements with their replication origin found in almost all bacte-
ria. The oriT and genes encoding physiological functions are transferred to another host via conjugation 
(Smillie et al., 2010). They are classified into conjugative and mobilizing plasmids. The former harbor 
genes responsible for conjugation and the latter with only an oriT while transferring genes among hosts. 
Most of the antimicrobial resistance (AMR) pattern is transferred via plasmids to new hosts. Plasmids 
capable of transferring AMR genes but incapable of replicating within the new host may lead to the 
loss of that plasmid. On the other hand when the same AMR is present on the transposons, they can 
be translocated within or between the genomes thereby maintaining the same even in the absence of 
plasmids. This implies that the plasmid also has a role in spreading the resistance characteristics besides 
coexisting plasmids (Couturier et al., 1988; Elisa Carloni et al., 2017).

Transduction

In general, it is the introduction of foreign DNA into a bacterial cell either by a bacteriophage or a vec-
tor. Although capable of translocation to new genome sites, they are not done by themselves but only 
upon integrating themselves with any conjugative element. Transposons and mobile introns are grouped 
under this category (Willi et al., 1997; Del Grosso et al., 2011). 
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Transformation

It is the process by which bacteria takes up naked DNA from the environment. In accord, there is a higher 
probability of acquiring antimicrobial resistant genes via transformation. This was also well studied in 
both Gram positive and negative bacteria. Bacteria capable of introducing a new strand of DNA into them 
are termed competent strains e.g. Streptococci group may show competence during a specific growth 
stage. Moreover, sequence specificity determines the efficiency of absorption as observed in Neisseria 
sp. (Smith et al., 1999) whereas in Bacillus subtilis there arise no such requirement. Once taken up, the 
foreign DNA is integrated with the host genome by homologous recombination acquiring the property 
of autonomous replication. 

Integrons

Integrons works on the concept of gene cassettes. This process rapidly prepares the bacteria to adapt 
and evolve under adverse conditions. Genes responsible for antimicrobial resistance are stockpiled and 
embedded in a gene cassette lacking the functions of self-mobility (Fluit and Schmitz 2004; Depardieu 
et al., 2007). Typically the DNA fragments are exchanged via site-specific recombination system capable 
of integrating and expressing the typical gene characteristics (Mazel 2006; Labbate 2009). They differ 
from transposons in lacking the inverted terminal repeats and genes encoding proteins catalyzing their 
mobility. As they lack the self-mobilizing functionality, the gene exchange is made possible by plasmids 
or transposons (Carattoli 2001; Partridge et al., 2009).

BIOFILMS

Antimicrobial resistance, despite innumerous factors could also result from biofilm forming pathogenic 
micro-organisms owing to its inherent resistance to antimicrobials (Ribeiro SM et al., 2016). They 
have a unique architectural feature encompassing interstitial matrices assembled into macro and micro-
colonies. These matrices facilitate diffusion of gases, nutrients and antimicrobials through them. The 
close proximity evidenced among cells establishes communication via quorum sensing, a remarkable 
extrachromosomal characteristic of biofilm. 

Survival Strategy

One of the naturally acquired strategies in bacteria for survival is the formation of biofilm. They are 
syntrophic microbial consortia entrenched in a slimy matrix comprising of polymeric substances, proteins 
and extracellular DNA. This micro-architecture confers resistance characteristics to a wide range of anti-
microbials, disinfectants, chemotherapeutic agents etc. interfering with host defence (Hoiby et al., 2011).

Glycocalyx or Capsule

It is the integral part of biofilms covering the cell membranes of bacteria (G +ve and G -ve) allowing them 
to adhere to inert surfaces having thickness ranging from 0.2 to 1.0μm (Reitsma 2007). To accomplish 
structural rigidity to the biofilm and help maturation, glycocalyx employs several weaker and stronger 
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interaction forces (Pena et al., 2011) attributing for the development of resistance toward antimicrobi-
als. Moreover, glycocalyx layer has the tendency to retain 25% w/w of the antimicrobial to which it is 
exposed. Secondly, the selective permeability of glycocalyx restricts movement of antimicrobials with 
the aid of embedded exoenzymes (Arciola et al., 2012; Sugano et al., 2016). 

Heterogeneity in Metabolism

In biofilm assembly, the nutritional pyramid rolls from the top to bottom i.e. nutrient and oxygen rich 
areas show higher metabolic activity and those located at nutrient deficient areas shows reduced meta-
bolic activity. It was presumed as a possible mechanism of action of biofilms. Poulsen et al., (1993) has 
reported on the heterogeneity associated with the cellular enzyme synthesis within the biofilm. Slow 
growing bacteria in the stationary phase shows reduced enzyme activity, metabolically active bacteria 
are killed by antimicrobial agent and the persistent bacteria remaining dormant show less susceptibility 
to various antimicrobials. For instance, E. coli synthesizes 1A-dependent ppGpp capable of suppressing 
autolysin thereby limiting anabolic process in cells. However, mutation induced in relA gene does not 
necessarily affect the growth rate but makes such population more prone to antimicrobials by interfering 
with peptidoglycan synthesis (Lei Yang et al 2008).

Persistence Phenomenon in Biofilm

Bacterial cells (Persisters) constituting biofilm remain tolerant to various antimicrobial agents, dis-
infectants, solvents etc. augmenting severity and infectivity (Lewis K 2005) at global level. Persister 
cells comprises of late growing bacterial strains influenced by various growth stages of bacterial com-
munities challenged with typical lethal doses of wide array of antimicrobial agents. They are the key 
contributors for the development of multidrug resistance and antibiotic tolerance. Bacteria that remain 
dormant duirng the stationary phase contributed much in the propagation of persister cells accounting 
for increased resistance inside biofilm (del Pozo and Patel R 2007). For instance, in patients with cystic 
fibrosis (CF), P. aeruginosa biofilms have been measured stating most cells at stationary phase. When 
they were exposed to single antibiotic, they were able to encounter actively dividing cells but were not 
efficient enough to kill a subset of population constituting biofilm. Conversely, the incredible tolerance 
exhibited by persisters augmented programmed cell death by partially damaging the cell (Keren et al 2004).

Acinetobacter baumannii (A. baumannii), a biofilm forming G -ve, opportunistic pathogen exhibited 
increased resistance toward antimicrobial agents. It was evidenced that the process of desiccating a low 
biofilm forming environmental MDR +ve strain showed 2.7 fold increase in risk of cell death compared 
with MDR-ve counterpart. Conversely, high biofilm forming MDR –ve environmental strain showed 
60% decrease in acquiring the risk compared to low biofilm forming counterpart (Greene et al., 2016). 
In this line, S. aureus infections in community and health care settings pose yet another challenge (Kong 
et al., 2016) that demands development of anti-virulence therapeutics to regulate and contain the spread 
of infection and dissemination of antibiotic resistance.
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OVERCOMING DRUG RESISTANCE

The discovery of antibiotics is one of the breakthroughs in the medical history that had revolutionized 
pharmaceutical industry in containing the most dreadful diseases caused by bacteria. However, large scale 
production and precarious application of antibiotics have contributed for the emergence of MDR strains 
which made the treatment more difficult. The only option to encounter them was through the use of broad 
spectrum antibiotics, which are toxic and more cost-intensive. Modification of existing antimicrobial 
compounds and / or formulating novel antimicrobial agents with bioactive potential is the need of the hour. 

Metal Nanoparticles

In this line, Nanotechnology with its tremendous and widespread application plays a key role in manipu-
lating materials at nanoscale to anticipate the already existing characteristics with new dimensions. There 
are indeed various methods of nanoparticle fabrication but green synthesis has gained popularity owing 
to its cheap, non-toxic, reliable, easy and eco-friendly approach devoid of chemicals. The nanofabricated 
metals have been employed for diagnosis and treatment of infectious diseases like cancer and tuberculosis. 
Slavin et al. (2017) opined on the tiny dimensions of NPs of various metals such as Ag, Au, ZnO, TiO2, 
Pt etc and their role in bringing about an effective antimicrobial effect (Table 3). Their extremely small 
size, shape and surface charge enable them to accomplish contact with the bacterial cell membrane via 
electrostatic interaction, Vander Waals force, receptor-ligand interactions etc. Upon successful contact, 
these nanoparticles could efficiently cross the cell membrane and interfere with metabolic pathways. 
Their broad target mechanism is one of its kinds that facilitate the paralysis of bacterial cell by inducing 
oxidative stress (Xu et al., 2016) (Figure 4).

Figure 4. Schematic representation of Mechanism of action of various metal nanoparticles on bacterial cell
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Although, MDR related cases have been surging, there have been reports on female infertility due to 
MDR infections. Gopinath et al. (2015) reported that MDR strains viz. Enterobacter sp., P. aeruginosa, 
K. pneumoniae and E. coli were responsible for infertility in females. Further, they demonstrated the 
synergistic antibacterial activity of AgNPs synthesized from Fusarium oxysporum along with antibiot-
ics. It was inferred from the study that the resistant bacteria were found susceptible to AgNPs in a dose 
dependent fashion.

In recent years, bio-fabrication of various metal nanoparticles with significant biological activity 
comparable to other (physical and chemical) route has been reported. Moreover, extracellular synthesis 
of metal nanoparticles using bacteria with potential antimicrobial activity against Gram +ve and –ve 
strains including MDR strains has also been investigated (Panacek et al., 2006; Nanda et al., 2009). Fur-
thermore, the correlation between size-dependent AgNPs and the inhibitory effect toward MRSA and 
Gram- negative bacteria have been well documented. Haq et al (2015) have demonstrated the antibacterial 
effect of AgNPs synthesized from higher fungi viz. Agaricus bisporus, Helvella lacunosa, Ganoderma 
applanatum, Pleurotus florida and Fomes fomentarius with potential activity exhibited by A. bisporus. 
Similarly, Behera and Nayak (2013) have prepared AgNPs using Syzygium cumini (jamun) extract and 
tested its activity against MRSA, ampicillin-resistant E. coli and erythromycin-resistant Streptococcus 
pyogenes. Alongside, surface-modified AgNPs fabricated using pluronic acid was also found to exhibit 
significant antimicrobial activity toward MRSA strains (Marta et al., 2014).

Further, Agarwal et al., (2013) have investigated on the potential inhibitory effect of bio-mediated 
AgNPs against M. tuberculosis and 26 various clinical isolates including MDR-TB and XDR-TB. Simi-
larly, Ninganagouda et al., (2013) have reported on the susceptibility of MDR strains (P. aeruginosa, 
E. coli and K. pneumoniae) to AgNPs synthesized from microfungus, Aspergillus flavus. Saeb et al., 
(2014) have synthesized AgNPs using soil microbes viz. Escherichia hermannii, Citrobacter sedlakii 
and Pseudomonas putida and evaluated its antimicrobial potential against a panel of clinical isolates 
including MRSA. It was inferred that AgNPs significantly inhibited the growth of MRSA and whose 
activity was also enhanced by combining them with vancomycin antibiotic.

Beveridge and Murray (1980) for the first time reported the deposition of nano gold (AuNPs) on 
the cell wall of B. subtilis from gold chloride (HAuCl4). Mishra et al., (2014) have optimized physico-
chemical parameters for the biofabrication of AuNPs using the culture supernatant of Hypocrea lixii and 
Trichoderma viride. Similarly, Kitching et al., (2016) have extracellularly synthesized AuNPs using the 
membrane proteins of Rhizopus oryzae for biomedical and environmental applications.

Srinath et al., (2018) have synthesized AuNPs efficiently using B. subtilis isolated from Hatti Gold 
Mine, India. Further, the synthesized AuNPs was used as a biocatalyst for the degradation of methylene 
blue and other toxic dyes present in the environment. Moreover, Bhargava et al., (2016) have investigated 
on the process parameters (pH, concentration, reaction time) influencing the crystal size and yield of 
AuNPs using the fungus Cladosporium oxysporum. The maximum yield of AuNPs to biomass and water 
was found at 1:5:1 and at a neutral pH. There was an excellent catalytic activity when AuNPs were used 
for the degradation of rhodamine B in less than 10 min. 

a.  Mechanism

Among metals silver and gold have long been associated with human civilization as an ornament 
owing to its biocompatibility and non-toxic nature. Hitherto, in their nanoform they acquire remarkable 
properties and are considered safe for drug delivery applications. Mohamed et al., (2017) have evaluated 
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the antimicrobial efficacy of AuNPs synthesized using co-precipitation method against Corynebacterium 
pseudotuberculosis. The MIC was determined to be 200 μg and 100 μg for AuNPs and AuNPs – laser 
combined therapy respectively. It was inferred that the antibacterial effect of AuNPs was due to the 
generation of ROS increasing the oxidative stress and thus leading to vacuole formation. Further, the 
activity was enhanced by the synergistic activity of AuNPs-laser therapy for possible application in the 
treatment of chronic caseous lymphadenitis.

Navale et al., (2015) have investigated on the antimicrobial and growth inhibitory effects induced 
by ZnONPs. The growth inhibitory study revealed that ZnO NPs of size 20 – 25 nm was found to pos-
sess significant bactericidal effects against fungi and bacteria when exposed to UV light. This event 
subsequently triggered generation of ROS inducing oxidative stress augmenting antibacterial effect. 
The possible mechanism of action of ZnO NPs in halting the cellular growth needs further research. It 
was presumed that ZnO NPs might disturb the cell integrity when in close contact with the bacteria, 
leading to the formation of ROS and releasing Zn2+ ions responsible for antimicrobial effect (Li et al., 
2011; Lipovsky et al., 2011).

Furthermore, ZnO NPs exhibit remarkable photocatalytic activity and at the same time biocompat-
ible. Nirmala et al., (2010) have synthesized ZnO NPs capable of degrading redox dye, methylene blue 
and also efficient enough inhibiting the growth of clinically significant bacteria viz. B. subtilis, E. coli, 
S. typhi and S. aureus. These nanoparticles upon UV irradiation generate ROS, H2O2, and superoxide 
(O2‒) capable of targeting broad spectrum of microbes (He et al., 2016; Siwinska et al., 2018) (Table 3).

Polymeric Nanoparticles

Nanoparticulate system with exorbitant biological properties is being extensively used in drug and gene 
delivery applications both in vitro and in vivo. For an efficient delivery, it is vital to understand the in-
teraction between nanomaterials and biological system. There are various drug delivery systems bead-, 
liposome-, nanoparticle- and polymer-based systems for sustained and targeted delivery (Tiwari et al., 
2012). Beside other systems, polymer-based carriers have been the most sought after delivery vehicle 
for ease of synthesis, manipulation and release of non-toxic products. Further, the tendency of cationic 
polymers in the formation of stable complexes made them more preferable than cationic lipids in sur-
passing the cell trafficking. On the other hand, nanoparticles were found to exhibit adjuvant properties 
facilitating efficient delivery of vaccines as they may be taken up by antigen-presenting cells (APCs). 

Table 3. Modus operandi of Metallic nanoparticles

Nanoparticles Antimicrobial mechanism

Silver (AgNPs) Cell membrane disruption, DNA damage and electron transport chain inhibition

Gold (AuNPs) Metal-microbe interaction facilitated by electrostatic attraction, accumulation and 
intrusion through cell membrane

Zinc oxide (ZnO) Cell membrane disruption, mobilization & accumulation and ROS generation. 

Titanium dioxide (TiO2) Cell membrane damage and ROS generation. 

Nitric oxide-releasing NPs Oxidative stress and Generation of ROS
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Naturally occurring polymers (polysaccharides, alginates etc.) and fabricated polymers have shown 
promising candidates for vaccine delivery once converted to nanoforms. They form the base for the 
construction of nanoparticle-mediated drug delivery system. Peer et al. (2007) have reported on the use 
of polyalkyl cyanoacrylate nanoparticles for delivering anticancer drugs. It is noteworthy to mention 
that cationic polymers have been used for targeted drug delivery, imaging and detection of pathways 
leading to cell death. Furthermore, their gene delivery applications have also been explored in vitro and 
in vivo as well. The packaging of condensed and / or non-condensed DNA may greatly rely on the type 
and nature of polymer and the vector system. The most preferred ones are the biodegradable polymers 
owing to their reduced toxicity and accumulation in cells accounting for repeated administration. Upon 
degradation of polymer, the encapsulated drug / DNA / plasmid are efficiently released into the cytosol 
(Luten et al., 2008) (Table 4).

Poly (lactic-co-glycolic acid) (PLGA), one of the biodegradable polymers are at large used as an 
effective vehicle for delivering matrix antigen. In this line, fabrication of PLGA microspheres are 
proficient enough to be readily taken up by M cells and translocated into the lymphatic tissue in less 
than an hour. For instance, the core antigen of Hepatitis B virus loaded into PLGA NPs of size 300 nm 
triggered a strong immune response when compared to the core antigen without NPs as evidenced in 
mouse model. Most importantly, the size of the particle had a greater influence on eliciting an immune 
response. Administration of PLGA NPs of size range 200 – 600 nm induced IFN-γ at higher levels in 
response to Th1 cells. Alongside, PLGA microparticles in the size range of 2 – 8 μm stimulated the 
secretion of IL-4 in response to Th2 cells. These studies indicated that the nanoforms of both PLGA 
and liposomes were phagocytosed efficiently by the dendritic cells leading to their internalization and 
localization. However, acid hydrolytic degradation products of PLGA may restrict its use owing to loss 
of immunogenicity and posing detrimental effects to the entrapped protein / antigen when used along 
with organic solvents (Saroja et al., 2011). Most of the polymers have been used as carriers for deliver-
ing gene(s) with profound implications in the manufacture of DNA vaccines. 

Table 4. Polymer based drug delivery system

Polymeric materials / Route of Administration Disease / Clinical condition 

PLGA (IM / ID / IN) and PLGA with CTAB   HIV, Measles virus, Hepatitis C Virus (HCV), Foot and Mouth 
Disease virus (FMDV) & Solid tumors

Amolimogene / ZYC101a (IM)   HPV cervical neoplasia

PLGA microspheres + PEI NPs (Oral / IM)   Model antigens

PLGA + PEI coating (ID / IM)   B-cell lymphoma

PLGA + PBAE (ID)   Tumor antigen

Chitosan NPs (IN / Oral)   Allergy / RSV / TB

PEI-mannose (Transdermal)   HIV
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Quantum Dots (QDs)

QDs otherwise termed nanoscale semiconductor crystals exhibit unique optical and electronic properties 
in the form of bright fluorescence. QDs with their tunable optical properties have gained lot of interest 
on a par with the conventional labeling using dyes with limited emission probability at near infrared 
region. Moreover, their excellent photochemical stability, high quantum yield and size-dependent emis-
sion made them stand unique upon excitation with light of same wavelength. Secondly, their narrow 
range of emission facilitates detection of bands for multiple assays has drawn interest among researchers 
in the field of nano-theranostics for instantaneous probing, diagnosing, imaging and delivering therapy. 

Kim et al. (2004) have proposed application of polydentate phosphine-coated QDs for cancer surgery 
in large animals through step-by-step mapping procedure in real-time, confirming complete resection. 
Similarly, Kobayashi et al. (2007) have developed Indium based InP@ZnS QDs for cellular imaging 
whereby complete visualization of lymphatic flow draining was investigated. 

In recent years, heavy metal free (Cd, Hg, Pb) biocompatible QDs possessing high photolumines-
cence quantum yield were recently evaluated for their mapping capability of lymph node using ex vivo 
imaging model. However, indium-based QDs were the most preferred owing to strong retention, fast 
localization and photoluminescence stability confined to the regional lymph (Yaghini et al., 2016). Yu 
et al. (2016) have developed gadolinium-doped carbon dots for magnetic resonance imaging (MRI) 
imaging using one-pot hydrothermal method. The nanoprobes developed were in the size range of ~ 5.5 
nm and spherical shaped with high spatial resolution for MRI with a broad emission spectra compared 
to that of only carbon dots.

Similarly, nitrogen and sulfur doped carbon dots of size 1.7 nm with a high fluorescence quantum 
yield (39.7%) were developed by Chen et al. (2017). Their low toxicity, good biocompatibility when 
incubated with HeLa cells was well documented. Such doped CDs were used to detect Cr(IV) by fluo-
rescence quenching. Moreover, gadopentetic acid and glycine were employed to fabricate Gd-doped 
carbon dots of size ~18 nm for use in biomedical application (Du et al., 2017). As a theranostic agent 
they may act either as the chief nanocarrier or a part of a more complex structure as fluorescent labels 
(Chen et al. 2017). Cai et al. (2016) have proposed a pH sensitive ZnO QDs-Doxorubicin NPs targeting 
lung carcinoma. These nanocarriers sized ~3 nm were aminated and conjugated for specific binding 
with CD44 by cancer cells. Once triggered by pH, the nanocarrier dissociated and released DOX in a 
sustained fashion.

Hydrogels

Hydrogels formed by the network of crosslinked polymers that are hydrophilic capable of holding large 
amounts of water (Ahmed, 2015). Their tendency to extensively swell in an aqueous medium, make them 
the suitable candidate for biomedical applications (Daniele et al., 2014). Recently, hydrogels have been 
recognized to have a wide application in tissue engineering, drug delivery, biosensors and 3D bioprinting 
(Li et al., 2015). In comparison, these hydrogels exhibit biocompatibility, biodegradability, mechanical 
stability and high porosity. Alongside, their low strength, fragility and low interfacial tension with aqueous 
and other biological fluids represent them as a better alternative to natural tissues (Hamidi et al., 2008). 

The highly porous stature of hydrogels forms a mesh that facilitates easy loading and protection of 
drugs from hostile environment during drug delivery. There exist a correlation between the porosity 
and the amount of drug loaded onto gel matrix. Yet another parameter that determines the drug delivery 
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efficacy is the release rate that depends on the diffusion coefficient. These properties confer hydrogels 
a better candidate with a great potential for drug delivery applications (Qiu et al., 2001). The use of 
pluronic or poloxamer has seen a surge in bio-pharmaceutical field (Hoare et al., 2008) where an inject-
able gel-based poloxamer was fabricated for sustained release of lidocaine (Paavola et al., 1995). Such 
approach had the advantage of delivering psychotropic drugs in hospital environment to surpass the 
pitfalls encountered in the conventional method. Despite delivery, rapid diffusion and duration of drug 
release, need further tenability of gel matrix. Moreover, by adopting covalent crosslinking with other 
functional moieties viz. ethoxysilane, amine and / or carbohydrates, may help prevent the considerable 
loss of the drug when exposed to biological fluids (Kim et al., 2002).

LIMITATIONS

The recent years has seen a dramatic increase in the technological development and its implications in 
wide arena is a good sign of scientific refinement. As with the nanotechnological intervention, there is 
no doubt that we are progressing but at the same time we need to be prepared to run the risk while using 
manufactured nanomaterials. This demands a thorough understanding on the performance characteristics 
of the nanomaterials, their toxicity, environmental and human impacts. In this line, evaluating toxicity, 
dosing metrics and adverse effects must be closely monitored by pursuing in vitro, in vivo animal and 
human studies. 

The remarkable physico-chemical properties acquired by the nanomaterials upon size reduction need 
extensive research on the mechanism of chemical reactivity and biological uncertainty. There is a press-
ing need for investigating the behavioral pattern of these nanoforms inside the biological system like 
activating immune response, inducing oxidative stress and damaging DNA / proteins. There is a great 
deal of efforts in bringing down the size and shape so as to explore the potential of nanomaterials to the 
fullest extent without affecting the surrounding environment. This requires a careful analysis of each and 
every particle for its interactions and tendency to form aggregates that may hinder from expressing its 
activity. There are other parameters that may contribute greatly for toxicity viz. chemical composition, 
surface charge and the role of functional groups on the nanoparticles.

As for the QDs are concerned, the toxicity may be due to surface functionalization or ROS generation 
which inturn damage the mitochondria, nucleus and plasma membranes. It is therefore essential to select a 
different type of nanoparticles based on the desired application. For instance, metal nanoparticles induce 
toxicity on its own and can have a broad target range whereas when they are functionalized with a poly-
mer or capped with a protein moiety, the possibility of aggregation is reduced with no cytotoxic effects.

One of the major limiting factors dealing with nanotechnology and nanomaterials is the cost-effec-
tiveness. The increased cost in health care settings would enable only the affordable to enjoy the privilege 
while making it difficult for the poor to access them (Hui Nicole Chia Poh, 2005). Furthermore, the 
ethical, societal and legal aspects of nanotechnology in medicine need critical analysis. Most importantly, 
the exposure of nanomaterials to humans need randomized clinical trials before being launched into the 
market pertaining to human exposure, environmental release and the typical half-life of the material 
concerned (Resnik et al., 2007).
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CONCLUSION

Antimicrobial resistance (AMR) is considered as one of the major threat challenging the scientists 
across the globe for which humans are victimized. This phenomenon is predominantly evidenced not 
only in bacteria but also in fungi, viruses and protozoans. It is at this juncture that the world needs novel 
antimicrobials to counteract the current situation. In this context, the origin of antimicrobial resistance 
and the factors influencing the dissemination of AMR genes have been critically discussed. Further, the 
mechanism driving the antimicrobial resistance through HGT, plasmid, transposons etc. have also been 
described in brief. Besides antibiotics, novel nanotechnological approach in containing the spread of MDR 
strains has been reviewed. Metal nanoparticles that include Au, Ag, ZnO, TiO2 etc. and their mechanism 
of action in the inhibition of MDR strains comprising bacteria have been elaborated with illustrations. 
Moreover, improving the antimicrobial efficacy of nanoparticulate system by conjugating with either 
polymer or with other antibiotics (synergistic effect) has also been addressed. Most importantly, the 
limitations of nanoparticulate system under various physiological conditions and lack of in vivo animal 
and human studies have been mentioned. In addition, the environmental impact, huge investment and 
high technical expertise made nanotechnology available to the affordable leaving behind the poor. Once 
these constraints are considerably reduced, the possibility of nanomedicine and its reach might have a 
significant impact on the healthcare system for building a disease-free society. 
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ABSTRACT

Nanotechnology has vast applications in virtually all the fields including health and environment. 
Nanomaterials have different origins like plants, animals, metals, and microorganisms. They have lar-
vicidal activities against mosquito larvae that cause malaria and dengue fever which are most malicious 
parasitic diseases of human beings. Multidrug resistance of malaria has been reported in different parts 
of Southeast Asia especially to the first line of antimalarial drugs. Nanomaterials having different origin, 
sizes, concentrations, and shapes, have varied efficacy against the vectors which are comparable with 
the commercially available insecticides and even have better results than the same. Nanomaterials can 
be used as an alternative to commercially available insecticides for the eradication of vectors causing 
both the diseases. In this chapter, types, sources, composition, larvicidal potential against vectors of 
nanomaterials have been discussed along with possible toxicity and future recommendations on the 
eco-friendly approach for the control of mosquito-borne diseases.
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INTRODUCTION

Nanotechnology is not definite and restricted to a single discipline, instead it is interdisciplinary field 
including different disciplines like natural sciences, engineering science and lately toxicology field. 
Through application of molecular biology with engineering have produced new multifunctional struc-
tures for higher biological assessment with significant qualities such as higher specificity, sensitivity 
and recognition rate. The significant study of nanotechnology is the incorporation of several types of 
nanoparticles (NPs) in diverse compositions, sizes and shapes with specific differences (Ullah Khan et 
al., 2018). Lately, the production of metallic NPs, i.e., silver, gold, iron, titanium, palladium, copper, 
zinc, platinum, and cobalt from natural sources has obtained significance (Goodsell, 2004; Rahman et 
al., 2019). The biosynthesis of metallic NPs is commonly based on the reducing and stabilizing potential 
of plant extracts and other metabolites. The key factors that influenced the NPs size, shape, and their 
stability; are the concentration of metal ions and the plant extract (Rajan et al., 2015). 

Recently, the awareness of researchers in nanotechnology has increased exaggeratedly to synthesized 
nanoparticles for their biomedical and environmental applications like drug delivery, gene delivery, 
diagnostics, tissue engineering, imaging, artificial implants and especially for the mosquito-borne dis-
eases and other pest management (Amerasan et al., 2016). Several reliable plant-mediated and chemical 
composites have been anticipated for effective and prompt synthesis of metallic nanoparticles that exhibit 
exceptional anti-plasmodial activity, as well as larvicidal potential, in laboratory and field conditions. 

Mosquito is an insect belongs to Family Culicidae, order Diptera. More than 3500 species of mosquito 
have been identified throughout the world (Harbach, 2013). In these species the major genus is Aedes 
which has more than 900 species. Some of them are vectors for several pathogens including arboviruses, 
protozoans, filariae and few bacteria that cause serious infectious diseases (Becker et al., 2010; Dieme 
et al., 2015). Pathologically most significant genera are Aedes, Anopheles, Culex (Ghosh et al., 2012). 
Aedes mosquitoes are the best-known vectors of dengue and yellow fever. Several Aedes species also 
act as vectors of other viral and filariasis diseases. Ae. aegypti and Ae. albopictus are causal agents of 
diseases like dengue and hemorrhagic fever (Gubler, 2002).

The four types of viruses (DENV-1, DENV-2, DENV-3, DENV-4) belonging to the family Flaviviridae 
causes viral infection, dengue fever. It is either transmitted by biting the Ae. albopictus and Ae. aegypti 
(female mosquitoes) from dawn to desk (ECDC, 2019a, 2019b). Malaria is often caused by parasites 
named, Plasmodium. The parasite is transferred to other people and animals through the biting of in-
fected Anopheles mosquitoes, the Plasmodium mainly bite during dawn and dusk (Jensen & Mehlhorn, 
2009). According to malaria control program, 177 million people in Pakistan are at danger of malaria, 
and 3.5 million are confirmed cases annually. It was aimed to reduce the disease burden by 75% in 2020 
(DMC, 2020) but still there is need to work more to control the spread of this disease along with dengue 
fever as 998 cases of dengue fever appeared in 48 week of 2019 (WHO, 2019). In 2019, 52485 cases of 
dengue fever were reported including 91 related deaths in almost all provinces of Pakistan(WHO, 2019). 

Various conventional methods are used to control population of vector like mosquitoes including 
chemicals (insecticides), physical, biological, environmental management etc. (Ahmed, 2018) along with 
the medicine to prevent the malaria and dengue fever. The prevention and control of vectors through 
these conventional methods has caused the development of resistance in mosquitoes against antipara-
sitic drugs and insecticides. The other factor in limiting insecticidal approach for mosquito control is; 
their unfavorable impacts on the environment including plants and human health. Among the emerging 
approaches, nanomaterials played a tremendous role to control the mosquito vectors. Empirical studies 
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have reported the impact of Metallic and other Nanoparticles (MNPs) against vector causing dengue 
and malaria. Plant synthesized nanoparticles has received great attention due to their safe, cheap and 
environment friendly nature. Limited work has been done on fate, transport and toxicity of metallic and 
other nanoparticles. Mostly review studies have emphasized on supplementary work to address the is-
sues related to toxicity of NPs. In this chapter, we focused on the different types of nanomaterials, their 
sources and composition, nanomaterials been tested for larvicidal potential against vectors of dengue and 
malaria, the possible toxicity of those nanomaterials and future recommendations on the eco-friendly 
approach for the control of mosquito-borne diseases.

TYPES, SOURCES AND COMPOSITION OF NANOMATERIALS

The types of nanomaterials applied for environmental and health applications and specifically applied 
for insecticides are:

Carbon Based Nanomaterials

Commonly, this type of nanomaterials NMs comprise carbon, and are observed in spheres, hollow tubes, 
or ellipsoids morphologies. Normally carbon-nanotubes (CNTs), carbon nanofibers (CNFs), Fullerenes 
(C60), graphene (Gr), Nanocones, carbon black, and carbon onions are contained within this group. The 
synthesis methods used for these NMs are laser ablation, arc discharge, and chemical vapor deposition 
(CVD) except carbon black (Kumar et al., 2016).

Inorganic Based Nanomaterials

Inorganic-based NMs comprised of metal and metal oxide nanoparticles. These nanomaterials can be 
shaped into metals such as Fe, Au, Co, Cu, Ag, Ti or Zn NPs, their metal oxides i.e., CuO, TiO2 and ZnO 
NPs, or binary compounds when including carbides, nitrides, etc. and in the form of semi-conductors 
like silicon and ceramics (Jeevanandam et al., 2018).

Organic Based Nanomaterials

In this group, nanomaterials mostly comprised of organic matter, exclusive of carbon and inorganic based 
NMs. The weak (noncovalent) interactions of molecules for the design and self-assembly facilitates to 
alter the organic nanomaterials into preferred nanostructures including liposomes, micelles, dendrimers, 
and polymer NPs (polystyrene) (Jeevanandam et al., 2018; Kumar et al., 2016).

Composite Based Nanomaterials 

Composite based nanomaterials are multi-phase nanoparticles in which one phase is in nanoscale either 
combine one NPs with another NPs or any NPs combined with large bulky-materials such as alloys, 
hybrid nanofibers or more complex structures (metal-organic structure). In other words, composites are 
any combinations of carbon, metal or organic based nanomaterials with any metal, ceramic, and polymer 
bulk material (Jeevanandam et al., 2018). 
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Quantum Dots 

Quantum dots are small particles of any semi-conducting material, display unique electronic properties 
and produce distinct colors based on particle’s size (e.g. LEDs, solar cells) 

Different sources are used for the synthesis of nanoparticles like plants (Bianca Morejón et al., 2018; 
Morejon, 2019) including herbs herbal essential oils (Adhikari et al., 2013; Sutthanont et al., 2019) 
metallic NPs (Kumar et al., 2016). Different methods like gas phase processes, liquid phase synthesis, 
mechanical synthesis and biological synthesis are used to synthesize MNPs (Adhikari et al., 2013) but 
ecofriendly, effective and more economic methods are widely adopted for green synthesis (Aitken et al., 
2004). Schematic diagram of nanomaterials and their applications against larvae of mosquitoes (both 
malaria and dengue causing mosquitoes) are presented in Figure. 1. 

Schematic diagram of Nanoparticles used against mosquito vector and how they act against Plasmo-
dium is given in Figure 2.

NANOMATERIALS FOR THE CONTROL OF DENGUE AND MALARIA VECTORS

Nanobiotechnology has vast applications in the field of tropical diseases including use of nano-insecticides, 
nano-biodevices, nanowires-based sensors, nanoparticles etc. Nano-biosensors can help in the detection 
of dengue virus which are inexpensive, easy to correlate and use (Durán et al., 2016). In recent times, 

Figure 1. Schematic diagram of Nanotechnology impacts on malaria and dengue vectors.
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few plant extracts have been discovered for their effectiveness against Ae. aegypti. larvae and pupae. 
Plants as a reservoir of rich bio-active organic compounds, produce different secondary metabolites that 
serve as defense mechanism against pests (arthropod). These secondary metabolites act as repellents, 
insecticides, attractants, growth inhibitors, antifeedants, mimics of juvenile hormone, oviposition deter-
rents, and moulting hormones (Benelli, 2015b; Pavela, 2015a). 

Biosynthesized silver nanoparticles (AgNPs) from the aqueous leaf extracts of Ambrosia arborescens 
were evaluated against third instar larvae of Ae. aegypti. The larvicidal activity shown by these nanopar-
ticles were more higher (LC50) than the plant extract with LC50 and LC90 of (0.28 ppm, 0.43 ppm; 
1844.61 ppm, 6043.95 ppm) after 24 h exposure (Morejon, 2019). The water extract of rhizome (H. 
coronarium) was recognized as more fatal against 1st to 4th instar Ae. Aegypti larvae. The calculated dose-
dependent effect was found in this study with LC50 values of 24.264 ppm (1st instar), 39.769 ppm (2nd 
instar), 52.715ppm (3rd instar), and 72.618ppm (4th instar) (Kalimuthu et al., 2017). In previous studies, 
Kalimuthu et. al., 2013 noted the high larvicidal activity of methanol extract of the seaweed Gracilaria 
firma against larvae of Ae. Aegypti (Kalimuthu et al., 2013). More, Murugan et. al., 2015c described 
the exposure of leaf extract Artemisia vulgaris as an effective larvicidal and pupicidal chemical against 
Ae. aegypti, with LC50 of 240.8 ppm (1st instar), 269.3 (2nd instar), 288.2 (3rd instar), 322.7 (4th instar), 
and 342.2 (pupa) (Murugan et al., 2015c). 

Figure 2.. Nanoparticles scheme used against mosquito vector (Plasmodium and mosquitoes’ vector) 
(Barabadi et al., 2019).
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Panneerselvam et. al., 2016 explained the Pteridium aquilinum-synthesized silver nanoparticles as 
toxic larvicidal agent to Anopheles stephensi larvae, with LC50 starting from 7.48 (1st instar) to 31.51 
ppm (pupae) (Panneerselvam et al., 2016). The green synthesized AgNPs using an aqueous extract of 
Centrocerus clavulatum were found highly toxic to both pupae and larvae of Ae. Aegypti (Murugan et 
al., 2016b). The LC50 of synthesized AgNPs were 21.460 ppm against 1st instar larvae and 33.877 ppm 
against pupae of Ae. aegypti. Madhiyazhagan, P., et.al., 2015 experimented the larvicidal effective-
ness of Sargassum muticum synthesized AgNPs against Ae. aegypti, and An. stephensi. The calculated 
LC50 against ae. aegypti were 20.237 ppm (1st instar), 21.802 ppm (2nd instar), 23.732 ppm (3rd instar), 
28.099 ppm (4th instar), 30.579 ppm (pupa) and LC50 against An. stephensi were 16.156 ppm (1st instar), 
17.809 ppm (2nd instar), 22.068 ppm (3rd instar), 26.086 ppm (4th instar), and 28.881 ppm (pupa) (Mad-
hiyazhagan et al., 2015). Similarly, Balakrishnan et. al., 2016 examined that the larvicidal potential of 
Avicennia marina synthesized NPs compared to Ae. aegypti and An. stephensi through LC50 of 7.406 
mg/L and 4.374 mg/L, respectively (Balakrishnan et al., 2016). Field assays probing the mosquitocidal 
potential of green-synthesized AgNPs are currently constrained (Dinesh et al., 2015; Subramaniam et 
al., 2016). Suresh et al. 2015, stated that the field application of the extract of P. niruri (10 * LC50) 
resulted in larval reduction of Ae. aegypti to 39.9, 69.2, and 100%, after exposure of 24 h, 48 h, and 72 
h, respectively (Suresh et al., 2015).

Roopan, S. et.al., 2018 depicted the larvicidal efficacy of the synthesized ZnO NPs for different 
concentrations ranging from 15 ppm to 120 ppm against the Ae. Aegypti (Roopan et al., 2018). Mortality 
rate resulted from ZnO NPs exposure was 21.4±2.3 to 88.6±1.2. Abinaya, M., et.al., 2018 investigated 
the EPS coated zinc oxide nanoparticle (EPS ZnO NPs) for their larvicidal activity. The calculated 
LC50 and LC90 against Ae. aegypti were 50.20 μg/ml and 93.13 μg/ml; and LC50 and LC90 against 
An. stephensi were 43.57 μg/ml and 82.49 μg/ml, respectively (Abinaya et al., 2018). In 2018, larvicidal 
potential of leaf extract of T. procumbens and synthesized CuO nanoparticles against Ae. aegypti were 
explored by (Muthamil Selvan et al., 2018). The highest larvicidal potential found in leaf extract of T. 
procumbens and CuO NPs against the Ae. aegypti larvae with LC50 of 60.965 mg/L and 4.209 mg/L, 
respectively. Suman, TY., et.al., 2015 demonstrated the larvicidal potential of biosynthesized titanium 
dioxide (Ti O2) NPs with LC50 of 23.711 mg/L, 16.292 mg/L and 13.620 mg/L, 5.032 mg/L against ae. 
aegypti and an. stephensi after 24 h and 48 h, respectively (Suman et al., 2015). Further detail of studies 
of nanomaterials against vectors and their control is given in Table-1.

TOXICITY AND ECOTOXICITY OF NANOMATERIALS

Although, nanomaterials have fruitful applications but toxic effects cannot be ignored like damage DNA, 
membrane, mitochondrial damage, oxidative stress, neurotoxicity, penetration through exoskeleton and 
intercellular damage (Tunçsoy, 2018). Although the intact skin is thought to be an effective restraint; but 
silver absorbed through the mucosal exteriors and compromised skin. Widespread argyria was seen with 
nanocrystalline ionic silver in humans with increasing doses in between 70 to 1500 mg silver/kg body 
weight. Silver is measured to have a low risk of skin irritation. Few cases of allergic contact dermatitis 
and eye irritation have been informed. Silver can cause genotoxicity, but supplementary data is necessary 
to evaluate its oncogenic potential (Hadrup et al., 2018). A 100 cm2 gauze of cotton fabric comprising 
a 2% AgNPs dispersal was dermally employed in rabbits. The silver formulation was categorized as a 
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scarcely traceable irritant (Zelga et al., 2016). The toxic effect of SiO2 and Al2O3 NPs reported due to 
binding with cuticle and later physio-sorption of waxes and lipids, leading to insect dehydration (Benelli, 
2018). They can enter through lungs and accumulate in the liver and damage brain (Elsaesser & Howard, 
2012) but some studies reported that food grade nanoparticles like ZnO and Curcumin NPs are safe and 
may be present in nature. Case to case study is recommended for the food grade nanoparticles and more 
research has been suggested to understand the behavior of organic NPs (McClements & Xiao, 2017).

Mitochondria specific effects of AgNPs exposures have been recognized in numerous cell types, 
together with membrane potential loss, decreased MTT reduction, decreased ATP content, release of 
cytochrome c, (Gerencser et al., 2012; Jaiswal et al., 2015; Sanpui et al., 2011) enzymes inhibition 
embraced in oxidative phosphorylation, and alteration in calcium sequestration. Still, the biological 
importance of mitochondrial toxicity because of AgNPs exposure is formerly partly understood (Maurer 
& Meyer, 2016). Applications of nanomaterial on environment and applications against insecticides may 
harm other useful species like Daphnia. A study on photoinduced toxicity of TiO2 in natural sunshine 
reported 139 ppb under full strength ambient natural sunshine at 8h LC50 of anatase TiO2 NP and 778 
ppb was observed at 50%, while more than 500 ppm under 10% natural sunshine (Mansfield et al., 2015). 
Similarly, NPs may have some low impacts on longer exposure to other beneficial soil organisms like 
BNF bacteria and nitrifying bacteria (McKee & Filser, 2016). 

Some nanoparticles line mineral NPs and organic polymer-based NPs like starch derivatives and den-
drimers etc. are highly degradable and may dissolve over time in the environment (Rana & Kalaichelvan, 
2013). A study reported that non targeted effects had been observed with no genotoxicity or acute toxicity 
on other aquatic organisms at the recommended lethal dose (Benelli, 2016), however, further studies 
on behavior and fate of Ag ions and other MNPs were suggested before its applications. To understand 
the impact of MNPs on biological systems, there is need to identify the biomarkers and further tests 
have been suggested (Sahu & Hayes, 2017). Schematic diagram of human body with different exposure 
pathways to nanoparticles, affected organs and their associated diseases from epidemiological in-vitro 
and in-vivo studies is given in Fig. 3.

NANOMATERIALS VS ANTIPARASITIC DRUGS

Like the antibiotic resistance, antiparasitic drug against malaria and dengue fever has been reported. 
On the basis of Plasmodium species, the geographic region of the infecting species, and the severity 
of the patient’s infection, drug is suggested (Hill SR & GK. , 2019). Chloroquine drug is used to treat 
uncomplicated malaria caused by all species of Plasmodium except P. falciparum, which are becoming 
resistant increasingly. According to WHO, Amodiaquine in combination with artesunate used to treat 
uncomplicated chloroquine-resistant P. falciparum infections (WHO, 2015). An artemether-lumefantrine 
combination or an atovaquone-proguanil combination may be used for the treatment for chloroquine-
resistant P. falciparum (Campbell S & K, 2019). A study conducted in 2004 suggested the use of anti-
malarial drug combination like Artemisinin derivatives are effective against malaria (White, 2004). A 
case of early treatment failure was reported in coexisting malaria and dengue infections with resistance 
to artemisinin therapy and detected pfcrt, pfmdr-1, pfdhfr, and pfdhps genes as a probable cause of 
treatment failure (Saksena et al., 2017). According to a recent news, it has been reported that first two-
line antimalarial drug resistance has spread from Cambodia to Southeast Asia (Hamilton et al., 2019).
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For dengue fever, Chloroquine has some antiviral effects along with antimalarial and helps in improv-
ing the dengue related symptoms (Borges et al., 2013). The antiparasitic drug niclosamide deliberates 
antiviral activity, together with effects on release of viral genome, expression of viral protein, dsRNA 
replication, and release of virus in vitro in numerous DENV infected cell lines (Kao et al., 2018; Li et 
al., 2017). A study conducted by T-L Xu et.al., 2018 reported that Ivermectin can inhibit directly or 
indirectly the DENV-2 multiplication in Aedes albopictus (Xu et al., 2018). The antiviral mechanism of 
ivermectin against DENV-2 is still unknown but it is assumed from the in-vitro studies that it inhibits 
the activity of NS3 helicase, NS5 polymerase proteins, altering mosquito physiology and interrelating 
with glutamate-gated chloride channels or γ-aminobutyric acid-gated chloride channel (Croci et al., 
2016; Mastrangelo et al., 2012). NPs effectively assists in targeted delivery of medicines as it is one 
of the applications of NPs in targeted drug delivery. A study reported the efficient delivery of small 
interfering RNAs through AuNPs and helped in the control of dengue viral infection (Amber M. Paul, 
2014). Similarly, experiments on mice demonstrated that tetravalent DENV subunit vaccines exhibited 
on nanoparticles had the potential to overcome unbalanced immunity (Metz et al., 2018). Nanoparticles 
may be use in targeted delivery of developed vaccines for dengue and malaria and against resistance 
drugs to make it more effective. As effective drugs are available for malaria (Ahmed et al., 2019) but 
to decease drug resistance, NPs may be helpful. Another useful application of nanotechnology is the 
detection and diagnosis of diseases. Pragmatic studies have reported that different types of nanocarri-

Figure 3. Schematic diagram of human body with different exposure pathways to nanoparticles, affected 
organs and their associated diseases from epidemiological in-vitro and in-vivo studies (Cristina Buzea 
et al., 2007).

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



198

Nanotechnology Based Emerging Approaches to Combat Malaria and Dengue Fever
 

ers are used for drug delivery like micelles, quantum dots, dendrimers, zeolites, hydrogels, fullerenes, 
liposomes, polymeric, magnetic and metallic nanoparticles, like silica, gold etc. (Salouti, 2014).

CONCLUSION

Nanomaterials have been found effective in combating the diseases including malaria and dengue fever. It 
is important to understand that these should be nontoxic to both environment and human health. Metallic 
NPs have been found effective, but they can be toxic to human health. Food grade NPs like Curcumin 
and others have been found comparable to metallic NPs and they are non-toxic to human body. Such 
kind of NPs can be more useful, cost effective, applicable to control larvae of mosquitoes and helpful to 
reduce the diseases burden. Comprehensive studies on the toxicity and ecotoxicity should be conducted 
in future to address the effectiveness of NPs against the diseases. Similarly, NPs can be used as carrier 
material for vaccines for the effective delivery of medicines. 

RECOMMENDATIONS

The following are the important recommendations to reduce the malaria and dengue fever by using 
nanoparticles:

• There is need to address the knowledge gaps of toxicity assessment especially the fate and impact 
of NMs against other beneficial species in the complex ecosystem.

• There is need to study behavior and characteristics of NPs under changing conditions before its 
application to the environment.

• Use of economic, ecofriendly and health beneficial food grade NPs are recommended to use 
against the vectors causing malaria and dengue fever. However, their toxicity must be tested before 
use.

• To overcome the development of resistance to available insecticides, use alternate food grade 
NMs is suggested.
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ABSTRACT

In the arena of biomedicine, peptide-nanoparticle conjugates (PNCs) have been newly arising as a 
multifunctional tool. The synergistic effect of the two groups was directly heightened the various biologi-
cal properties. There are thousands of PNCs that have been developed for both the narrow and broad 
bioactivities. In this review, the authors highlighted the novel technologies like single and multi-walled 
carbon nanotubes conjugates, trivalent, and multivalent conjugates and their importance. This study 
provides a clear picture about the emerging technologies in the field of PNCs and also offers a guideline 
for the budding researchers, particularly who are new to this field.

INTRODUCTION

There is an increasing resistance phase in the field of antibiotics, which poses a reverse reaction in global 
health sector and also hindered the development of modern medicine (Aloush et al., 2006; Manchanda et 
al., 2010; Guilhelmelli et al., 2013). The growth and emergence of new and novel antibiotic drugs is slow 
when compared to the increased activity in the resistance. The bacterial candidate those resist the drugs 
are biofilm producers i.e.) there is a protection by the development of extracellular polymer matrixes. 
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Biofilm formation is considered as a serious issue in various sectors like health, food industry and ma-
rine and so on (Hoiby et al., 2010; Otter et al., 2015). In order to battle from multidrug-resistant (MDR) 
pathogens, there is a pressing need for novel alternatives with little chance for resistance development.

To overcome this issue antimicrobial peptides (AMPs) are scrutinized as gorgeous option to combat 
MDR pathogens (Hancock and Chapple, 1999). Nowadays AMPs are evolving as a vital element for wiped 
out the pathogenic microorganisms due to their broad band activity with low rate of resistance formation 
(Wang et al., 2016; Zhang and Gallo, 2016). Even though AMPs also have some constraint attributes 
during their development as therapeutics due to their low permeability rate in the biological barriers 
and poor stability in the enzymatic action (Brandelli, 2012; Kang et al., 2014). These drawbacks can be 
overcome by some alterations like peptide cyclisation, use of non-protein amino acids, peptidomimetics, 
and lipidation (Fosgerau and Hoffmann, 2015; Kaspar and Reichert, 2013; White and Yudin, 2011).

Nanoparticles provide a hidden platform to conflict multidrug-resistant pathogens whereas it holds 
them the antimicrobial activities and many workers proved their mechanism of action (Raghunath and 
Perumal 2017; Azam et al., 2012, Wang et al., 2017). It can rupture the cell membrane of bacteria by 
cell penetration and retort with intracellular targets which leads to toxicity (Zhao et al., 2010). The 
AMPs immobilization to metallic nanoparticles might be an alternate to battle against the multi-drug 
resistant pathogens which leads to increase the antimicrobial activity (Allahverdiyev et al., 2011).This 
criteria comforts few AMPs to overwhelmed the downside such as proneness to proteases and deprived 
penetrability in the biological barriers, since nanoparticles showed tremendous effects in targeted drug 
delivery systems (Brandelli, 2012). This review lightened the nano-peptide conjugates (NPCs) and their 
uses in theranostic and imaging purposes. 

POTENTIAL CANDIDATES FOR CONJUGATION (NANO-PEPTIDE PARTICLES)

Nanoparticles are magnificent candidate for drug carriers to the particular target sites. The combina-
tion of nano-peptides generates, there is a decline in their toxicity due to its synergistically heightened 
antimicrobial activities and low requirement of high dosages (Allahverdiyev et al., 2011). In antibiotic 
therapy, nanoparticles as peptide conjugates and carries to the infection site are evolving as a promising 
approach (Gao et al., 2014).NPCs can endure a robust light plasmon resonance, which used for drug 
release by photo activation (Pissuwan et al.,2011). In biological structures, mostly interface are centred 
on non-covalent interactions and hydrophobic interactions. The weak discrete bands interrupt the inter-
action meanwhile the supportive action allows vigorously bonding in binding kinetics grounded on the 
formula that the number of distinct binding pair is directly proportional to the collective binding strength.

TYPES AND SHAPES OF NANO-PEPTIDE CONJUGATES

The exclusive features of the conjugates depends upon the tiny molecules and greater micrometer shape 
particles which have been commonly used in the field of biomedical engineering (Bianco et al., 2015, 
Bozzuto and Molinari,2015, Banik et al., 2016, Bhatia,2016, Giner-Casares et al., 2016, McNamara and 
Tofail,2017).The distinctive assets of nanoparticles gathering them with bioactive groups which aid to 
massive biomedical applications. The probable effects of well - studied nanoparticles are tabulated in 
Table 1. 

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



208

Current Strategies in Peptide Conjugated Nanoparticles
 

The FDA approved nanoparticles are used for clinical purposes (Anselmo and Mitragotri, 2016). 
Amongst all, Gold nanoparticles were found to be the potential for its biocompatibility and stability. 
These can be synthesized by a precise mechanism in order to achieve the perfect shapes and sizes for 
particular application, which is tabulated in table .2

METHODS FOR CONJUGATING NANOPARTICLES TO PEPTIDE

The procedure used to conjugate nanoparticles and peptides can be achieved either through physisorption 
or chemisorption (Katz and Willner, 2004). Physisorption method is facilitated by intermolecular forces 
via van der waals force. The latter one is mediated through the covalent binding of the biomolecules 
with various conjugated chemistries in the thiolate bonds. For example there is a direct conjugation 
takes place to the gold and silver nanoparticles, where the thiol group containing peptides (Jazayeri 
et al., 2016; Ravindran et al., 2013). Another example for covalent chemistry is vancomycin antibiotic 

Table 1. Nanomaterial types and its credible effects

S.No Types of Nanomaterial Probable Effects References

1 Metallic nanoparticles 
Antimicrobial, biodistribution, 

photoablation and hyperthermic 
therapies

Versiani et al., 2016, 
Dreaden et al., 2012, 

Gao et al., 2012, 
Howes et al., 2014

2 Carbon nanotubes invasive stimuli for engendering 
hyperthermia

Akbarzadeh et al., 2012, 
Shen et al., 2017

3 Liposome
Drug delivery agents and 

functionalised with lipids and 
ligands

Bozzuto et al., 2015

4 Quantum dots In imaging system (in vitro and in 
vivo) targeted diagnosis or therapy

Howes et al., 2014, 
Zhao, et al., 2017, 
Argyo et al., 2014, 
Bharti et al.,2015, 

Croissant et al., 2017, 
Mehmood et al., 2017

5 Polymeric nanoparticles Precise anticancer drug delivery
Ahmad et al., 2014, 

Zhang and Zhang, 2017, 
Moreno-Vega et al., 2012

Table 2. Shapes and Size of the distant NPCs and its application

S.No Shape Size Application

1 Clusters < 2nm Enhanced laser-induced bacterial killing, cancer therapy

2 Nanospheres 2-100 nm Drug delivery, enhanced Raman imaging for small living cell

3 Nano rods >2 nm Drug delivery, cell imaging, in vivo imaging and cancer 
therapy

4 Nanoshells 10-400 nm In vitro and in vivo imaging, cancer therapy, 

5 Nanocage 20-200 nm Photothermal cancer therapy
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glycopeptide with gold nanoparticle as bis vancomycin cystamide (Gu et al., 2003). Many parameters 
may influence the conjugation like concentration of peptide, reaction time, conjugation buffer used to 
produce low Polydispersity along with peptide conjugates in high density. The single step process was 
taken place while in formation of conjugates, due to presence of cysteine which has numerous noteworthy 
advantages like peptide density, uniform particle size and aggregation behaviour.

MECHANISM OF NANO-PEPTIDE CONJUGATES

The mechanism for the significant antimicrobial activity is facilitating the drug concentration at the 
specific site of infection. Additionally, it also interacts with carbohydrates and proteins which are present 
in the outer membrane of the gram negative bacterial cell wall and left over in the membrane (Verma et 
al., 2013). The porin ion channels in the plasma membrane allowed the deposited proteins or the drugs 
are diffused by the phospholipid layer (Katz and Willner, 2004). The particular action is beneficial for 
biofilms producing bacteria for the interaction between the therapeutic as well as the conjugated peptide 
when compared to non-conjugated peptides.

STABILITY ENHANCEMENT

It is a well-known fact that there is an huge amount of NPCs have been showed positive results in the 
field of biomedicine, but still the NPCs are in infancy stage which needs to constructs the NPCs under 
controlled environment. There are many obstacles in translating NPCs stability under venerated situa-
tion in the multifacinated biological environments (Park, 2013). Coating of drugs such as peptides or 
proteins played a vital role in facilitating NPCs centered technologies (Bjornmalam et al.,2016).NPCs 
clumping was prevented by coating which results the drugs was cleared from the blood circulation. So, 
constructions of NPCs are multidimensional criteria, which were designed carefully with utmost care 
that safeguards the final application of the technology.

The attachment of opsonin proteins to the NPCs showed a vital role in eliciting clearance, provoking 
macrophage identification and finally exclusion takes place by phagocytosis (Peng et al., 2013, Gao and 
He, 2014). Apart from that, physical stability is also considered as an important factor while construct 
NPCs in the field of biomedical science (Moore et al., 2015). The discharge of tiny particles and ac-
cretion of larger aggregates leads to the reduction in the toxicity of the molecules (Herce et al., 2014, 
Bechara and sagan,2013, Kettier et al., 2014, Guidotti et al., 2017, Zhu et al., 2013). Several studies 
proved the ability of NPCs under in vitro and in vivo conditions, produce a disseminated and stable in 
various controlled conditions (Cui et al., 2016, Feliu et al., 2017, Pamies et al., 2014, Neupane et al., 
2017). Additionally, the studies showed agglomerated nature which alters the assets mainly in the lethal 
effects. The accumulated molecules may significantly decline the surface area of the particles and also 
low uptake of cellular components (Gupta et al., 2016, Wu et al., 2014).
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BIOMARKERS AND BIO IMAGING

Bio imaging at molecular level depicts the clear pictorial representation on evidence about biological 
process at high resolution (Cassidy and Radda, 2005, Prabhakar et al., 2013, Nichols and Bae, 2014, 
Danhier,2016, Anchordoquy et al., 2017). In the field of nanobiotechnology, there is an advanced 
growth in the molecular imaging technique by using the imaging probes (Kim et al., 2018, Yao et al., 
2016, Gupta et al., 2014, Kunjachan et al., 2014, Curnis et al., 2016). Novel probe was preferred for bio 
imaging due to the fact that prolonged stability, accurate target site and rapid clearance property of the 
peptides (Spicer et al., 2018, Geng et al., 2016, Ding et al., 2017, Mu et al., 2015, Yeh et al., 2016). The 
integrated and prefabricated nature of the peptides helps to study the imaging modalities, which resulted 
in fabulous outcomes in the in vivo models and preclinical studies. The facility to enrich the target to 
background signal offered by peptide nanoparticle conjugates is a key lead in this study (Chapman et 
al., 2013, Mann et al., 2016, Agemy et al., 2016, Chen et al., 2011, Yang et al., 2013).

NPCs biological dispersal may epitomize the accumulation of the particles in some types of tumours 
through EPR effect (Bae and Park,2011, Lee and Yu,2017, Schwendener, 2014, Liu et al., 2015 ).NPCs 
targeting the liver and spleen which obviously dropped clearance from blood and other parts of the or-
gans needs active mode of guiding drug delivery (Weis,2008).The recognition motif nearby the corona 
of NPCs is the mostly employed technique which muddle the cell surface receptors (Panagi et al.,2001).

The emission spectra at 700 and 1100 nm in infra-red (NIR) fluorescence imaging consumes imaging 
agents which breaches the tissue and heightens the tissue imaging (Owens et al., 2016).Now a days NIR 
imaging was used with the aid of NPCs for the detection of abnormal cancerous tissue at high specificity 
(Cao et al., 2011, Estelrich et al., 2015). The fluorescent nanoparticles conjugate with cyclic peptides 
were co assembled with Zn2+ ions to create strong NIR fluorescent signals (Fan et al., 2018, Thakor et 
al.,2016, Yun and kwok,2017). Even though many advantages, still the toxicity and biological stability 
could be addressed for the effective scientific translation and NPCs based bio imaging paves a new at-
tention in the biomedical field for current diagnostic and therapeutic platforms.

CONCLUSION

Nature takes millions of years to gradually develop the proteins with bioactivity but still there is a chal-
lenging task to partitioned, constructed the peptide from the resources. The bioactive domain with flex-
ible orientation was responsible for the powerful NPCs or Nano protein conjugates (Parolo et al., 2013, 
Heinis and Winter, 2015).The NPCs provides the stable antimicrobial activity when compare to free 
antimicrobial peptides against the drug resistant bacterial pathogens. It is a novel group of biomaterial to 
those dragging MDR pathogens, as biomarkers from human body fluids and as submicron bio imaging 
agents. Generally along with the prompt developments in the field of nanotechnology, the NPCs will 
probable become an innovative platform for typical therapeutic and investigative structures.
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ABSTRACT

Nanotechnology has explored tremendous development during the last decade because of its specific 
properties. Nanotechnology offers generous prospects in the improvement of agriculture, water treat-
ment, and food industry. In this study, modern extraction techniques of agricultural and plant samples 
with advanced characterization methods were discussed. Additionally, various factors affecting during 
synthesis of NPs are also briefly described. The assessments of NPs in these samples are very complex 
and various techniques are to be used to get essential data. The outcomes estimated by these various 
techniques and methodologies are not constantly identical because of different samples different stan-
dardization methodology. A new challenge emerges when testing samples with low concentration. For 
this situation, expository techniques with high affectability are wanted to gauge low convergences of 
NPs. A perfect analytical technique should be able to detect plant-NP association, for example, structure, 
morphology, natural speciation, size, mass concentration, etc.
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INTRODUCTION

The expanding utilization of nanoparticles (NPs) on the planet has raised huge worries about their poten-
tial effects on biological systems, sanitation and human wellbeing, prompting for thorough examination 
regarding the association between NPs and crop plants (Chandran et al. 2006). In this manner, idea of 
plant-NPs interaction component is necessary for precise hazard appraisal to safe guard the adequate 
utilization of NPs (Handy et al. 2008). Nanotechnology has been generally applied on innovative products, 
biosensing techniques, optics, germicidal agents, memory chips, remote electrical devices and electrom-
eters (Maruyama et al. 2016). Furthermore, in agrifarming perspectives, NPs are frequently consolidated 
to nano-figured pesticides, composts and nanosensors for plant safety (Serrano et al. 2014). Ascent of 
sap drives the transport of solutes across plants. Research confirms that built NPs accumulates in tissues 
of plant (Bandyopadhyay et al. 2013). There are different customized NPs with various morphology, 
properties and size. Designed NPs additionally show unique concoction and physical characteristics 
with various ecological practices and quality in correlation to mass partners, of 1 to 100 nm and high 
surface volume (Chaudhry et al. 2008; Joginder et al. 2017). Biosynthesis techniques follow conven-
tional methods because of the accessibility of progressively natural substances and eco-accommodating 
methodology. The rich biodiversity and simplicity of plant elements have been profoundly investigated 
for the nanomaterials combination (Maruyama et al. 2016). Characterization of NPs during plant – NPs 
association with advanced instrumentation techniques have been developed to give important informa-
tion about NPs association by the help of advanced microscopic imaging, chromatography, spectroscopy 
techniques etc. In this review, we portray the various synthesis techniques, approaches, factor affecting 
for the synthesis and modern characterization techniques for the synthesized NPs. Additionally, Green 
synthesis of leaf based NPs used in biomedical application and their nano-antimicrobial properties also 
briefly discussed.

Synthesis of NPs Different methods (biological, chemical and physical) are utilized for NPs synthesis. 
Physical strategies consist of including ball milling, thermal evaporation, layer by layer growth, plasma 
arcing, ultra thin films, spray pyrolysis, lithographic techniques, molecular beam epitasis, pulsed laser 
desorption, sputter deposition, and diffusion flame synthesis of NPs (Joerger et al. 2000). Likewise, the 
chemical chacaterisation protocol involves vapour deposition, electro deposition, sol gel method (Panigrahi 
et al. 2004), Langmuir Blodgett approaches, soft chemical techniques, catalytic methods, hydrolysed 
method (Pileni 1997), wet chemical process and co-precipitation techniques (Gan et al. 2012). Chemi-
cally, physical techniques are concentrated with high radiation stabilizing agents which are destructive 
to ecological and to human wellbeing. Thus, organic combination and green synthesis of NPs are easy 
steps towards bio reduction technique and lesser energy utilization during synthesis (Sathishkumar et al. 
2009; Iravani 2011). So, adoption of bioresources like extracts of plant parts, fungi, bacteria, microalga 
are used for the NPs synthesis. In view of these special physiochemical interactions, nanoparticles are 
specifically noteworthy for various applications compound sensors, electronic parts, medicoanalytical 
imaging, pharmaceutics and therapeutics. For instance, metallic NPs like silver, gold, palladium and 
platinum are generally utilized from items going from restorative to pharmaceuticals and therapeutic. 
Gold NPs widely utilized in biomedical engineering (Sperling et al. 2008; Puvanakrishnan et al. 2012), 
chromatography sciences (Sykora et al. 2010), and pharmaceuticals (Cai et al. 2008; Bhumkar et al. 
2007). Silver NPs have been found to contain antibacterial and mitigating properties that can promote 
quick treatment (Huang et al. 2007; Li et al. 2011). Platinum nanoparticles have been generally utilized 
in biomedical therapeutics being pure and alloyed with different NPs (Hrapovic et al. 2004) and NPs 
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with palladium in catalyzed electro-chemical reactions (Gopidas et al. 2003; Mandali and Chand 2011), 
concoction biosensors (Coccia et al. 2012), electro-optical, and hostile to microbialmanagement (Brice-
Profeta et al. 2005). Copper, iron, zinc oxide, and selenium (Pankhurst et al. 2003; Njagi et al. 2011; Lee 
et al. 2011; Brayner et al. 2006) have additionally been adopted in therapeutic medications and against 
bactericidal formulations (Prasad et al. 2012).

Factor affecting during synthesis of NPs Different factors that influence the NPs synthesis and char-
acterization include temperature, pH of solutions, concentration, incubation period etc. (Kharissova et 
al. 2013; Narayanan and Sakthivel 2011; Ajayan 2004; Somorjai and Park 2008; Pennycook et al. 2012; 
Baker et al. 2013). The pH of samples affects the nano-synthesis. Specialists have found that pH of the 
solutions impacts the size and surface of the incorporated NPs (Kharissova et al. 2013). Accordingly, 
size of NPs could be constrained by alteration of pH of the media used. Temperature also influences 
the union of NPs utilizing every one of the three strategies. During the physical method, it requires the 
temperature greater than 350° C, while chemical method requires the temperature under 350°C but 
green biosynthesis of NPs required temperatures under 100°C and sometimes encompassing heat. The 
standardized temperature of response medium decides the characteristics of the formation of NPs (Pan-

Figure 1. Graphical representation of (a) various methods for synthesis of NPs and (b) Bio-synthesis 
of NPs in plant samples.
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khurst et al. 2003). However, the pressure also influences the NPs formation and synthesis. On the other 
hand, medium also influences the size and shape of synthesized NPs (Baker et al. 2013). Metal particles 
reduction speed with bio-agent has been seen faster at surrounding pressure conditions (Somorjai and 
park 2008). The variation and good qualities of synthesized NPs are attributed to incubation period, 
because variation occurs due to long storage and particles may shrink (Akbari et al. 2011; Yacaman 
et al. 2001). Size of particles also determine the properties of NPs. Composition of metabolites differ 
depending on plant species and their extraction procedures because many plant parts and their extracts 
show huge amount of secondary metabolites (Lynch et al. 2007).

CHARACTERIZATION OF SYNTHESIZED NPS

The study by Daniel and Astruc (2004) highlighted the physicochemical parameters like surface porosity 
and surface area, solubility, size, particle size distribution, zeta potential, hydrated surface investigation, 
adsorption potential, wettability, size, fractal measurements, surface shape, crystallinity, orientation, scat-
tering of NPs and nanotubes in nanocomposite materials. The findings of Joerger et al. (2000) emphasize 
adoption of electron microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM). 
Metabolomics holds the key to confirm the presence of multi elements in a unknown compound by use 
of Gas Chromatography and mass spectroscopy (GC-MS), matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF), dual polarization interferometry, nuclear magnetic 
resonance (NMR), nanoparticle tracking analysis (NTA) for evaluation of Brownian motion, and particle 
size analysis (Ingale and Chaudhari 2013).

Detection of NPs formation The inference of formation of different types of NPs is facilitated by UV-
Vis spectroscopy with scan ranging 200 to 800 nm. This gives information about aggregation formation, 
stability, structure and size of the NPs (Mohanpuria et al. 2008; Kharissova et al. 2013).

Determination of particle size and morphology Particle size with surface morphology of NPs are 
imaging by microscopic technology like SEM, AFM and TEM (Ingale and Chaudhari 2013). Many ex-
periments suggested that small micro-particles (MPs) are lesser effective for drug rescue in comparison 
to nano particles (NPs) due to their large size (Mohanpuria et al. 2008; Kreuter 1991). 

TEM It is the most prevalent method for the determination of surface morphology, size and shape of 
NPs (Vimani et al. 2019; Patra et al. 2019). Media and sample preparation for TEM imaging are time 
consuming phenomenon because of preparing very ultrathin sample for transmittance of electron. So 
thin films samples are adsorbed with carbon coated copper grid (Tiwari et al. 2008; Suzuki 2002). After 
that samples were allowed to dry following mercury lamp and exposed under beam of monochromatic 
electron and projected onto display screen for viewing image. Surface atoms arrangement and nearby 
microstructures like screw axes, defects and lattice vacancies, glide plane, lattice fringe of crystalline NPs 
can be detected by using HRTEM (high resolution transmission electron microscopy) (Patra et al. 2019).

SEM This microscopic technique aims to visualize the surface morphology of NPs by direct obser-
vation. The protocol depends on electron microscopy and provides favorable circumstances for mor-
phological and size investigation (Narayanan and sakthivel 2011). The instrument has an electron gun, 
condensed lenses and a vacuum chamber. SEM gives three sorts of chief images: secondary electron 
pictures, backscattered electron pictures and external X-ray maps (Patra et al. 2019). In SEM images, 
NPs must be media dried into powder, mounted on a sample holder, and covered with conductive metals 
like gold-palladium composite, gold, osmium, iridium, tungsten, platinum, chromiumusing a spit coater 
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(Suzuki 2002). High voltage electron is bombarded on the sample to view different emergent signals on 
the surface of the specimens (Jores et al. 2004). These techniques also time consuming, expensive and 
require integral data about the size distribution.

AFM This technique aims contemplate the three dimensional images of NPs and biomolecules. Dis-
similar to transmission electron microscopy and scanning electron microscopy, atomic force microscopy 
gives three-dimensional pictures with the goal that height and molecular volume can be investigated 
(Jores et al. 2004). This method suits for high resolution NPs size evaluation and depends on physical 
scanning of the sample at the submicron plane utilizing a probe tip (Muhlen et al. 1996). Utilizing AFM, 
quantitative data in relation to single NPs and group of particles size (tallness, length and width), surface 
texture and morphology could be accessed by software based imaging solutions (Shi et al. 2003). It can 
be conducted either in gas or liquid medium. For this technique, a little volume of the nano-particles 
is spread on a glass spread, slip mounted on the stub and at room temperature, the sample are dried by 
nitrogen gas. Six to ten pictures then taken for a solitary sample to empower superior interpretation. 
These techniques also produce a topographical map of the samples dependent on the strength between 
the tip and the sample surface (Muhlen et al. 1996). 

DLS These techniques are adopted for particle size distribution. Broadly, it does quantify the size of the 
Brownian NPs in colloidal suspensions. It is also called photon correlation spectroscopy (Mudunkotuwa 
et al. 2012). Monochromatic light emission corresponds to a solution of circular particles in Brownian 
movement and a Doppler shifting happens when the light hits these versatile particles. Thus, changing 
the wavelength of light emission is done by a value identified with particle or molecule size. Likewise, 
DLS empowers nanoparticle movement and size distribution in the sample. This is also processed by 
the estimating diffusion coefficient of the particle (Muhlen et al. 1996).

NTA The Nanoparticle Tracking Analysis is a developed frame work,designed to classify various 
kinds of NPs based on their size ranging from 30 - 1000 nm and the lower detection limit contingent 
upon its refractive index. By this technique, the liquid NPs suspension can be directly visualized (Mu-
dunkotuwa et al. 2012).

XPS This x-ray photoelectron spectroscopy is used to consider the component of magnetic NPs 
surface and different element included and affirm the structure and various components present in the 
magnetic NPs (Faraji et al. 2010).

FT-IR This spectroscopic technique is performed to identify the functional groups available on NPs. 
Utilizing Fourier transform infrared spectroscopy investigation, the IR emission spectrum, photocon-
ductivity, absorption of solid, gas and liquid can be investigated. The range corresponds to a unique 
finger impression of the NPs comprising of retention tops that compare to the frequencies of sensations 
within the obligations of molecules in the NPs. The transmission spectra of NPs are acquired through 
the arrangement of slim, straightforward KBr pellets (Potassium Bromide). The KBr blends were put in 
vacuum line to make pellets and pellets are again put in the vacuum line before use. The transmission 
spectra are acquired subsequent to cleansing in dry air and background comparative with blank KBr 
sample for reference (Virmani et al. 2019).

Zeta Potential The surface charge and stability of NPs are assessed indirectly by zeta potential utiliz-
ing a Zeta size nanomachine. Zeta potential investigation compares the distinction among the surface of 
shear and the external Helmholtz plane. Estimation of the zeta potential indicated the deposition capac-
ity of the colloidal scattering. The characters of the particles embodied within the NPs or coated on the 
particle surface are additionally examined dependent on zeta potential (Otsuka et al. 2003).
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TGA This is utilized to validate the composition of polymers and coating of surfactants to analyzed 
the binding competence on surface of magnetic NPs (Kreuter 1991).

XRD Crystallinity analysis is utilized to identify the different crystalline forms and elemental com-
position of natural and affected material of NPs. Size of the particles determined on the width of the 
peaks utilizing Scherrer equation (Virmani et al. 2019; Patra et al. 2019).

Hydrophobicity Analysis Surface hydro-phobicity assessment of NPs are evaluated by using different 
techniques like contact angle measurements, hydrophobic interaction chromatography, probe adsorp-
tion and biphasic partition. X-ray photon correlation spectroscopy mainly useful to recognize particular 
chemical groups on the NPs surface (Valsesia et al. 2018).

Magnetometry properties analysis Various strategies are available to search the characteristics of 
magnetic NPs including VSM (vibrating sample magnetometry) and SQUID (superconducting quantum 
interference device magnetometry) (Woodard et al. 2018). These methods are component explicit and 
it can evaluate only general polarization. SQUID magnetometry used for the evaluation of properties of 
magnetic NPs. In this method, NPs with magnetic field applied and warmed (Biehl et al. 2018). Polar-
ization is functioned as temperature. VSM directed to assess the charge of magnetic NPs as an element 
of an applied outer magnetic field (𝐻), range within −3 and 3 Tesla. In view of the VSM bend observed
at low and room temperature, the magnetic behavior of NPs could be watched. VSM is a decent system 
for evaluating the impacts of a shell on saturation magnetization (Woodard et al. 2018).

EDX Energy dispersive X-ray spectra used to characterize the elemental composition of the NPs. 
EDS detector can be connected to filtering electron magnifying instrument could distinguish the quan-
tity of X-beams which discharged to adjust the vitality contrast within two electrons. The vitality of the 
produced X-beam is a trademark highlight of the component, and the component is in this manner broke 
down subjectively and quantitatively (Virmani et al. 2019; Patra et al. 2019).

Chromatography and NMR techniques Many chromatographic techniques are used to separate 
NPs from the solution. Size exclusion chromatography (SEC) is used to separating NPs like quantum 
dots, single-walled carbon nanotubes and polystyrene NPs dependent on shape and size. Hydrodynamic 
chromatography (HDC) can separate particles according to their hydrodynamic radius ranging from 5 
to 1200nm depending on column length (Faraji et al. 2010; Biehl et al. 2018). Gas chromatography and 
mass spectroscopy (GC-MS) are also adopted to discriminate the unknown and known metabolites in 
NPs. This technique also successfully implemented in agribusiness management system for pesticide 
detection (Biehl et al. 2018). NMR is also used to structural analysis of the metabolites found by GCMS 
and LCMS (Zhao et al. 2017). Changes in mineral supplement digestion actuated by NPs were controlled 
by inductively coupled plasma-mass spectrometry (ICP-MS) (Mo et al. 2017; Zhao et al. 2017). Blend of 
LCMS and GCMS based metabolomics investigation of hepatotoxic impact of nanoparticles in rodents 
were considered by studies MO et al., (2017). Zhao et al., (2017) concentrated the NMR and GCMS 
based metabolomics uncover NPs adjusted to organic product for healthful stock.

MFFF Sometimes mono dispersed particulate materials were difficult to detect. So, Magnetic field 
flow fractionation technique utilized to identify the poly-dispersed magnetic NPs. In this case, species are 
separated by magnetic susceptibility with size in nanometer to micrometer range (patra and Baek 2014).

LIBD Laser induced breakdown detection technique used to measure the breakdown probability. 
Other laser based detection methods are Raman spectrometry, laser induced fluorescence (LIF) and 
mass spectrometry (MS) (Bundschuh et al. 2001).

SAXS By this technique, structural based fluid and solid materials in nanometer range are investigated 
(Patra and Baek 2014).
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ICPMS It is utilized to the detection of ultra-stress metals in wider range of NPs. This resolved the 
toxicity of NPs. various types of NPs like carbon nanotubes, nickel, gold are quantify by this Inductively 
Coupled Plasma Mass Spectrometry (Fabricius et al. 2014; Aznar et al. 2017; Lee et al. 2014).

LEAVE BASED NPS USED IN BIOMEDICAL APPLICATION

MTT assay Evaluation of cell viability assumes a great job in different aspects of biomedical research. It 
gives critical starting information before performing clinical and in vivo investigations. Different kinds 
of test are accessible for the recognition of cell viability which extends from the routine trypan blue 
dye exclusion assay to exceptionally complex investigation of single cells. Di Methyl Thiazoldiphenyl-
Tetrazoliumbromide (MTT) based test is one of the most abused methodologies in cancer research for 
measuring drug cytotoxicity, cell proliferation and viability. MTT assay involved the conversion of MTT 
tetrazolium salt to purple formazon by feasible multiplying cells. MTT test is known for its fast and 
sensitive examine (Virmani et al. 2019).

ROS This ROS estimation assumes a significant role to control development and growth, abiotic and 
biotic natural improvements in plants. The ROS creation in plants is mostly localized in the mitochon-
dria, chloroplast and peroxisomes. The reactive oxygen species can adjust the cell signaling proteins 
and progressively intercede neurotic actions, like diabetes, atherosclerosis, unchecked development, 
aggravation, neuro degeneration, and maturing (Das and Roychoudhury 2014; Benoit and Michel 2007).

MMP The mitochondrial membrane potential regulate ATP synthesis, ROS, and respiratory rate. It 
also regulates the proton leaks and electron transport (Zorova et al. 2018).

Western Blotting Immuno-assays were accepted standard to determine the subcellular protein con-
finement in single cell. To upgrade the selective when giving single-cell resolution, a subcellular western 
blotting procedure accomplished to separate proteins in 2 pL core of single cells and 14 pL cytoplasm. The 
chemical cytometry assay quantifies the nucleo- cytoplasmic protein circulation in unfixed single cells; 
provide the protein signaling in assorted cells (Yamauchi and Herr 2017). Nanotechnology makes peptide 
discovery conceivable by making a metal-covered film of immobilin-poly-vinylidene difluoride layers.

Table 1. common characterization techniques used for NPs detection.

Types Techniques

Formation of NPs UV-Visible spectroscopy (UV-Vis)

Particle size and 
morphology

Atomic force microscopy (AFM), Scanning electron microscopy (SEM), High-resolution transmission 
electron microscopy (HRTEM), Dynamic light Scattering (DLS)

Surface charge Thermal gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XRP), Fourier transform infrared 
spectroscopy (FTIR), Zeta potential (ZEP) 

Crystallinity X-ray diffraction (XRD)

Magnetic Properties Vibrating sample magnetometry (VSM), Superconducting quantum interference device magnetometry 
(SQID)

Other Techniques
Gas chromatography (GC), Mass spectroscopy (MS), X-ray fluoroscence spectroscopy (XRF), Nuclear 
Magnetic Resonance (NMR), Hyperspectral imaging, inductively coupled plasma mass spectrometry 
(ICPMS)
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FACS Flow cytometry is a routine procedure used to identify and measure the chemical and physi-
cal qualities of a heterogeneous cell mixture or particles. Fluorescence-actuated cell sorting (FACS) 
is also examine the GPI (Glycosyl-phosphatidylinositol) anchored protein expression. The mainly in-
vestigated GPI-anchored proteins include CD16b, CD59, CD55and fluoresce in labeled pro-aerolys in 
(FLAER) that binds to the GPI anchor (Peng et al. 2019).

Cellular Uptake The blend of micro bubbles and ultrasound can encourage cellular uptake of model 
drugs by intercellular localization. By utilizing fluorescent particles, this procedure can be examined 
by confocal fluorescence microscopy. This examination is intended to explore the connection between 
cellular uptake and fluorescence intensity of experimental model medications (Felix et al. 2017). Confo-
cal Raman Microscopy, a non-obtrusive, non-damaging technique is adopted to detect the confinement 
and actual localization of NPs in the cell line set ups. The cells were presented in carbon nanotubes 
(CNTs) which were designed with poly-electrolytes and lipid bilayers, cerium dioxide nano particles and 
aluminum oxide. Raman spectra were applied to acquire the spatial appropriations of NPs together with 
proteins or lipids in cells. The association of the NPs with various lipid bodies, DNA, and protein were 
gathered. Lipid covered CNTs in relation to the specially designed lipid loaded areas are used, though 
poly-electrolyte covered CNTs are avoided from lipid. Al2O3 NPs were originated in the protoplasm. 
CeO2 NPs were promptly taken and could be seen everywhere throughout the cells. Raman z-scans 
exhibit the intracellular circulation of the separate NPs (Plant et al. 1985).

Invivo study Most cancer nano medicines are intended to eliminate disease, the nanomaterial can 
prompt the development of micrometer-sized holes in the vein and blood vessel of endothelial walls. 
Nanomaterials-incited endothelial leakiness may support intravasation of enduring disease cells into 
the surrounding cells. Chick chorioallantoic layer test as an in vivo model to think about the impact of 
nanoparticle based anticancer medications in ovarian disease (Vu et al. 2018). Numerous surveys have 
condensed the techniques in both in vitro and in vivo investigations in certain nanostructures in various 
model frameworks (Potter et al. 2018).

Nano-antimicrobial activity Nanomaterial activities in antimicrobial fields have the prime enthu-
siasm by numerous specialists and scientists. Accessible reports showed that a portion of metal oxide 
NPs including ZnO, TiO2,Al2O3, Co3O4,CuO, MgO,In2O3, ZrO2,SiO2, Ni2O3, Cr2O3,CoO and Mn2O3 with 
toxicity in the direction of a few microorganisms and they effectively kill various microscopic organisms 
(Hoseinzadeh et al. 2017). Some literature suggest the impact and the capacity of nanomaterials against 
some microbes, which are recorded as shape, varieties, grouping of nanomaterial and surface charge of 
the metal nanomaterial scattering and make contact with the nanomaterial to microbial cell, freedom 
of antimicrobial particles, medium segments and pH, physiochemical properties, development rate, cell 
mass of microorganisms, and impact of UV brightening (Wang et al. 2017; Dar et al. 2013). NPs were 
progressively utilized to targeted microorganisms as the alternative in contrast to anti-infection agents. 
Nanotechnology might be especially beneficial in treating bacterial diseases. Models remember the 
usage of NPs for antibacterial coatings for implantable gadgets and restorative materials to counteract 
contamination and advance injury recuperating, in anti-microbial conveyance frameworks to treatment 
malady, in microbial recognition frameworks to produce bacterial and fungal diagnostics, and in anti-
bacterial antibodies to control microbial diseases (Kim et al. 2019). Some papers suggested that NPs 
have been explicitly utilized in agribusiness and drug as antibacterial, antifungal and cancer prevention 
agents. It has been exhibited that the development and augmentation of numerous microscopic organ-
isms like Citrobacter koseri, Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia, Bacillus 
cereus, Vibrio parahaemolyticus, Salmonella typhii, Pseudomonas aeruginosa, and fungus Candida 
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albicans by restricting biomolecules present in the microbial cells (Wang et al. 2017; Kim et al. 2019; 
Mourdikoudis et al. 2018). Since NPs are smaller than the micro organisms and diffuse into cell and crack 
the cell wall which can be again characterized by SEM and TEM pictures of the suspension containing 
nanoparticles and pathogens. 

CONCLUSION

The utilization of NPs in the therapeutics, pharmaceuticals, and horticultural ventures has earned a lot 
of enthusiasm, with an attention on improvement of increasingly advantageous methods utilizing green 
nano-biotechnology tools to generate eco-accommodating, non-toxic and naturally sustainable NPs (Ser-
rano et al. 2014; Bandyopadhyay et al. 2013). There are numerous variables that impact the value and 
amount of blended NPs for their possible usage in different operations. Reasonable portrayal systems 
can exhibit the incorporated nanoparticles proficiently and augment their effective use in ecological, 
electronic, and bio-medical applications. However, biomedical innovations are also required. This review, 
various biomedical techniques used in disease prophylaxis by the administration of NPs was depicted 
in detail. Present and future examinations of green nano-biotechnology will be usher a progressively 
complete information base in relation to various factors that impact the combination of NPs and complex 
innovation which can be utilized to exhibit the incorporation of NPs for its increasingly productive future 
applications in pharma industry and biomedical applications (Mourdikoudis et al. 2018). So, more studies 
were prompted to design a novel system for synergistic effects for treatment of various diseases. Further 
research is also necessitated in animal models to confirm the mechanisms to gain clear cut information 
of biocompatibility and toxicity (Sathishkumar et al. 2009; Puvanakrishnan et al. 2012). Eventually, 
study on bio-safety of NPs and their interactions with cells and tissues are to be focused upon. The best 
concern is to develop tailor made nano based precision therapy for complex disease set ups.
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ABSTRACT

Nanomotors are the new generation drug delivery devices that find their major application in the phar-
maceutical sector. This chapter highlights the basic aspects, mechanisms, and applications of nanomotors 
in antibacterial therapy, cancer therapy, nano-surgery, and imaging. Because of their higher penetra-
tion ability, rapid transportation, and controlled mobility, micro and nanomotors are referred as new 
generation targeted drug delivery devices. The detecting and sensing ability of nanomotors find potential 
applications in diagnostics and therapeutics. Bio-hybrid nanomotors are most attracting candidates for 
effective drug delivery. Bio-functionalized nanomotor can be used for detection and identification of tumor 
cells. Thus, nanomotors and micromotors can pave way for development of diagnostic and therapeutic 
tools for the future. Further development in these areas facilitate the discovery of lab-on-chip devices 
that can be used for super-fast screening and clinical diagnostic applications.
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INTRODUCTION

Micro and nanomotors are the devices capable of converting energy into movement to propel themselves 
in the biological environment. The locomotion of nanomotors are due to fuel or energy (Baeza & Vallet-
Regí, 2018). The integral components of nanomotors are engine and work unit which are responsible 
for providing kinetic energy and controlled response respectively. Based on the mechanism used for 
propulsion, micro and nanomotors can be classified as fuel powered motors and fuel free motors. If the 
energy required for propulsion from using chemicals it is called fuel powered motors. Fuel free mo-
tors are driven my magnetic, electric, light, acoustic and living organism driven. Ultrasound propelled 
nanomotors are the attractive alternates with high precision delivery (Kiristi et al., 2015). The nanomo-
tors can also be specifically used for detection and sensing. A self-propelled gold/ nickel/ polyaniline/ 
platinum nanomotor, coupled with concanavalin A lecitin bioreceptor is proved to be useful for isolation 
of E. coli (Campuzano et al., 2012). A nanomotor functionalized with anti-carcinoembryogenic antigen 
monoclonal antibody is used for detection and identification of tumor cells, as CEA antigen is highly 
found antigen in gastric, colorectal and pancreatic tumour (Balasubramanian et al., 2011). Moreover, 
functionalized nanomachines with ssDNA can been used to clearly isolate the required molecule from 
biological fluid. Further development in these topics can help in the development of Lab on chip devices 
that can be used for super-fast screening and clinical diagnostic applications (Daniel et al., 2011). In 
the above cases the sensing capability of nanomotors and micromotors have been exploited to develop 
diagnostics and sensing tools.

Multiple nanomachines have been investigated for their properties to transport drugs, acting as car-
rier. Microspheres, nanospheres and lipospheres have already been subjected to studies regarding drug 
delivery. These nanocarriers requires fuels to propel to site of delivery. Diallyldimethyl ammonium 
chloride stabilized PtN’s was coated in nanorockets at the inner layer and the outer layer was loaded 
with doxorubicin. Potential propulsion force of the nanomotor was able to effectively travel up to 30 cm 
(Zhiguang et al., 2013). In the presence of hydrogen peroxide as fuel, rolled up nanojets with a sharp tip 
has shown corkscrew like movement (Alexander, 2012), but the toxicity to the biological system elimi-
nates its use. Thus, magnetically controlled nanojets are now under research to develop a fuel free motor 
that is also non-toxic (Xi et al., 2013). The nanorockets were also found to be as efficient as to penetrate 
Hela cells and release doxorubicin inside. Use of nanomotors in imaging will help us to obtain images 
of high details using the existing imaging systems. Catalase coated silica nanospheres was used for the 
inflammation relating to hydrogen peroxide can be converted to oxygen microbubbles under ultrasound, 
thus pinpointing the location of microbial abscess.(Olson et al., 2013). Employing metallic nanomotors 
has proved to be efficient in imaging as high detailed images which can used to generate more data can 
be generated with existing imaging systems (Martel et al., 2009). The motion of micro and nano motors 
are greatly influenzed by their geometric structures. Nano tubular structure, microspheres, Nanorods 
and asymmetric branches are the commonly employed structures (Abid et al., 2011; Cameron et al., 
2018; Evans et al., 2013; Li, Wu, Qin et al., 2016; Moo et al., 2016; Tian et al., 2018; Zeng et al., 2015). 
Microspheres vary from 0.1 to 100 micrometers. The velocity of microsphere is higher than the other 
geometric structures. The mechanism of nanorod is self-electrophoretic propulsion. Tubular structures 
follow bubble induced propulsion mechanism (Braun et al., 2018) and symmetric structures follow light 
driven photo-electro chemical reaction mechanism (Zhan et al., 2018).

Nanomotors can be used to differentiate and localize cell using their capacity to sense hydrogen per-
oxide, temperature, and water. Microspheres, nanospheres and lipospheres have already been subjected 
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to studies regarding drug delivery. These nano carriers require fuels to propel to site of delivery. Further, 
nanorockets are also found to have efficient penetration ability and release drug into the targeted site. 
Moreover, multiple nanomachines have been investigated for their properties to transport drugs and 
acting as a carrier.

MECHANISM OF NANOMOTORS

The mechanism of propulsion in macro motors does not apply to the propulsion of nanomotors, because 
the mechanism of energy conversion totally varies between macro and nanomotors. In macroscale motors 
the propulsion is maintained with the help of laws of inertia, but as the size decreases to nano, laws of 
inertia fail to be applicable, as the viscous force is multiple times higher than it. The only equation that 
can relate both size and velocity of the nanomotor in an environment, where propulsion is opposed by 
viscous force is Reynold’s number. It is a dimensionless value which is given by,

Re =
�
�
vL

 

where, ρ= density
v= velocity of the particle
L= Length of the particle
µ= dynamic viscosity of the medium

This equation relates both the length and velocity of the particle. But development of nanomotors 
whose length are in nanoscale are difficult, not only to fabricate but also in designing it for propulsion. 
Thus, nanomotors have very low Reynolds around the value 10-4. In such cases the law of inertia is not 
applicable for the motion of the particle and only instantaneous force can cause propulsion. Also design-
ing of motor that has a unidirectional propulsion is very difficult. The particle can also exhibit Brownian 
motion as at nano size collision with molecules in aqueous phase can result in Brownian motion. But 
in biological system there are naturally established mechanism for directional propulsions. Brownian 
movement can be characterized by the use of diffusion coefficient D, it is given by the equation,

D=
Tk
r
B

6� �
 

Where, T = absolute temperature
KB = Boltzmann constant
r = radius of the particle
η = viscosity

Nanomotors can be classified based on fuel type and mechanism of propulsion.
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MECHANISM OF PROPULSION

Bubble Propulsion

Propulsion of nanomotors by the bubbles that arises from the catalytic decomposition of fuel into gas 
and other by-product is called as bubble propulsion mechanism. These nanomotors can propel until 
the fuel is consumed completely. A best example for bubble propulsion is decomposition of Hydrogen 
peroxide to water and oxygen by Pt (Figure 1). The gas released helps in propulsion of the nanomotor, 
but the directionality is not controlled, and is suspected to be along the fuel gradient (Mei et al., 2011).

Diffusophoresis Propulsion

Asymmetric nanomotors with a fuel decomposing end on side, continuously decomposes the fuel, while 
on the other end, the decomposition of by-products get accumulated and transformed on the other side, 
subsequently creating a concentration gradient at the surface of the nanomotor. When the decomposed 
products concentration gets higher it starts diffusing into the environment causing propulsion (Gibbs 
& Zhao, 2011).

Self-Electrophoresis Propulsion

Asymmetric nanomotors with bimetallic end, where one end is anode and the other end is cathode are 
propelled autonomously by the proton gradient generated along the axis of the nanomotor. A Au/Pt 
nanomotor using hydrogen peroxide fuel, can be a good example for self-electrophoretically powered 
nanomotor. The hydrogen peroxide decomposes by oxidation at the Pt side, resulting proton and elec-
tron. These proton and electron flow to the Au side to form water molecule from hydrogen peroxide 
by reduction. Thus flow of electron towards the Au side and electromigration of proton to the Au side 

Figure 1. Schematic illustration of bubble propulsion mechanism observed in Nanomotor that decom-
poses hydrogen peroxide using Pt.
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will result with gradient of proton along the entire length of nanomotor. The electron flow results in net 
negative charge of the nanomotor, resulting in propulsion by the attraction to the proton rich side that 
was passed by the anode (Gibbs & Zhao, 2011).

Propulsion by Interfacial Tension

When the catalytic end of a nanomotor converts the components from the surrounding, and produces a 
by-product, due to the interfacial tension created the motor move towards the direction of the catalyst 
(John & Yiping, 2011). Sen et al., studied the propulsion by interfacial tension in a Platinum-Gold nanorod 
(Pt-Au). The gold side of the nanorod decomposes the hydrogen peroxide in the surrounding causing the 
environment around it to be filled with oxygen bubble. Due to the hydrophobicity created at the Au end, 
the nanorod was puhed along the long axis to move to the platinum end, causing propulsion. Thus due 
to the interfacial tension that was created, the nanorod propelled in the medium (Paxton et al., 2004).

Chemically Powered Nanomotors

Chemically powered nanomotors carry a catalyst on board that can interact with the chemical in the sur-
rounding causing the nanomotor to propel due to the instantaneous force generated during the catalytic 
reaction. The generated instantaneous force must greater, so that the naomotor can propel along with 
the carrier weight. But for use in biomedical applications the fuel used must be non-toxic to humans.

The best example of a chemically powered nanomotors can be Pt–Au nanorods synthesized (Fournier-
Bidoz et al., 2005). The nanorods are propelled along with their long axis using the interfacial tension 
stimulated motion by the decomposition of hydrogen peroxide. A propulsion speed of ~`3-8 µm s-1 was 
achieved.

Different bimetallic nanowires that can propel using hydrogen peroxide as fuel (Li, Wu, Qin et al., 
2016). The Pt–Au nanowire created by them showed a propulsion speed of ~20 µm s-1 and the Pt–Ru 
nanowire synthesized by them showed the highest propulsion speed of ~30 µm s-1(Wang et al., 2006) .

In the above cases the propulsion direction of the nanomotors is not controlled but to negate this dis-
advantage, self-assembled nanomotors were designed. The nanoparticles were engulfed in a bowl shape 
copolymer with a narrow outlet so the gas expulsion via the narrow opening can guide the propulsion of 
the nanomotor in a single direction. This design is called as a stomatocyte nanomotors (Wu et al., 2012).

The advantages of these self-assembled nanomotors is that, they can propel under lower fuel con-
centrations as low as 0.0005% (v/v), and this can be a huge advantage in biomedical applications. But 
chemically powered are less powered in case for biomedical applications as the use of fuel can prove to 
be toxic to the biological system. But at the same time bio-hybrid nanomotors are studies more to find 
a mechanism that uses the components in a biological system for its autonomous propulsion.

Chemically Powered Biohybrid Nanomotors

A carbon microfiber bound with glucose oxidase (GOx) on one side and bilirubin oxidase (BOD) on 
the other side, where GOx oxidises glucose to glucolactone on one end and subsequent reduction of 
peroxide to water on the BOD end resulting in flux of protons from anode end (GOx) to cathode end 
(BOD) resulting in propulsion speed upto 1000 µm s-1 (Mano & Heller, 2005). Similarly, enzymes such 
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as catalase can be bound in nanotubes, which can decompose hydrogen peroxide resulting in propulsion 
(Abdelmohsen et al., 2014).

Physically Powered Nanomotors

Nanomotors that are propelled in an environment using an external force such as light, magnetic force 
and sound waves are physically powered nanomotors. These nanomotors do not depend on a fuel for 
propulsion, but rather depend on the external force applied. Magnetic and acoustic driven nanomotors 
have high biomedical applications than electric and photo driven nanomotors. Based on the type of 
external force used they are classified as follows.

2.3.1. Magnetic field driven nanomotors

The magnetic nanomotors can be driven using a homogenous, non-homogenous or gradient and oscil-
lating magnetic field. The nanomotor must have ferromagnetic, diamagnetic or paramagnetic property 
for propulsion. The nanomotor be spherical, wire or helical shaped for better propulsion. The artificial 
bacterial flagella consist of a helical tail and ferromagnetic head. The helical tail is fabricated using 
indium–gallium–arsenic/gallium–arsenic (InGaAs/GaAs) or indium–gallium–arsenic/gallium–arsenic/
chromium (InGaAs/GaAs/Cr). The head portion of ferromagnet is composed of chromium/nickel/gold 
(Cr/Ni/Au), fabricated by self-scrolling method. Under exposure to magnetic field, the induced rotational 
magnetic field results in translational motion on the direction of the chirality of the helix tail (Zhang et 
al., 2009).

In the design of a nanowire with a flexible Ag bridge in the middle of Au head and Ni tail. The hy-
drogen peroxide cause dissolution of Ag bridge resulting in a flexible nanowire. Complete dissolution 
is halted by silver oxide and hydroxide formation on the flexible bridge (Gao et al., 2010). Without the 
partial dissolution rigid Au/Ag/Ni doesn’t show any free movement in the solution as the flexibility of 
the nanowire is also a reason for the propulsion.

Similarly, microjets and nanojets that are magnetically powered are of much importance for biomedi-
cal applications. Introduction of Ni between Au/Pt nanotube i.e., by fabricating a Au/Ni/Pt nanotube 
(Figure 2) and magnetizing it results in a permanent change in the magnetic domain of Ni. Such nanojets 
orients themselves along the magnetic field and propels itself towards or away the magnetic field (Zhao 
& Pumera, 2012).

Light Driven Nanomotors

Light is one of the common external stimuli and can be used to propel nanomotors, by photocatalysis, 
photolysis, photoisomerization, photo thermophoresis and photochromic mechanism. But photocataly-
sis and photo induced thermphophoresis is the highly studied propulsion mechanism as the propulsion 
speed achieved is high.

Titanium dioxide nanomotors driven by photocatalysis. When exposed to UV, due to self-diffusopho-
resis, the TiO2 micromotors can achieve a propulsion speed of ~ 10 µm S-1 (Gibbs & Zhao, 2011). The

photosensitive property of AgCl was also used to fabricate light driven micromotors(Hong et al., 2010), 
which had a propulsion speed of 100 µm s-1. The propulsion of the micromotor is by self-diffusophoresis, 
as under UV the AgCl is dissolute to proton and chloride ion, of which the movement of proton is faster 
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compared to chloride ion, which results in an electrolyte gradient resulting in self-diffusophoresis pro-
pulsion (Ibele et al., 2009). Further research is being done on fabrication and modelling of light driven 
nanomotors. Geometric structures of light driven micro and nanomotors is given in Table 1.

Figure 2. Schematic illustration of magnetically powered propulsion mechanism

Table 1. Comparison of light driven micro/nano motors with respect to geometric structures and mechanism

Geometric structures Mechanism Light Reference

Nanotubes Photothermal-effect propulsion
NIR (Wu, Si, Gao et al., 2016)

NIR (Wu, Lin, Zou et al., 2015)

Microspheres

Bubble Propulsion
UV-Vis (Lee et al., 2018)

UV (Li, Mou, Chen et al., 2016)

Osmotic propulsion UV (Chen et al., 2017)

Photo-thermal effect propulsion NIR (Wu, Si, Shao et al., 2016)

Bubble Propulsion UV (Mou et al., 2015)

Nanorods

Self-electrophoretic propulsion
Vis (Palacci et al., 2013)

UV-Vis (Zhou, Li, Xu et al., 2017)

Photo-thermal effect propulsion NIR (Xuan et al., 2015)

Self-electrophoretic propulsion UV (Zhou, Ren, Li et al., 2017)

Asymmetric branches Self-electrophoretic propulsion UV-Vis (Dai et al., 2016)
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Electrically Driven Nanomotors

Here nanomotors are made to propel using an electric field. Millimetre scale semi-conductor diodes 
can move in an alternate electric field, due to electro-osmotic flow that is created around the diodes. 
Following this, many micromotors and nanomotors have been designed by designed researchers, and is 
yet to be perfected. Wang et al designed a poly(pyrrole)- cadmium nanowire and cadmium selenide – 
gold – cadmium selenide (CdSe –Au –CdSe) nanowire and observed their propulsion. Under uniform 
AC field the nanowires propulsion speed was found to be ~ 17.2 µm s-1. They also noticed that the ionic 
strength of the medium interfered with the propulsion, indicating that electrochemistry of the medium 
also plays a major role in electrically driven nanomotors (Calvo-Marzal et al., 2010).

Acoustic Powered Nanomotors

Acoustic powered nanomotors uses sound waves especially ultrasound to propel the nanomotors. In 
these case the nanomotor should be of asymmetric shape for propulsion. A microrod was designed by 
template electrode deposition. The microrod consisted of concave and convex end. Thus when exposed 
to continuous or pulsed ultrasound due to the asymmetry in rod, a pressure gradient was induced on the 
surface of the rod, resulting in a propulsion along the direction of the sound wave (Wang et al., 2012).

A multifunctional nanomotor with three segments, Au-Ni-Au was designed. The nanomotor was fab-
ricated using sphere lithography so that a concave end can be constructed (Figure 3). With magnetized 
Ni and ultra sound as external stimuli this nanomotor was driven with control on direction and speed 
(Garcia-Gradilla et al., 2014).

Figure 3. Illustration of Au/Ni/Au nanomotor driven using ultrasound and steadily guided by magnetic 
field.
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Cellular Driven Nanomotors

Unicellular units such a bacteria and sperm can be used to transport the nanoparticle to the target location. 
They are not energy-free, but an external energy is not required, and the components inside the body is 
just enough for their locomotion. Schmidt et al., (Magdanz et al., 2013) used spermatozoa (sperm cell), 
for dragging a nanotube containing a specific genetic code isolated from a sperm cell, so that spermatozoa 
can drive it to ovum for spermatization. Another research uses magnetotactic bacteria for the delivery of 
drug to target cells. Magnetotactic bacteria are those bacteria that move along the magnetic field, with the 
help of magnetic crystal in them to guide along the field. Pouponneau et al., (Martel et al., 2009) used 
a magnetotactic bacteria loaded with biological component in a microvasculature operation. Thus for 
specific purposes, cells/ microbes can be used as vehicle carrying a cargo especially in biological system.

APPLICATIONS OF NANOMOTORS

Micro and nanomotors, though it has a lot of space for research and development, they have high bio-
medical applications. These nanomotors can be used for targeted drug delivery for effective treatments. 
They can also be used for enhanced bioimaging, specific cell isolation and other applications.

Nanomotors in Combatting Antibacterial Resistance

Antibacterial research is most important now-a- days due to multi drug resistant bacteria and inefficient 
conventional antibiotic therapies. To eradicate bacterial infections and to overcome the limitations of 
traditional antibiotic drugs, there is a need for development of novel and efficient technology. Nanomotors 
enhance destruction of bacteria with greater acceleration and efficiency. Lysozyme based nanomotors 
are developed for enhanced antibacterial effect which has been demonstrated against Micrococcus lyso-
deikticus and E. coli (Kiristi et al., 2015). UV exposed TiO2 and AgCl based nanomotors are effective 
against bacteria (Simmchen et al., 2017).

Nanomotors in Cancer Therapy

Cancer is the disease that arises when a normal functioning cell, malfunctions becoming an abnormal 
cell that grows uncontrollably in any part of the body. Cancer can be malignant or metastatic (when the 
cancer cell can spread and affect other parts it is called as metastasis). Generally, in case of malignant 
tumour, surgery is opted, but in case of metastatic cancer chemotherapy is advised. But the prime dis-
advantage of chemotherapy is it also affects the normal cells. Because of this, targeted drug delivery to 
cancer cells is much under research.

Cancer cells produce abnormal levels of hydrogen peroxide causing oxidative stress, which helps in 
invasion and metastasis. Also tumour cells exhibit Warburg effect, where cancer cells obtain its energy via 
higher glycolysis rate, followed by lactic acid fermentation. Thus cancer cells exhibit a range of acidic pH.

Thus using this nature of cancer cells, chemically powered nanomotors where hydrogen peroxide 
can be used up as fuel can be used for drug delivery and cancer cell targeting. A tubular nano-rocket 
fabricated by template assisted layer by layer assembly, was incorporated with platinum nanoparticles, 
to catalytically decompose hydrogen peroxide causing propulsion. The tubular nanomotor was fabricated 
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using positively charged chitosan and negatively charged sodium alginate by LBL assembly method us-
ing an etched template. The nano-rocket was loaded with doxorubicin was found to effectively penetrate 
HeLa cell lines under In vitro conditions (Wu et al., 2013).

Since the cancer cell microenvironment is acidic a Janus micromotor with calcium carbonate core 
was designed to exploit the lactic acid in microenvironment as fuel. The calcium carbonate core was 
shielded on one side of the hemisphere by thin cobalt coating, leaving the other half being able to interact 
with the lactic acid in environment. Calcium carbonate interacts with lactic acid to for calcium lactate 
and carbon dioxide, where the released carbon dioxide propels the micromotor resulting in a slow and 
continuous Brownian motion. Thus this micromotor effectively exploits the components around the 
cancer cell microenvironment as fuel for its propulsion (Guix et al., 2016).

The nanomotor used should be biodegradable and must not accumulate and cause toxicity to the cells. 
A biodegradable poly L lysine/ bovine serum albumin multilayer rocket was fabricated by LBL technique 
using a template. Then the micro rocket was loaded with a thermal sensitive gelatin that encapsulates 
catalase, Au nanoparticles and doxorubicin. Here the Au nanoparticles are used for photo thermal deg-
radation or phase change of the gelatin hydrogel by external application of Near infrared irradiation. 
The released catalase will cause propulsion upon interaction with hydrogen peroxide in the cancer cell 
microenvironment and the doxorubicin drug treats the cancer cells (Wu et al., 2014).

Similarly, micro/Nano rockets can be synthesized for drug delivery using external physical force. A 
multilayer micro rocket was fabricated using alternate assembly of poly (styrene sulfonic acid) and poly 
(allyl amine hydrochloride) using a polycarbonate membrane as template. Then citrate stabilized gold 
nanoparticles were aligned in the microrocket by electrostatic interaction, where the gold nanoparticle 
diameter is of 20nm and doxorubicin was also loaded into the microrocket. Upon interaction with near 
infrared irradiation, the nanomotors propels by self-thermophoresis (Wu, Si, Gao et al., 2015). Similarly, 
gold nanowire loaded with anti-cancer drug can also be used for drug delivery. The gold nanowire is 
asymmetrically fabricated with a concave end so that the propulsion can be achieved using ultrasound 
and self-thermophoresis by near infrared irradiation (Garcia-Gradilla et al., 2014).

Nanomotors in Nano-Surgery

From invasive scalpel suture surgery to laparoscopy, the surgery techniques have evolved from invasive 
to minimally invasive techniques to reduce scarring and wound size. Now the nanoscale surgery is being 
researched upon. Nano surgery refers to manipulation of surgery at nanoscale which has an advantage 
as being minimally invasive surgery ever and the wound healing rate will also be faster. High powered 
lasers to micro drillers and nanorockets are employed for Nano surgery.

A Ti/Cr/Fe micro driller, fabricated using photolithography over a trapezia shaped silica as base with 
sharp ends is used as a micro driller in nano-surgery. The iron layer was added, so device can be con-
trolled magnetically and the Ti and Cr layer facilitated the roll up process for drilling. The micro driller 
can be propelled magnetically and the axis of drilling can be altered by changing the magnetic field 
frequency (Xi et al., 2013). A InGaAs/GaAs/(Cr)Pt microjets with sharp ends that exhibited corkscrew 
movement using hydrogen peroxide as a fuel which is found in the microenvironment of HeLa cell in 
vitro (Solovev et al., 2012).
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Nanomotors in Imaging

Nanomotors based on their unique sensitivity, and minimal invasive property of physiological or patho-
logical environment they are gaining scope as a promising bio-imaging agent. These naomotors are 
sensitive to water, hydrogen peroxide, temperature and other such factors.

Catalase-coated silica nanosphere converters (NSCs) for imaging (Olson et al., 2013). The micro-
bubble produced by decomposition of hydrogen peroxide by catalase in the NSC’s results in reduction of 
inflammation. Thus the NSC’s were able to produce high signal in region of bacterial abscess resulting 
in better pathological evaluation during ultra sound imaging (Olson et al., 2013). Similarly, magnetic 
nanomotors are under development as bioimaging agent in MRI due to their alignment and arrangement 
under magnetic field.

Nanomotors in Isolating Circulating Tumour Cells

Circulating tumour cells are cancer cells that have separated from the primary source and have entered 
the blood circulation. These CTC’s are extravasate of the primary source of cancer and have the abil-
ity to localize in an area and develop into tumour in the new site. A rolled up micro machine with a 
platinum sheet inside a ferrous sheet in the middle and a gold sheet outside. The Pt layer decomposes 
the hydrogen peroxide enabling the micromachine to propel in the media, while the Fe layer helps in 
controlled motion of the micromachine under a magnetic field, while on the Au sheet is incorporated 
with antibody that can detect carcinogenic antigen found in cancer cells. Thus CTC targeted isolation 
is achievable using micro and nanomotors, but the efficiency of isolation depends on the design of the 
micromachine, targeted cell and the fluidic environment in which the cell is going to be isolated from 
(Balasubramanian et al., 2011).

FUTURE PROSPECTS

Lot of difficulties are to be crossed to fabricate a nanomotor for biomedical purposes, from biocompat-
ibility to controlling the motion and action of the nanomotor inside the body. Most studies have been 
done in vitro, and the effect of these nanomotors in an actual body is still unknown. Still a lot of research 
is going on development of nano-drug carriers, and when this concept becomes practically feasible, the 
phase of medical field will be open to lots of opportunities and technologies to treat complicated and 
complex disease. Moreover, there is a lot to study and explore about propulsion mechanisms, manipula-
tion of the nanomotors, and the ability to fabricate a nanomotor with sensing ability to address specific 
requirements for, treatment of diseases, development of rapid detection kits for cancer/ diseases, specific 
cell targeting for high resolution imaging and many more applications that are yet to be found. Another 
critical criterion for a nanomotor, that has lot of space for development, is to be biodegradable, and bio-
compatible so that it is feasible for application in biological systems. The immune response the human 
body will give rise to face the nanomotor in its system is another question, that is yet to be answered.

Yet among all these unanswered questions, nanotechnology has been growing at a rapid pace in 
the last two decades, and we are coming to realise the possibilities and the extent of feasibility of the 
nanomotor for medical, environmental and other unknown applications yet to be discovered. The pos-
sibility use of nanomotor in surgery and biopsies could prove to be the most non-invasive or minimally 
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invasive techniques developed as of yet. The possibility of feasible targeted drug delivery and targeted 
gene delivery could prove to be the ultimate cure for cancer, hereditary diseases and high resolution 
human body imaging technologies. The possibility of nanomotors in sensing can lead to miniaturisation 
of instruments and testing kits. All these possibilities can only be realised with time and continual effort 
of researchers from multiple discipline come together to answer the questions we face, one question at 
a time so that we can unlock the limitless possibilities of nanomotors.

CONCLUSION

Nanomotors emerge as a novel new generation drug delivery device with versatile applications. In the 
medical field, non-invasive and minimally invasive surgery techniques are very arduous and is highly 
preferred. The recent focus is on nanojets and microdrillers which can be used to perform minimally 
invasive and precise surgery. These techniques are still under development as the materials currently 
used for the propulsion of the motors are toxic to biological system. Magnetically controlled nanojets 
are now under research to develop a fuel free motor that is also non-toxic. Nanomotors find their ap-
plications in environmental remediation also. Studying immune response of these devices are also the 
promising area of research. The robust design, suitable material selection and bio-compatible nature 
outweigh the drawback of using nanomotors in physiological environment, hence these areas will drive 
the future of the nanomotor research.
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ABSTRACT

Cancer is one of the prime rationales for mortality in humanity and remains a difficult disease to treat. 
Contemporary problems allied with conventional cancer chemotherapies embrace the insolubility of 
drugs in an aqueous medium, delivery of sub-therapeutic doses to target cells, lack of bioavailability, 
and most importantly, non-specific toxicity to normal tissues. Recent advances in nanotechnology in-
vestigation tackle potential solutions to these riddles. However, there are challenges regarding targeting 
specific sites, tracking the delivery system and control over the release of the drug to the target site. The 
nanodevices are 100 to 1000 times smaller than cells in humans; their size is comparable to the enzymes, 
the receptors. This enables them to have a large surface area and ability to interact with biomolecules 
on both the surface and inside cells. Nanomedicines between 8-100 nm have an enhanced permeability 
and retention (EPR) effect, which make these medicines to target passively the solid tumours.

INTRODUCTION

Nanotechnology has been a well-known research field since the last century. In 1959, the physicist Richard 
Feynmann (Richard, 1959) suggested a new area of research for science & technology on an atomic and 
molecular scale in a paper entitled “There’s Plenty of Room at the Bottom.” Since “nanotechnology” was 
named. Nanotechnology developed nanoscale-level materials of different forms. Nanoparticles (NPs) 
are broad nanomaterials with dimension of 1-100 nm (Laurent et al., 2008). Those materials can be 0D, 
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1D, 2D, or 3D depending on the overall shape (Tiwari et al, 2012). The importance of these materials 
became conscious when researchers exposed that dimensions can influence a material physicochemi-
cal properties, e.g. the optical properties. NPs of 20-nm Au (gold), Ag (silver) Pt (platinum), and Pd 
(palladium) have characteristic colour of red wine, yellowish gray, black, and dark black, respectively. 
Figure- 1 indicates that the diagram is an example, in which gold NPs synthesis with different sizes. 
Such NPs exhibited significant colors and characteristics with the variability in size and shape that can 
be used in bioimaging applications (Dreaden et al., 2012). Figure-1 shows that the colour of the solu-
tion varies because of difference in aspect ratio, nanoshell thickness and gold concentration percentage. 
Any modification in an element’s physical properties affects the absorption properties of the NPs, and 
also has different colours.

Figure 1. Colour variation of Gold NPs with respect to size and shape (Dreaden et al, 2012)
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NPs are composed of three layers i.e. outer layer, shell layer or inter intermediate layer and the inner 
core. The outer layer is composed with diverse molecules like metal ions, polymers and surfactants, he 
shell layer or intermediate layer, which is distinct from the core material, and the core; which is funda-
mentally central part of a NP and refers specifically to the NP as its own (Shin et al., 2016).

The above materials got tremendous interest among researchers in different disciplines because of such 
unique properties. Figure-2 Shows images of mesoporous and non-porous methacrylate functionalized 
silica (MA-SiO2) by scanning electron microscopy (SEM) and transmission electron microscope (TEM). 
Other characteristics of mesoporosity are imparted in NPs. The NPs are used for the delivery of drugs 
(Yamauchi et al, 2008), chemical and biological sensing (Barrak et al., 2019), gas sensing (Mansha et 
al., 2016), CO2capture (Rawal et al., 2013), and other related applications (Khan et al., 2017).

Classification of NPs

NPs are commonly classified into different groups according to their size, and chemical properties and 
morphology. Below are the possibly the best-known classes of NPs, focusing on physical and chemical 
properties.

1.  Carbon-based NPs
2.  Metal NPs

Figure 2. FE-SEM micrographs of (a) nonporous MA-SiO2 NPs, (b) mesoporous MA-SiO2 NPs. TEM 
images of (c) nonporous MASiO2NPs and (d) mesoporous MA-SiO2 NPs (Lee et al., 2011)
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3.  Ceramics NPs
4.  Polymeric NPs
5.  Lipid-based NPs

Carbon-Based NPs

Two key carbon-based NP groups are fullerenes and carbon nanotubes (CNTs). Fullerenes contain 
nanomaterial, such as allotropic carbon derivatives, made from hollow globular container. Notable com-
mercial interest has been generated by electrical conductivity, high strength, structure, electron affinity, 
and flexibility (Ganesh et al., 2017). Such materials have arranged in pentagonal and hexagonal units 
of carbon by SP2 hybridisation.

CNTs are elongated, tubular structure with a diameter of 1–2 nm (Ramacharyulu et al., 2015). These 
can be predicted based on their diameter telicity as metallic or semi-conductive (Shaalan et al., 2016). 
The CNTs are structurally similar to the sheet of graphite rolled onto itself (Figure-3). The rolled sheets 
could be single, double or multiple walls and are therefore known as single-walled (SWNTs), double-
walled (DWNTs), or multi-walled carbon nanotubes (MWNTs). CNTs are mostly synthesized by the 
accumulation of carbon precursors material, especially atomic carbons, vaporized by laser light or electric 
arc from graphite to metal particles Lately, they were synthesized using the technique of chemical vapor 
deposition (CVD) (Astefanei et al., 2015). These components are not only used in natural state due to 
their unique physical, chemical and mechanical features, but also nanostructured materials for several 
commercial products like fillers (Ibrahim KS., 2013), efficient gaseous adsorbents for environmental 
remediation, and as a support medium for various inorganic and organic catalysts (Aqel et al., 2012). For 
example, CNTs may stimulate inflammatory and apoptosis reactions in human T-cells (Gad 2017). The 
water-soluble CNTs are made of polyethylene glycol chains and have no adverse effects when tested in 
a wide variety of immune systems.

Figure 3. Rolling of graphite layer into single-walled and multi-walled CNTs. (Mashaghi et al., 2013)
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Metal NPs

Metal NPs are made purely of the precursors to the metal. The NPs exhibit special optoelectrical prop-
erties due to the well-known localized surface plasmon resonance (LSPR) characteristics. NPs of the 
alkali and noble metals i.e. Cu, Ag, and Au have a broad absorption band in the visible zone of the elec-
tromagnetic solar spectrum. Metal NPs find applications in many research areas, due to their advanced 
optical properties like Gold NPs coating is commonly used for SEM sampling, improving the electronic 
stream, helping to obtain high-quality (Elliott et al., 2013).

Ceramics NPs

Ceramics NPs are non-metallic inorganic solids which are synthesized by heat and by successive cool-
ing. They are amorphous, polycrystalline, thick, porous, or hollow (Saeed et al., 2016). Because of their 
use in applications such as catalysis, photocatalysis, photodegradation of dyes, and imaging applications 
(Ngoy et al., 2014), these NPs receive great attention from researchers in the field of energy supply and 
storage, communication, transportation systems, construction, and medical technology. Their electrical 
properties may allow energy to be transferred with efficiencies approaching 100%.

Polymeric NPs

These are normally organic-based NPs and in the literature a special term polymer nanoparticle (PNP) 
collective used for it. They are mostly shaped was nanospheres or nanocapsules. The former are matrix 
particles whose overall mass is generally solid and the drug is dispersed. In the latter case the solid 
mass is encapsulated within the particle completely (Thomas et al., 2015). Applications of polymeric 
nanoparticles are controlled release; protect drug molecules, ability to combine therapy and imaging, 
targeting therapy, etc. They are highly biodegradable and biocompatible as in Table 1.

Table 1. The potential advantages and disadvantages of the polymers used in preparation of NPs (Suphiya 
et al., 2008).

S. no Polymers Advantages Disadvantages

1 PLGA/PLA
The most commonly used polymers for the past 20 years 
are PLA and PLGA and these are bio-degradable, bio-
compatible and non-toxic

The polymer is lipophilic and colloidal 
suspension stability is a problem. The 
coating process is laborious & expensive

2 PCL Bio-compatible, bio-degradable and appropriate for long-
term delivery

Very brittle, slow degradation, lack of side 
chain groups because of inert nature.

3 Chitosan Bio-compatible, bio-degradable, lipophobic and has 
excellent mucoadhesive properties

Beads and agglomerates may form during 
synthesis

4 HAS
Bio-degradable, non-toxic, and non-antigenic. Allows 
electrostatic adsorption of positively or negatively charged 
species without the requirement of other compounds

Difficult to purify and to produce on a large 
scale

5 SLNs Improved drug stability, high drug payload, and incorporate 
lipophilic and hydrophilic drugs.

Gel formation on solidification and upon 
storage

PLGA (Poly lactide-co-glycolide); PLA (polylactide acid); PCL (Poly-Ɛ-caprolactone); HAS
(Human serum albumin); SLNs (Solid lipid nanoparticles)
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Lipid-Based NPs

NPs include lipid moieties and are used in numerous biological devices. A lipid NP is typically spheri-
cal, with a diameter between 10 and 1000 nm.Lipid NPs have a solid lipid core, and a matrix contains 
soluble lipophilic molecules. Surfactants or emulsifiers have stabilised the external core of these NPs 
(Khan et al., 2017). Lipid nanotechnology focus on the design and synthesised of lipid NPs for various 
utilization like drug carriers and delivery (Hisatomi et al., 2014) (Sun et al., 1999) and the release of 
RNA for cancer therapy (Mansha et al., 2017).

NANOTECHNOLOGY IN CANCER TREATMENT

Nanotechnological principles improve the conditions of patients with cancer; because of better diagno-
sis of cancer, more efficient delivery of drugs to tumor cells, and molecular targeted cancer treatment. 
Nanotechnology can be applied to better diagnosis of cancer. One of the main usage fields of optical 
nanoparticles is to allow better cancer detection. To begin with, there are drawbacks to traditional ap-
proaches that are used in diagnosis.

Classified approaches like X-rays, tomography, or mammography often include the use of mutagenic 
agents on cancer-causing cells expresses harmful substances, and X-rays in the diagnosis of cancer is 
also linked to the causes of cancer (Prasad Rao et al., 2011). Diagnostic optical nanoparticles technique 
can be used to curtail those grievances. This approach works to interact with tumor cells with special 
dyes, and can be detected with optical nanoparticles. Such observations show that cancer detection with 
optical nanoparticles is an evolving topic, but it does have significant diagnostic advantages.

Recently, the Food and Drug Administration ratify several Investigational New Drug (IND) applica-
tions for nano-formulation or nano devices such as quantum dots, nanopores, nano cantilveres, naotubes, 
nanoshells, dendrimers and nanoparticles empowered clinical trials for breast, gynecological, lung, central 
nervous system, solid tumor, lymphomas, mesenchymal tissue, genitor-urinary cancer treatment and solid 
tumors. The examples of the drugs that have been approved by nanotechnology are paclitaxel, daunorubi-
cine, daunorubicine, cytarabine, vincritine, mifamurtide, L-asparaginase and irinotecan. (www.fda.gov)

EMERGING STRATEGIES IN CANCER NANOTECHNOLOGY

Early to Late Stage Diagnosis: Nanotechnology Based Intercession

The greatest hope to overcome the adversity of cancer is indeed to identify cancer before the primary site 
of origin rises in cell proliferation and physical distribution of cancer cells. It is especially challenging 
to find cancer early because there will be few cancer cells, super low levels of biomarkers at the tumour 
site, and in initial phase body fluids. Furthermore, as the majority of cancers are diagnosed lately because 
the characteristics of the cancerous cells are not well established. But in the advanced stage, abundant 
cancer cells increased instantly, more genome, epigenome, proteome, and transcriptome changes are 
likely to occur in a similar fashion when characterized ex vivo, as well as more protein targets for in 
vivo molecular imaging probes. Ideally, all these issues can be solved as part of the nanomedicine sector 
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by nanotechnology-based medical diagnostics. Nanomedicine, for its part, promises ground-breaking 
advances for early diagnosis, planning, and treatment.

Both in vitro nanoenabled diagnostic tools and nanoimaging, preoperative molecular diagnostic 
screening can spot and locate the tumor. These procedure exempt patients who have been metastasised 
beyond resection eligibility and recognize molecular targets that used direct elective surgeries, and screen 
appropriate cases with the most relevant biology and guide the surgeon. Nanotechnology provides ad-
vantages, for instance, extensive single cancer molecule can be detected in place of bulk measurements.

Nanotechnology offers

1.  Sensitivity to an analysis;
2.  Massive capacity for multiplexing of biomarkers / analytes;
3.  Low operability of the clinical samples;
4.  Comprehensive patient monitoring and the recognition by implantable sensors of any deviations 

from it;
5.  Solutions for visualizing and responding to oncological pathogenesis
6.  Concurrently trying to detect and treating cancer (theranostics);
7.  Cost benefits for patient populations and the overall health-care system.

Recent Trends in Early to Late-Stage Nanotechnology-
Based Diagnostic Testing

A wide array of nano-biosensors of preclinical research grade were already established but the main 
objective of the clinical treatment, inexpensive, high-throughput, powerful diagnostic gadget has yet to 
be properly addressed. Providing such a capacity in the clinical would undoubtedly enable improved 
cancer detection with potential aid for patients and the overall health protection. Often, on initiation of 
the diagnosis, the majority of long-term cancer survivors have tumours that appear to be confined to 
the primary site and can thus promote significantly from curative surgery, assisting primitive cancer 
recognition and intervention to augment patient’s endurance. Till today, there are no serum bio-markers 
with the accuracy and precision to trace early pre-cancer cells. Our technologies are in many respects 
ahead of our compassionate of the fundamental biology of cancer. Moreover, heterogeneity of tumour 
and the inherently complex stromal micro-environment also pose a challenge to acknowledge impend-
ing biomarkers.

A recent mathematic study (Hori et al., 2011), it was discovered that cancer can develop undetected 
for over 10 years to reach a globular diameter 25 mm prior to actually identification by existing medical 
blood tests. These forecasts are well-aligned with clinical results. Currently, there are no suitable biomark-
ers for evaluating healthy people for the incidence of pre-cancerous events. Actually, cancer screening is 
carried out using traditional cancer discovery technologies like x-ray imaging based mammography for 
breast cancer, visible light colonoscopy for colorectal cancer, etc., none of which are currently allowed 
by nanotechnologies. Many pre-clinical medical diagnostic imaging devices are currently undergoing 
evaluation for their worthiness as supporting methods to present-day diagnostic approaches to cancer.

A few of these technologies include magnetic nanoparticles/ gadolinium chelate functional nanopar-
ticles facilitate for higher solution MRI (Bennett et al., 2014), nanoparticles and inherent contrast based 
surface-enhanced Raman spectroscopy-based endoscopy, photoacoustic imaging, cancer-triggered self-
assembled smart optical and MRI nano-imaging agents, micro-nuclear magnetic resonance imaging, 
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dual (e.g., PET-Near Infrared) the related clinical trials with those methods. Currently, two very broad 
sets of devices and instruments are evolving in the field of cancer nanotechnology focused diagnostics, 
and there is a rapid and continuous investigation in both.

Such classes are

1.  Bench-top or larger scale medical diagnostic instruments;
2.  Miniaturized nano-based or nano-enabled diagnostic assays/devices designed for point of care or 

home use directly or suitable for inhalable, ingestible, implantable, and wearable uses.

The medical requirements of the 1st cohort of tools are that they will be exceedingly strong, flex-
ible, error free and ideal for validating of clinical cancer management. Examples of this category are 
imaging agents based on nanoparticles like paramagnetic iron oxide, gold, silica-based nanoparticles, 
carbon nanotubes, surface enhanced Raman nanoparticles, etc., and their allied instrumentation detec-
tion or analysis and nano-imaging devices (e.g., Raman spectroscopy, photoacoustic imaging, MRI abet 
nanoparticles). These techniques usually better suited to later stage cancer detection.

The 2nd cohort of nanodiagnostic tools for cancer embraces nanocantilever, nano-pore, nano-wire, 
quantum dot, nanofluidic devices. These devices are relatively inexpensive, yield fast and simple re-
sults, often during the same visit to the office, and produce effective insights for the next round of risk 
evaluation of cancer. These screening tools are more appropriate to early phase cancer diagnosis, test-
ing relapse, monitoring of therapeutic efficacy and overall monitoring. Persistent research into cancer 
nano-technology is needed to improve and innovate these two cohorts of medical diagnostic instruments.

EARLY TO LATE STAGE DIAGNOSIS: DETECTING AND 
ANALYSING CIRCULATING TUMOR CELLS

Circulating Tumor Cells (CTC)

Circulating tumor cells (CTCs) are released into the peripheral blood from the primary tumor micro-
environment, and have the ability to invade other body parts, triggering metastasis (Alix et al., 2014). 
The tissue based assessment of biopsy specimens remains the mainstay in clinical care and research 
for diagnosis and prognosis. The research focuses on samples of tissue collected by biopsy or radio-
graphically guided needle fractions. These procedures have several issues like metastases, ultimately 
expensive, several biopsies are required but usually excluded from the protocol because of paranoia, 
yet important in acquiring complex insight of the progress of cancer. Here research has focused on the 
common primary tissues of cancers where metastatic tissue biopsies are problematic.Circulating tumor 
cells (CTCs) most often suggested as a tool for resolving these issues, because it imparts a mode of 
sampling tumors throughout the (systemically perfused in the blood), together the with primary tumor 
and metastases (Lohr et al., 2014). Traditional diagnostic imaging and serum bio-marker identification 
in cancer, the detection, and characterisation of CTCs in cancer patients during the treatment provides 
new opportunities for individual cancer care by (Cohen et al., 2009)

1.  Tracking the progression of cancer;
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2.  Recognizing the pathogenic pathways that cause fatal cancer and the complexities emerging biol-
ogy, and

3.  Assisting the effectiveness of the treatment and re-strategizing on the development of resistance 
(Wallwiener et al., 2014)

Substantial development has been achieved within the field of CTC diagnosis, isolation, and charac-
terisation over the last decade, largely driven by teamwork and integrative research in chemistry, materials 
science, bioengineering, and oncology.

New technologies in nanomaterials offer efficient microfluidic systems as well as distinctive nanopar-
ticles that will allow for a diversity of in-depth CTC characterization studies with significantly lower 
expenses, and eventually bring the oncology field closer to achieving of patient services.

Conventional CTC Assays

The predictive validity of CTCs in the clinical is limited by their low concentration (1–10 CTCs / bil-
lion of blood cells) (Jackson et al., 2017). The most commonly used assays for spotting CTC include:

1.  Immunomagnetic separation: The method uses magnetic nanoparticles and captured agent (conjugated 
with protein antibody) to selective CTCs using a cell surface marker like anti-EpCAM (Epithelial 
cell adhesion molecule) or use anti-CD45 of white blood cells. The CellSearchTM screening test 
is the only CTC interventional technique approved by the FDA for breast, prostate, and colorectal 
metastatic cancers. CellSearchTM Assay harvests CTCs with anti-EpCAM coated magnetic beads, 
and the consequent immunocytochemistry (ICC) procedure aims to recognize CTCs from non-
specifically collected white blood cells. Numerous new technologies have been introduced such 
as MagSweeper, IsoFlux, Cynvenio, magnetic sifters, VerIFAST and AdnaGe (Cristofanilli et al., 
2004).

2.  Flow Cytometry: It is one of the mainly sophisticated techniques for analyzing and sorting cell 
subpopulations, in conjunction with the use of fluorescent probes. This method, however, cannot 
provide the geometric features of CTCs in order to access pathogenesis. To address this weakness, 
a superior technique called the ensemble-decision aliquot ranking (eDAR), was developed which 
automatically sort and collects CTCs (Schiro et al, 2012).

3.  Imaging by microscopy: Microscopic visualization of blood samples treated with ICC enables 
exceedingly sensitive identification of CTCs, followed by their morphometric features and protein 
expression.
1.  The following ‘two’ approaches identify CTCs as label free techniques.

4.  CTC filters: In this method use micro filters to trap CTCs according to dimension.
5.  Dielectrophoresis: CTCs can be sorted from WBCs according to dielectrical properties of the 

CTC’s. ApoCell’s technologies, Silicon Biosystems are two examples under this category.

Micro Fluidics-Enabled CTC Assays

Toner et al. developed microfluidic affinity capture devices which triggered notable research programs 
aimed at the progression of nanotechnology enabled CTC assays. The first-generation device is CTC-
Chip portrayed chemically engraved microposts on the silicon substrate, the anti-EpCAM antibodies are 
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attached to it by covalent bonding. These engraved microposts have been designed to enhance contact 
between device surfaces and cell flow (Nagrath et al., 2007).

Immunocytochemistry is analyzed to recognise CTCs after the detection of CTC. The CTC-Chips 
showed much more accomplishments in the validation than traditional CTC assays. Analogous equip-
ment setups were developed to create new microfluidic chips such as geometrically improved differential 
immunocapture, GEDI approach (Gleghorn et al., 2010), and Biocept’s CTC assay (Pecot et al., 2011).

The Ephesia system is a further promising example. The sample shall flow via a diamond-like chip 
into zone of the capture columns. Supermagnetic beads coated with EpCAM antibodies self-assemble 
into a periodic array under a high magnetic field that creates a dense sieve which, in turn, catches the 
EpCAM positive cells that passes across. It is used in the prognosis and diagnosis of breast, NSCLC, 
Prostate Colorectal cancers (Svobodova et al., 2014). Microscale herringbone patterns were designed 
into PDMS portion to create microvortices, resulting in increased interaction between both CTCs and 
chip surfaces coated with antibodies. n addition to frequently utilised ICC methodology, the HB-Chip 
‘s transparent nature allowed the sized CTCs to be studied by histopathological stains such as H & E 
stain (haematoxylin and eosin stain).

Microfluidic setup enhances CTC-capture efficiency, due to vertical depths of 3-dimensional device 
configurations most microfluidic CTC assessments endure from depth of field problems when conducting 
microscopy imaging. Time is consumed for multiple cross-sectional imaging scans that produce bulky 
image files are required to avoid superimposed micrographs. By integrating, a couple of microelectrodes 
at plastic microfluidic chip end (Adams et al., 2008), the enzymatic discharge of the captured CTCs can 
be recorded electrically without the microscopy imaging.

3rd generation iChip describes (Yu et al., 2012) a pioneering tag-free method, where combining 
negative immunomagnetic depletion processes with an integrated microchip inertial focus setting. Most 
interestingly, this method permits the retrieval of unstaged CTCs with intended biochemical integrity 
and viability, enabling downstream expressional profiling, as well as ex-vivo culture and drug sensitivity 
validation (Yu et al., 2014). Other microfluidic CTC assays include micro-nuclear magnetic resonance 
(μNMR) platform, cell rolling, and Vortex technology have also been developed, tested, and validated.

Nanomaterials-enabled CTC Assays (Nano Velcro CTC Assay)

Nano Velcro is recent nanotechnology advances enabled powerful solutions (Yoon et al., 2014) involved 
in a wide range and in-depth CTC analysis, and drastically lowering prices. The development of such 
evolving innovations will inevitably bring oncology closer to achieving of personalized patient care. The 
cellular components, such as extracellular matrix, and the cellular membrane, exist in the tissue micro-
environment which furnish structural and biochemical support and regulate the behaviour, fate of cells.

As interactions were observed throughout the tissue micro - environment, UCLA research team headed 
by Dr. Tseng initiated the concept of cell-affinity substrates “NanoVelcro”. In this unique approach, 
capture agent-coated nanostructured substrates are used to immobilize CTC from the microenvironment 
with superior precision (Wang et al., 2009).

The mechanism of NanoVelcro mimics VelcroTM – when the two fabric strips of a Velcro fastener 
are pressurized around each other, there is interactions between the hairy surfaces on ‘two’ strips re-
sult in high affinity between cells and nanosubstrates containing SiNS (silicon nanowire substratum). 
NanoVelcro cell-affinity assay is supported by various nanomaterials such as polymer dots, nanopillars, 
TiO2 nanowires, nanoparticles, layer-by-layer assembled nanostructures, silicon nanowire, gold clusters, 
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Fe3O4 nanoparticles, DNA networks, and graphene oxide nanosheets to achieve the highest affinity CTC 
capture.

The 1st generation NanoVelcro Chip, consist SiNS and an overlaid microfluidic chaotic mixer, was 
developed for CTC enumeration. The success of these NanoVelcro Chips above 85 percent of CTC cap-
ture efficiency was observed using artificial CTC samples. Studies of side-by-side analytical reassurance 
utilize clinical blood samples show that the susceptibility of the 1st generation NanoVelcro Chip best 
than CellSearchTM Assay approved by the FDA (Lu et al., 2013).

The NanoVelcro approach permits the immobilization of CTCs on a flat and small surface, thus fa-
cilitating following high-resolution immunofluorescence microscopy imaging of CTCs without multiple 
cross-sectional image analysis which is required for most current microfluidic CTC assays. The first gen-
eration NanoVelcro is used for detection of CTC of solid tumours, prostate cancer and pancreatic cancer.

The 2nd generation NanoVelcro Chips identified as the NanoVelcro-LCM approach, have been con-
structed by substituting SiNS with a transparent nanofibre-covered substratum made from PLGA, i.e. poly 
(lactic-co-glycolic acid). The PLGA NanoVelcro transparent substrate holds the intended CTC capture 
and enables complete connection with a laser microdissection (LCM) method to segregate single-cell 
immobilized CTCs with high resolution. To evaluate the activities of CTC as a tumor liquid biopsy, 
single-CTC genotyping is evaluated by Sanger sequencing and NGS (next-generation sequencing) may 
be conducted on individually isolated CTCs. The second generation NanoVelcro is used for the detection 
of CTC of solid tumours, metastatic melanoma, and pancreatic cancer

The 3rd generation Thermo responsive NanoVelcro Chip from UCLA has shown the feasibility of 
trapping, and releasing CTCs at 4 and 37°C, respectively. The temperature dependent conformation al-
ters in the polymer brushes will change the availability of the capture agent on SiNS by grafting thermo 
responsive polymer brushes onto SiNS, permit quick CTC purification with required feasibility and 
biochemical integrity. This generation is used for identification of CLC of NSCLC (Hou et al., 2013).

TUMOUR MICROENVIRONMENT TARGETED NANOTHERAPY

Handling cancer worldwide remains a formidable job for physicians, oncologists, and scientists (Ferlay 
et al., 2010). Lung cancer is notably linked with the highest proportion of mortality accompanied by 
hepatic and stomach cancer among the various types of cancer. In recent times, patients suffering from 
colorectal and breast cancers have increased. By 2025, the number of cancer patients may be more than 
20 million annually is estimated to rise globally (Fernandes et al., 2018). These alarming statistics have 
forced researchers around the globe to speed up research into new and powerful drug molecules to allevi-
ate the acquired confrontation and eliminate the cancerous cells from the biological environment. The 
nature of the disease, however, needs systematic efforts to devise chemotherapy to curb tumor growth 
(Raave et al., 2018).

Nonetheless, these activities have been interpreted into cancer molecules capable, albeit in preclinical 
settings, of fighting cancer progression. Their clinical implementation is still burdened particularly with 
unwanted toxic effects (Dai et al., 2016). Another devastating problem with the chemotherapeutic field is 
the advancement of chemo-resistance, which is again disturbing fact for both individual and combination 
cancer therapy after the initial response period (Cree et al., 2017). Clinical manifestations persuasive 
implicate the presence of malignant and metastatic components in the tumor microenvironment are a 
fundamental truth of tumor resistance to chemotherapy (Cheng et al., 2016).
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Because of the intricacy of the tumor microenvironment showing figure-5, the conventional drug 
delivery system does not distribute the chemo-drug in a cancer cell to destroy it due to concentration and 
also connected with serious side effects. This urged the use of the nanotechnology technique to accomplish 
tumor specificity to improve the therapeutic index and the pharmacokinetic profile of the chemotherapeutic 
agent (Danhier F., 2016). Passive diffusion was found through EPR-effect (enhanced permeability and 
retention) to allow nano chemotherapeutics tumor localization. Due to inadequate knowledge of tumor 
microenvironment and accumulated preliminary success exploiting the EPR effect; previous investiga-
tion mainly emphasized on constructing sustainable long-circulating nanocarriers to enable making 
tremendous local effect of drugs with negligible drug loss in the circulatory system. Today, these efforts 
resulted in the commercialization of FDA, approved nanochemotherapeutics; the liposomal formulation 
of doxorubicin, Daunorubicin, and albumin-bound Paclitaxel (Jokerst et al., 2011). Clinically, however, 
these formulations were found to be moderately successful because of insufficient drug delivery to the 
site of the tumor (Primeau et al, 2005). The likely explanations for such a disparity could be attributed 
to the containment of nano-chemotherapeutics in extremely infused regions, often depriving the tumor 
regions of reduced perfused or avascular. Such an inhomogeneity in tumor distribution has been shown 
to relate to suboptimal clinical effects, acquired resistance, cancer cell relapse, and therefore requires a 
high dosage of drugs. Consequently, this results in unwanted adverse/toxic effects (Waite et al, 2012).

The localization of nanochemotherapeutics within the tumor microenvironment may obstruct by larger 
quantities of interstitial fluid pressure, modified extracellular matrix (ECM) structure, enhanced cell divi-
sion and impeded lymphatic drainage (Ozcelikkale et al., 2013). Thus, there is no complete knowledge 
about these complicated variables controlling such transport mechanisms, and tumor localization poses 
enormous bottlenecks to design an effective nano-strategy for tumor eradication.

Figure 4. Semantic depiction of the ‘three’ generations of nanovelcroCTC Assays invented by the UCLA 
group of scientists to reach various clinical aspects.
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TOXICITY EFFECTS OF NANOMATERIALS ON HUMANS AND ENVIRONMENT

Nanomedicine is seen by researchers as another logical choice in science, integrating engineering with 
physics, chemistry, biology, and medicine (Thomas et al., 2003). When material sizes become quite tiny, 
its physicochemical characteristics can vary greatly from that of the same material in bulk form. The latest 
nanomaterials construct microscopic or even molecular devices capable of supporting medicine, envi-
ronmental conservation, energy, and space excavation (Stewart et al., 2008). With increasing knowledge 
of nanomaterials as well as the capacity to architect innovative products, it wouldn’t be long before the 
whole history could be squeezed within our pockets or widened by designed specifically molecules that 
imitate living systems. The idiom “Nanotechnology” has been exaggerated in the last few years and has 
become almost synonymous with items that are revolutionary and very encouraging (Teo et al., 2007). 
Nanotechnology allows us to manipulate atomic and molecular scales, and to exploit new properties and 
phenomena to develop minute materials, devices, and systems. Considerably smaller size, lesser mass, 
extra moderate power specifications, greater accuracy, and improved precision are few advantages for 
humans use in the construction of nanomedicine, nanoimagine, sensors, etc. For the past three decades 
the smaller and faster transistors were a guiding factor for the central processing units. When transis-
tor dimensions are decreased to the nanometer, designers have been getting close to the point in which 
nano lithography could accomplish the necessary resolution to construct such nanometer-sized devices.

Nanomaterials have applications in the areas of individual endeavors, as well as manufacturing, 
agriculture, health care, public health, and public interest (Mirkin et al., 1996). Nanomaterials are in-
tegral part of society in the form of beauty products, packaged food material, targeted drug delivery, 
therapeutics, biosensors, bioimaging, etc. The size, and shape is comparable to that of biomolecules, 
and also due of its antibacterial, odor fighting properties, these materials are comprehensively used in 
variety of commercial materials like wound dressing, detergents, deodorants, and antibacterial adhesives.

Figure 5. Demonstrating tumor microenvironment (Fernandes et al., 2018)
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As per the National Nanotechnology Initiative (America) (Zhang et al, 2005) every year thousands 
of tons of silica-dioxide (SiO2), alumina-dioxide, cerium are used in slurries for the precise scrubbing 
of silicon wafers in the form of the ultra-fine abrasive particulate mixture (Lü et al., 2009, Martins et 
al., 2007),.

Therefore, the population exposed to nanomaterials keeps growing because of the surge in their usage. 
Amidst clear benefits due to small size, there are numerous questions as raised to how the nanoparticles 
used during daily life can impact the environment. Another crucial issue to be addressed in the coming 
years, before the huge manufacture of nanomaterials, is their human toxicity and environmental con-
sequences. There are significant discussions about how nanoparticles’ unique characteristics can result 
in detrimental health impacts, with the ability to cause harmful effects. One needs to recognize what 
the cellular responses will be when nanomaterials undertake biotransformation in the cell membrane? 
Biodegraded nanoparticles, for example, Could build up in cells and cause intracellular transformation 
like disordering in organelle composition, gene alternation. A few critical questions are:

1.  Are nanomaterials more toxic than their non-nano counterparts?
2.  Will the nanoparticles transform into more toxic forms in the environment?

It is essential for nanotoxicology investigation to investigate and acknowledge how nanoparticles 
impact the ecosystem so that their harmful features could be spared before nanomaterials are permit-
ted for use in everyday lives. The potential health effects of emerging nanotechnologies on humans is 
discussed in Table 2,

Table 2. Potential toxic effects of nanomaterials on humans (www.sigmaaldrich.com)

S.No Toxic effects Examples of Nanomaterial

1 Cell membrane damage by leaking or thinning Cationic NPs.

2 Blocking or change in protein function Metal oxide NPs, Polystyrene, Dendrimer, 
Carbon material.

3 DNA strand cleavage or mutation Sliver NPs.

4 Mitochondrial impairment by blocking electron transport chain or ATP 
production Ultrafine particles, Cationic NPs.

5 Lysosomal damage Ultrafine particles, Cationic NPs, Carbon 
nanotubes

6 Induction of inflammatory signal sequence and apoptosis response in T 
cells Metal oxide NPs, Carbon nanotubes

7 Fibrinogensis and tissue remodeling cell injury Carbon nanotubes

8 Blood platelet, vascular endothelial and clotting abnormalities Colloidal silica nanoparticles

9 Free radical activation and production Ultrafine particles, Metal oxide NPs, Cationic 
NPs.

10 Immune response activation Gold NPs, Poly NPs Liposomes, Dendrimers,
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7. Anticipated Economic Impact on Nanotechnology

Nano-medicine is vital not only in terms of social and health care sector but also in terms of economic 
capability. The economic growth is forecasted to expand up to $ 1 trillion and reach $3,231.4 trillion by 
the National Science Foundation’s studies by 2025 (Parveen et al., 2006). In 2013, incomes from prod-
uct categories that integrate nanotechnology into the global industry studies approached $1014 billion, 
with 31.8 percent in Europe, 31.3 percent in USA, 30.5 percent in Asia, and 6.4 percent for the rest of 
the globe. The key segments recognized mostly in census are 2 percent towards of energy and environ-
ment,10 percent include for health and life sciences sector, 29 percentage for electronics and information 
technology, and finally 59 percentage in the sector of materials and manufacturing (Lux Research 2016).

Nanotechnology is luring fast-growing investment funds from government and other relevant corpo-
rate communities. The estimated worldwide investment in this sector is currently around 5 billion Euros, 
of which 2 billion Euros originates from private industry (Parveen et al., 2006). In 2005, the National 
Institutes of Health spent $89 million on nanotechnology, covering $30 million for the Nanomedicine 
in Cancer at the National Cancer Institute. The quantity of published patents claims in nanotechnology 
augmented 4 times from 531 patent claims in 1995 to 24,206 patents claims in the last two decades. As 
most people do believe that nanotechnologies would have an influence along a broad variety of sectors, a 
study of nanotechnology experts recognized hype, i.e. “misguided promises that nanotechnology can fix 
everything” as the most likely issue to lead to a negative backlash” (Parveen et al., 2006). Switzerland, 
South Korea, Germany, France, the USA and Japan play a significant role in the nanotechnology science. 
The BRICS (Brazil, the Russian Federation, India, China and South Africa) strive to be excellence in the 
field of nanotechnology. Nanotechnology is now seen as a research priority by an increasing number of 
countries like Argentina, Azerbaijan, Chile, Croatia, Jordan, Kazakhstan, Mexico, Morocco, Nepal, the 
Philippines, Saudi Arabia, Serbia, Slovenia, Sri Lanka and Tunisia (http://www.unesco.org/).

CONCLUSION

This chapter is detailed with classification of NPs, Nanotechnology in cancer, its emerging strategies, 
and targeted nanotherapy, its effects on humans and environment, and finally anticipated economic im-
pact. Nanotechnologies are promising tools for augmenting the sensitivity and accuracy of both cancer 
diagnosis and treatment. Different nanomaterials are used as contrast media for MRI and CT imaging, 
providing better chances of premature cancer cells being identified. The fundamental part of oncologists 
who practices cancer treatment monitors the biological environment by tracking the dynamic revisions in 
the patient body, which allows the clinicians to follow a distinct and biologically relevant rhythm. CTCs 
associated with nanoparticles should be replaced by the existing biopsies or testing limited biomarkers. 
But, there is lot of concerning effects of nanotechnology on human health as well as environmental effects. 
Thus an efficient understanding of the importance of the nanotechnology for our life will be greater. So, 
nanotechnology must be improved and this must be continued for the future endeavour.
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ABSTRACT

Cancer remains the important cause for the mortality worldwide. In recent days, different biomedical 
strategies are in the limelight for the control of mortality due to cancer. As a promising strategy in cancer 
treatment, nano-formulations with advantages in drug delivery, health, and pharmacy are booming. The 
conventional nanocarrier continues, however, to suffer from low drug load efficiency, possible toxicity, 
unknown metabolism, and other uncertainties. To overcome these problems, carrier-free nanodrugs with 
desirable bioactivity were developed quickly and attracted considerable attention. In the meantime, the 
nanoarchitecture developed by a simple “natural” method with a multifunctional self-life has major 
advantages in multi-drug resistant synergistic cancer therapies and inhibition. Until now, the carrier-
free nanoparticles for tumour therapy, phototherapy, chemotherapy, diagnostics, and synergistic therapy 
have made significant progress. In this review, the authors provide an integrated and detailed review of 
recent literature on nanodrug delivery systems composed of several active agents.
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INTRODUCTION

As several researchers have identified that cancer is the leading cause of mortality worldwide and finding 
a cure remains the big task for many researchers (Akshatha Prasanna et al 2018). Researchers identified 
that cancer is a major public health problem and becomes the second foremost cause of death worldwide 
(Kun Yu et al 2020). Recent views of the young and growing scientists are having the enough knowledge 
and moreover they are having the interest on Targeted cancer therapy. Because it can differentiate the 
small differences between normal and cancer cells. Targeted therapies are usually more effective than 
other predictable treatments and display lesser unwanted contrary effects. Since the non-specific and 
systemic drug delivery leads to rapid removal of drug, administration of the highest tolerable dose of 
the drug is needed which is not reasonable and usually exhibits high toxicity (Behdokht Bahrami et al 
2017). Although different types of drug delivery methods are present the Doxorubicin (DOX) is also one 
of the most frequently used anticancer drugs in chemotherapy and drug delivery systems (Chang-Seuk 
Lee et al 2017). Advances in tumor biology can be successful once the drug delivery and therapy can be 
identified because as we know that cancer continues to be a prevalent and lethal disease (Dandan Wu et 
al 2017). One effective plan is engaged by nanoparticulate drug delivery systems to delivery therapeutic 
agents into cancer cells (Kai Dong et al 2018). The important mode of the carcinogenesis arises is due 
to the critical roles played by the chromosomal rearrangements and gene mutations (Mokwena Mpho 
Gift et al 2018).

Recent Trends in the Formulation and Delivery of Nanocarriers to Cancer Cells

Rapid development of nanotechnology plays an important role in combating cancer with multiple ways 
including diagnosis, prevention and cure. Further, limitations in the conventional treatment options have 
driven the need for alternative options in the treatment of cancer patients globally. Especially nanocarriers 
are receiving considerable attention in recent days. This smart drug delivery unit are highly specific in the 
controlled release of drugs to the target sites at low concentration and reduces the side effects. Different 
nanocarrier systems such as metal nanoparticles, nanobiopolymers, liposomes, oligomers, micelles are 
investigated for their possible application in the smart delivery of anticancer drugs to the cancer targets. 
Further, influence of different characterstics features affecting efficacy of nanocarriers was the matter 
of concern in recent times by the scientific community to overcome the adverse reaction and to ensure 
the precise delivery of compounds to the malignant site (Giodini et al., 2017). However beyond their 
remarkable targeted drug delivery properties, factors such as biocompaitability and toxicity of nanocar-
rier vechicles made them to be still in infancy in commercial applications. In order to overcome these 
limitations cell membrane coated nanocarriers has been proposed as an viable alternative for targeted 
drug delivery system for cancer theranostics (Bose et al., 2018). These cell membrane coated nanocar-
riers specially targets the homologous cancer cells by recognizing cancer cell adhesion molecules and 
prevents cancer progression. Faraj et al. (2016) fabricated a conjugated paclitaxel and salinomycin drug 
encapsulated SWCNTs nanocarriers for the treatment of cancer stem cells. The findings the study offers 
a potential approach for the improved diagnosis and treatment of breast cancer and stem cell populations. 
Vinothinin et al. (2019) investigated the anticancer potential of folic acid conjugated grapheme oxide 
nanocarrier for the targeted delivery of paclitaxel in breast cancer cells. The paclitaxel loaded folic acid 
conjugated grapheme oxide nanocarrier promotes apopotopsis by increasing the activity of caspase 8 and 
caspase 3 activities. Similar grapheme based nanocarrier was developed (Gupta et al., 2020) for the site 
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specific delivery of gallic acid against human lung cancer cells using 2D reduced grapheme oxide (rGO) 
nanocarriers. These biotinylated rGO system showed enhanced cellular internalization efficiency, high 
physicochemical stability for 45 days and sustainable drug release at low pH. Simultaneous targeted drug 
delivery and real time imaging of cancer cells is an important step in treatment and diagnosis of cancer. 
Liu et al. (2018) developed a dual-targeting DNA tetrahedron nanocarrier for breast cancer cell imaging 
and drug delivery. Findings of the study proposed a novel strategic design for the dual targeted drug 
loaded nanocarriers for enhancing the real time effect of chemotherapy. Nanotechnology based bitherapy 
has evolved as a significant strategy in combating the drug resistance of cancer therapy. Experimental 
studies on nano based biotherapy have proven in surmounting the delayed multidrug drug resistance 
and patient compliance. Leithy et al. (2019) highlighted the impact of tamoxifen citrate/ Coenzyme Q10 
based smart nanaocarriers biotherapy in the treatment of breast cancer.

Nanocarrier Design and Synthesis

Nanocarriers can be used for particluar receptor-mediated activities, to magnify the anticancer effect of 
its loaded drug at a cellular level. The advent of smart nanoparticles (NPs) as a drug-delivery system, 
which incorporates passive, active and stimuli-responsive targeting, has enabled controlled drug release 
in response to particular physiological triggers at the precise target site at the suitable time (Hyun et 
al., 2019).

Figure 1. Nano Drug Delivery System
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Protein-Drug Conjugated Nanocarriers

A protein-drug conjugate is typically a protein conjugated to the drug by using peptides or covalent 
binding. The drug gets released from the nanocarrier once it reaches the target cell, as the linker gets 
degraded once it arrives into the cell. But in case of protein-drug conjugates there is a possibility of 
premature release of drug, as the linker is easily degraded by the enzymes such as protease and other 
redox- altering agents (Sun et al., 2014). The net charge of the whole protein-drug conjugate can play a 
major role in targeting also. The charge of the carrier can be modified using ligands. A positive charge 
molecule can effectively affect the cancer while a neutral charged molecule can easily diffuse in the 
cancer cell (Stylianopoulos et al., 2010). Recently antibody protein conjugated to a nanocarrier has also 
been used to improve targeted treatment.

Polymeric Nanocarriers

Polymeric nanocarriers are synthetic nanocarriers, where a polymer is used to create a carrier and the 
desired drug (protein/ chemical molecule) is covalently bound to the exterior covalently or entrapped 
in a matrix within the polymer. Based on the origin of the polymer, it can be classified as synthetic and 
natural polymeric nanocarriers. Albumin and chitosan is some of the few naturally occurring nanocar-
riers. PEG (polyethylene glycol), and PGA (Poly-glutamic Acid) are examples of synthetic polymers 
(Bhatt et al., 2003). These polymers can be used in gene therapy to carry the desired nucleic acid to the 
cells and as such. But, in case of treatment of targeted cells using a specific drug, synthetic polymer 
has advantages over natural polymers. In case of synthetic polymers, the desired characteristics of the 
carrier can be customized such as hydrophobicity, charge of the carrier, biodegradability and molecular 
weight of the carrier, while in natural polymeric carrier it is not possible. Though size, shape, success 
rate of synthesis/ fabrication and yield of nanocarriers at the desired size are some of the limitations of 
synthetic nanocarriers (Sun et al., 2014).

Liposomal Nanocarriers

Liposomal nanocarriers, are lipid bilayer nanocarriers, created by distribution of amphiphilic molecule 
in a hydrophilic environment. Liposomes are created by sonication of amphiphilic molecule in any 
hydrophilic environment, extrusion of amphiphilic molecule distributed in a hydrophilic system via 
membranes to obtain homogenous sized liposomes or by reverse phase evaporation. The formed lipo-
some mimics a lipid bilayer of cell. Upon interaction, the lipid bilayer of nanocarrier fuses with the 
lipid bilayer of the cell, resulting in release of the drug into the targeted cell. In some cases, the lipid 
bilayer of the nanocarrier gets degraded in the cell due to its harsh environment. Advantage of liposome 
is they are biodegradable, and successful delivery of the drug to cells. Thermo-sensitive liposome can 
be used to release drugs in the target cells, by directing high intensity microwaves or ultrasound, at the 
site of target cell (Yatvin et al.,1978). But, major disadvantage is that, the liposomes require a guidance 
or external force to drive them to the target cell. In case of hydrophilic drugs, liposomes are the best 
nanocarriers. But to carry amphiphilic or hydrophobic drugs, the drug must coated encapsulated in a 
polymeric substance for the liposome to carry it, and in such cases, the circulation time and half-life of 
the drug is highly increased (Sun et al., 2014).
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Hydrogels

Hydrogels are 3D network for cross linked water soluble polymers, that have the capability to retain fluid 
in large quantities. Hydrogels are positively charged in nature, thus can interact diffuse the drug payload 
freely in negatively charged cells as cancer cells. But hydrogels may aggregate to other negatively charged 
components such as serum proteins resulting less circulation time. By controlling the cross-linking matrix, 
one can increase the porosity of the hydrogel, which control drug loading volume (Hoare et al.,2008).

Metallic Nanocarriers

Inorganic metal nanoparticles, such as gold can be used as carriers of drugs or contrasting agent, which 
might act as a carrier in case of cancer theranostics. Gold nanoparticles, have high penetrating and dif-
fusion properties. They have optical and thermal properties too. The drug can be conjugated onto the 
metallic nanoparticle and be guided to the targeted cells, via thermal or ultrasonic waves. In such a case 
the carriers are called as nanomotors. Similarly, ferric nanoparticles can also be used in drug delivery 
to cancer cells. The ferric nanoparticles can be guided to the target cell via magnetization and magnetic 
waves (Sun et al.,2014). Silver nanoparticles can also be used as nanocarrier for cancer treatment. Silver 
nanoparticles react to the acidic environment around a cancer cells, creating a reactive oxygen species, 
which helps in killing the cancer cells by apoptosis. Silver nanoparticle has also been observed to possess 
anti-angiogenic effects, thus inhibiting the blood vessel formation in cancer cells (Almajhdi et al., 2014).

Though there are many nanoparticle/ Nano-sized molecule, which can be used as a nanocarrier for 
cancer treatment, only the above nanocarriers have been discussed because they possess the property to 
enter the cell, and diffuse into the cell environment. They also possess the ability to target and home on 
cancer cells based on the characteristics of the cancer cells.

Therapeutic Nanoparticles

Novel drug delivery methods are constantly explored by the pharmaceutical companies in order to deliver 
the drug at the target site in more efficient manner. The Nanoparticle mediated drug delivery in the field 
of biomedicine is acquiring an immense attention in the past decade as various methods are blooming 
out day by day. The main objective in using nanoparticle mediated drug delivery method is that the 
nano particles showcase better solubility for the drugs and chemical compounds which generally don’t 
dissolve with the existing carriers.

Protein Based Nano Particles

The nanoparticles that are derived from proteins are very flexible that it can undergo easy modifications 
when they are employed as a carrier molecule. Albumin is a biodegradable, non-toxic protein compound 
which has various binding sites for several drug molecules. The drug molecule is made to bound to the 
albumin nanoparticle due to the presence of amino group and a carboxylic group by covalent derivatization. 
The nanoparticles are obtained by various processes viz., desolvation, thermal gelation and emulsification 
which has a greater possibility of covalent derivatization with ligand molecule (Elzobhby et al., 2012). 
The milk protein casein was used to encapsulate the anticancer drug flutamide, which is an effective 
anticancer drug for androgen dependent prostate cancer with very poor solubility and bioavailability. 
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Genipin, found in ancient Chinese medicine was used a cross linking agent to bind the nanoparticle with 
flutamide. The sustained release of the drug compound was achieved by the incorporation of the com-
plex into the micellar core (Elgindy et al., 2014). The colloidal gels made of gelatin nanospheres were 
compared with the gelatin microspheres for the release of bone morphogenetic protein – 2(BMP-2), in 
which the results showcased that the nanospheres are way superior than the microspheres in terms of 
gel elasticity, injectability and other release kinetic parameters (Wang et al., 2016).

Polymer Based Nano Particle

The usage of polymeric substances has been extensively used in the pharmaceutical field. The polymers 
which are non-toxic to the body such as Poly (lactic-co-glycolic acid) PLGA and chitosan have been 
approved by the Food and Drug Administration (FDA) and European Medicine Agency (EMA) (Wang 
et al., 2016) The PLGA based nano particles are prepared by various techniques like single or double 
solvent evaporation method, Emulsification Solvent Diffusion (ESD) method, Emulsification reverse 
salting out method and Nanoprecipitation method. Among the various forms PLGA nanoparticles, only 
microspheres and microparticles are prevalently used. The PLGA nanoparticles provide better solubility 
and surface modification properties for the effective loading of drug compound. The anti-cancer drugs 
such as Paclitaxel, Vincristine Sulphate, Etoposide etc., are delivered using PLGA based nanoparticles 
(Tabatabaei et al., 2014). Using PLGA-PEG nanoparticles, lowering the expression levels of the target 
gene from the cancer tissue is made possible (Prabaharan, 2015). Similar to the PLGA nanoparticles, 
the chitosan nanoparticles also provide greater efficiency in drug delivery process. They can exhibit the 
property of passive drug distribution which improves the effect of therapy. They have various reactive 
functional groups which can be modified to load the ligand of interest (Dobson, 2008).

Magnetic Nanoparticle Based Drug Delivery

The magnetic nanoparticle-based drug delivery functions in such a way that the drug molecule is linked 
to the nanoparticles and they are injected into the body or they are made to reach near the target site with 
the help of catheter. They can also be assisted with the help of external magnetic field using rare earth 
magnets. The drugs which have been delivered using magnetic nanoparticles are epirubicine and doxo-
rubicin. They are made to form a complex on the basis of electrostatic interactions due to the presence 
of phosphate group on the carrier surface and the amino group in the drug molecule. The entire process 
can be monitored through Magnetic Resonance Imaging (MRI). Although it is not effective in the drug 
delivery process, as it can interact with very less number of compounds, with continuous research and 
development, it can be made into an effective method (Ruiz et al., 2011). The iron-oxide nanoparticles 
loaded with fluorescein was studied for their effective drug delivery capacity in vitro, where it showcased 
the potential ‘on-off’ mechanism along with the capacity of varying the temperature around the cancer 
site which could serve in the thermo chemotherapy process.

Metallic and Silica Nanoparticles

The Gold nanoparticles can be effectively used for drug delivery applications as it is easy to synthesize 
gold nanoparticles in various size ranging from 1-100nm and in different shapes to conjugate the drug 
molecule. The main disadvantage in the application of gold nanoparticles is that they are not easily bio-
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degradable and hence surface modification is necessary to make them a better drug carrier (Klebowski 
et al., 2018). The surface modification of the gold nanoparticles can be achieved by the usage of Poly-
ethylene glycol (PEG) which acts a spacer (Kong et al., 2017). The Phyto fabricated silver nanoparticles 
were also used for treating ailments related to hepatocellular sites (Singh et al., 2018). The Palladium 
nano particle cages were designed for encapsulating the anticancer drug cisplatin which was proven to 
cytotoxic against the human cancer cell lines (Schmidt et al., 2014). The application of metal-based 
nanoparticle hybrids has greatly decreased the cancer drug resistance (Farooq et al., 2018).

The mesoporous silica nanoparticles are very flexible drug carriers in which the pore size is tunable 
by changing the parameters. Several antibiotics have been successfully encapsulated and delivered using 
silica nanoparticles (Kwon et al., 2013)

THE MECHANISMS OF NANOPARTICLE 
INTERNALIZATION INTO CANCER CELLS

Mechanism of Internalization of CPP

The mechanism of entry of CPP into the cell is still obscure till date, but there are three possible mecha-
nisms by which a peptide can enter into a cell. They are,

Direct penetration,
Endocytosis pathway, and
Translocation through the formation of a transitory structure.

Direct Penetration

Direct penetration is an energy independent process. There are multiple proposed models for CPP entry 
into cells by direct penetration. But the first step in all models is that the positively charged CPP interacts 
with the negatively charged cell membrane, destabilizing the cell membrane by electrostatic interaction 
(Herce et al., 2007). One of the proposed and highly agreed model direct penetration is transient pore 
formation. Here after the electrostatic interaction, the residual arginine interacts with the destabilized 
cell membrane nucleating a pore which helps the diffusion of the CPP into the cell (HU et al., 2015).

Endocytosis Pathway

Endocytosis is an energy consuming pathway. Endocytosis is a method in which the cell membrane folds 
inside to bring the external particles into the cell and release it. Phagocytosis, pinocytosis and receptor-
mediated endocytosis are the types of endocytosis. In phagocytosis the cell membrane takes larger size 
molecules, while in pinocytosis, only fluids and solutes are taken in (Ter-avetisyan et al., 2009). In 
case of receptor-mediated endocytosis, a receptor helps in gaining entry into the cell for the CPP. The 
CPP will bind to its appropriate receptor on the cell membrane, and the receptor transports the CPP to 
a clathrin coated pit (Mc Mohan and Boucrot, 2011). Then the pit engulfs the CPP, forms a vesicle and 
enters the cell. Once it enters the cell and comes in contact with the endosome, the vesicle opens up 
and lets the CPP in endosome and the clathrin again resurfaces back on the cell membrane for the next 
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transport (Richard et al., 2005). Another example of receptor mediated endocytosis is caveolin mediated 
CPP internalization. The only difference is Caveolin coated vesicle has Smaller diameter than clathrin.

Translocation Through the Formation of a Transitory Structure

In this method the CPP’s electrostatic interaction along with the interaction hydrophobic tryptophan, 
disrupts the lipid bilayer structure and forms a inverted micelle layer to transport the CPP inside the cell. 
This method is only compatible for small hydrophilic peptides, and is not suitable for highly cationic CPPs.

Conjugation of CPPs with Drug

The CPP that is to be used for drug transport must be nontoxic to the biological activity. But in some 
cases conjugating drug with vectors can lead to the loss of biological activity of the drug. This can be 
overcome by using linkers between the CPP and the cargo drug. Linkers connect the drug cargo and CPP 
and gets degraded or dissociated once it reaches the target site. The selected linker must be nontoxic, 
and have cleavable property. In cases, where the drug cargo is chemical compound disulfide bonds acts 
as linkers. But in case of protein as a drug cargo, linking becomes a problem as chemistry of proteins is 
highly complex. Any linking in a wrong manner can result in deactivation of the protein. Thus, in such 
cases the target protein is generated in tandem with the CPP to act as a transport into cell with the help 

Figure 2. Direct penetration by CPP into the cell by transient pore formation
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of recombinant protein synthesis (Jamal et al., 2004). The CPPs must be also proetected form protease 
to successfully transport the cargo drug into the cell. For this the L-amino acids are replaced with D-
amino acid to escape degradation (Pujals et al., 2008).

CHARACTERISTICS OF NANOCARRIERS

Physio-Chemical Properties of the Nanocarriers

The nanocarrier that is used for cancer treatment must have a specific size, shape, and surface character-
istics to treat specific cancer cells. The size of nanoparticle plays a major role, as smaller size nanocarri-
ers can easily distribute in the cell, but there is a risk of extravasation of the nanocarriers to the normal 
cells, other than the target cells. In case of larger size nanocarriers, there is no risk of extravasation, 

Figure 3. Receptor dependent endocytosis and receptor independent endocytosis
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but the distribution via blood can be affected due to the size. The shape of the nanocarriers too, play a 
role in distribution in the blood, as the shape can have an impact on fluid dynamics. The surface of the 
nanocarriers can also be modified to gain entry into cells and for targeted cell homing (Stylianopoulos 
et al., 2010).

Solubility, Degradation and Clearance from the Biological System

The drug to be delivered must have good solubility, for it to show effect once the nanocarrier reaches the 
target site. Hydrophilic nanocarriers can be used to increase the solubility of the drug and increase its 
effect. Coating of the nanocarriers with water soluble, non-ionic components can also help in solubility 
(Wicki et al., 2015). Generally, in human body, hydrophobic molecules are considered as foreign particle 
and are engulfed by mononuclear phagocytic system. Thus opsonization of hydrophobic molecule can 
decrease the chance for the drug to reach the cancer cells. By using hydrophilic nanocarriers their hy-
drophobicity can be masked and be taken to the target cells. For example, PEG (Poly-Ethylene Glycol) 
coated nanocarriers can mask the hydrophobicity of the payload drug and help in transport and release 

Figure 4. Translocation of CPP through the formation of transitory structure
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of the drug successfully. Coating with a hydrophilic material not only helps in masking, the hydropho-
bicity of the molecule, but also increases the solubility, clearance and half life time of the drug in the 
system (Locatelli et al., 2012).

Homing of Targeted Cells by Nanocarriers

The nanaocarrier without homing property, will interact with all the cells instead of interacting with the 
target cells alone. A passive or active targeting is required to guide the nanocarriers to the target cells. 
In active targeting, a ligand can be conjugated onto the surface of the nanocarriers. Ligands having high 
specificity to the receptors, and characteristics cancer cells. Thus it does not invade normal cells (Cho 
et al.,2008). In a case of passive targeting, enhanced permeability and retention property can facilitate 
the accumulation of nanoparticles in the blood vessel of the cancer cells, without any requirement of 
conjugates for targeting. But in passive targeting the nanocarriers can also enter the normal functioning 
cells, liver and spleen (Wicki et al., 2015).

Drug Delivery Systems

Drug delivery systems can be deals with the different aspects as the Local Drug Delivery systems for 
postoperative cancer treatment provide separate merits it includes the enhanced dosage of targeted site 
and also the reduced side effects towards the organs and tissues (Lin et al., 2019).

Cell-Penetrating Peptides

Cell penetrating peptides are a sequence of amino acids which are about 5-30 amino acids in length, 
that can penetrate into the cell by crossing the biological membranes. These positively charged peptides 
have high chance of cell penetration with low or no toxicity. Thus these Cell-penetrating peptides (CPP) 
or also known as Protein transduction domains are gaining popularity in research as a drug carrier to 
deliver the drug to the required site for treatment (Hossein et al., 2018).

In 1991, Joliot and his team made a breakthrough discovery that the Antennapedia homeodomain 
protein, a drosophila transcription factor was able to enter nerve cells and control the neural morphogen-
esis genes (Joliot et al., 1991). After this discovery, Derossi and colleagues discovered the first CPP by 
identifying that the third helix of the Antennapedia homeodomain protein, ‘Penetratin’, was the minimal 
peptide sequence necessary for cell entry across the barrier (Derossi et al., 1994).

Classification of CPPs

After the identification of penetratin, the research on CPP increased and currently there are about 1700 
CPP’s tat have been identified. Based on the origin, CPP’s can be classified as Protein derived, chimeric 
and synthetic. CPP’s that are derived from naturally available proteins come under Protein-derived CPP. 
Example of a protein derived CPP is penetratin, which is derived from Antennapedia homeodomain 
protein. Chimeric CPP’s are those derived by combining two different peptides. Example of a chimeric 
CPP is Transportan, which is derived from galanin and mastoparan. Polyarginine is an example of a 
synthetic peptide (Bechara et al., 2013).
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CPP’s can also be classified based on their pysiochemical property as Cationic, amphipathic and 
hydrophobic. Cationic CPP’s are positively charged as they contain, polyarginine in their sequence. 
TAT, transcriptional activator protein in HIV-1, is an example of cationic CPP, which involves arginine 
and lysine residues (Kim et al., 2018). CPP with lysine residues which create a negative charge while 
arginine creates positive charge, have high degree of amphicity, hence classified as amphipathic CPP 
(Huang et al., 2018). Transportan is an amphipathic CPP. CPPs which have non-polar motifs only are 
called as hydrophobic CPPs.

CPP exhibited the ability to penetrate into the cell, but it does not specificity for penetration and 
penetrates into all cells. We need CPP’s that can only penetrate cancer cells. Thus biomapping of phage 
carrying specific peptide is done to find which peptide can home onto cancer cell, so that specific peptide 
can be used as a CPP to deliver drug to cancer cells. In this methods, a target cancer cell type is exposed 
to phages carrying peptides of different length. Based on the phages that can attach to or internalize into 
the target cancer cell, the specific type of CPP to home the target cell can be identified. The strength of 
this method is that cell-specific peptides can be isolated without the prerequisite of knowing a surface 
biomarker (Shukla et al., 2005).

Using the same technique, Zhou et al. (2017), discovered the novel CPP, MT23 with mouse melanoma 
cell specificity. MT23 can only enter B16 melanoma cancer cells and MT23-apoptin can significantly 
inhibit tumor growth and induce the cell apoptosis in B16 tumor-bearing mice.

The preference of some peptides for cancer cells has been discovered more randomly. For instance, 
BR2, which was initially designed as a shorter derivative of the anti-tumoral peptide buforin IIb, showed 
unexpected tumor-homing ability through interaction with ganglioside, via lipid-mediated micropino-
cytosis (Lim et al., 2013).

Hypoxia-inducible factors (HIFs) are the main factors for cell response to hypoxia, by which they 
promote cancer cell survival and progression. Karagiota and co-workers designed TAT-EDT peptides to 
target cancer cells under hypoxia in hepatocarcinoma models. Their data showed that the CPPs showed 
cytotoxic effect towards those cells only and not on normal cells (Karagiota et al., 2019).

Thus CPPs can be used to designing cancer homing drug delivery system, and passive drug delivery 
system. The only drawback is the CPP should be shield from degradation due to external factors, which 
can be achieved my chemical configuration.

LDL-LDL RECEPTOR

LDL in Cancer Theranostics

Lipoproteins are lipid-protein complexes, which exists either as a soluble complex or insoluble complex 
in the human body. Out of all the lipoproteins, those found in blood plasma are intensively studied for 
cancer treatment. Each lipoprotein in plasma has an apolipoprotein that helps in transporting fat mol-
ecules such as cholesterol, triglycerides, phospholipids and fat soluble vitamins to liver, intestine and 
peripheral tissues through the circulating blood plasma

Low density lipoproteins (LDL) are a natural nanoparticles of the size ranging between 20-25 nm. 
The LDL has a apolipoprotein B-100, that helps in transporting cholesterol across extrahepatic tissues. 
This B-100 is specifically recognized by LDL receptor on cell membrane, which gives entry into the 
cell. This receptor mediated entry is facilitated by endocytosis. LDL is preferred over other synthetic 
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drug delivery system, as it is biodegradable and biocompatible. Once inside the cell, it is degraded to 
its biological units such as amino acids, triglycerides and cholesterol.

Thus LDL being a natural nanoparticle, it can be reconstituted to carry the required drug into the cell. 
There are three methods used to reconstitute the LDL with the treatment drug required to treat cancer, 
Conjugation of drug to the apolipoprotein11, Insertion of drug into phospholipid bilayer and Loading 
into the hydrophobic core.

Conjugation of Drug into Apolipoprotein

In conjugation of drug to apolipoprotein, the drug is coupled covalently to the apolipoprotein through 
specific amino acids such as lysine, arginine, tyrosine and cysteine. Using this method, the cancer cells 
have been located using contrast imaging. But this method is not preferred as, any modification done to 
the crucial amino acid in the apolipoprotein can result in the inactivation of the B-100 in LDL (Glickson 
et al., 2009). Thus phospholipid can be used as a site to non-covalently insert the drug rather than apo-
lipoprotein. Insertion of the drug in the phospholipid bilayer, is far much easier as all that the drug 
need is an amphiphilic structure with a hydrophobic tail to insert itself into the phospholipid layer and a 
hydrophilic head which can interact with the aqueous external environment. But the disadvantage in this 
method is, that the interaction between drug and the LDL is by Vander Waals forces and because this 
weak force the drug can be dissociated from the LDL during transfer. The other method to reconstitute 
LDL to carry the drug is by loading the drug into hydrophobic core. The lipid core is extracted us-
ing non-polar solvents and the core is loaded with drug lipid conjugate. A hydrophobic core can carry 
~1200 cholesterol esters. Thus this method is better suited as it can carry huge drug payload without 
dissociating from the LDL.

Figure 5. LDL composition
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LDL as Drug Carrier for Cancer Treatment.

Chu and co-worker tested a DOX loaded LDL as a drug carrier, on a cancer induced mice. DOX loaded 
in LDL showed improved and better anti-proliferative effect, than direct treatment with DOX. LDL can 
also be loaded with contrasting agent for cancer cell imaging.

Versluis and team used an Iodine-125 labelled LDL, for imaging and found that LDL accumulated 
more in tumour tissues 0f B-16 melanoma bearing mice. The imaging study proves that LDL can reach 
cancer cells (Versluis et al., 1996).

Hill and co-workers used 2-oleoylglycerol 1,3-bis(iodopanoate), a poly-iodinated triglyceride, to 
reconstruct a LDL and incubated it with HepG2 cell lines and found that, the CT imaging has been 
improved because of using LDL. In recent years, exogenous X-ray contrast agents have been introduced 
into LDL to facilitate tumor-targeted imaging by computed tomography (CT) (Hill et al., 2010).

When too many LDL gets oxidized they trigger the activity of macrophages. When the macrophages 
uptake and clear up the oxidized LDL, the macrophages are transformed into foam cells and triggers 
atherosclerotic plaques (The build-up of fats, cholesterol and other substances in and on the artery walls). 
To prevent the aggravation of atherosclerotic plaques, anti-inflammatory drugs can be used. Thus oxidized 
LDL has high affinity towards the atherosclerosis plaques and this property can be exploited for targeted 
drug delivery. Tauchi and coworkers demonstrated that oxidized LDL conjugated with a prodrug (dexa-
methasone palmitate, DP) had inhibitory effect on the formation of foam cells (Yoshihiko et al.,2000).

Naturally obtained LDL are very few in numbers and are easily compromised by pathogens. Thus 
LMPs (LDL- mimetic particles) were prepared from triglycerides, cholesterol, phospholipids and apoli-
porotein peptides. Without a moiety to gain access into the cell it’s very difficult to deliver drug. Also, the 
fabrication of LMPs is very complex and is complicated without a moiety for entry (Thaxton et al., 2016).

Assessment of Nanodoping Process and their Possible Cancer Motives

Nanomaterials has evolved as potential and inevitable tool for the diagnosis and treatment of cancer. 
The selective accretion of nanoparticles in tumor tissues and significant physicochemical properties of 
nanoparticles is the reason behind the success of nanomaterials in cancer theranostics. In last decade, 

Figure 6. LDL drug conjugation (A) Drug covalently bound to apolipoprotein (B) Drug insertion in 
phospholipid layer (C) Drug loading into hydrophobic core (Chunlei and Younan, 2017).
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cancer theranostics research has focused in the development of novel devices with combined potential 
diagnosis and drug delivery of anticancer compounds in cancer cells. Attia et al. (2018) developed a 
simple and effective nano optical sensor film with binuclear Pt-2-aminobenzimidazole-Bipyridine for the 
early diagnosis of liver cancer. Rare earth elements doped nano particles has escalated as a novel class 
of luminescent materials in cancer diagnosis and treatment (Hong et al., 2019). The unique features of 
rare earth doped upconversion nanoparticles such as deep tissue penetrability, excellent biocompaitabil-
ity, water solubility, effective luminescent property and low signal to noise ratio had made them as an 
outstanding materials in cancer cell imaging and chemotherapy. Coa et al. (2011) developed a folic 
acid coupled LaF3:Yb, Er/Tm upconversion nanoarticles for bioimaging of tumour cells. Qian et al. 
(2010) assessed the anti tumour efficiency of Gold decorated NaYF4:Yb,Er/NaYF4/silica upconversion 
nanoparticles for photothermal destruction of neuroblastoma cells. Riberio et al. (2020) evaluated the 
potential of iron doped hydroxyappatite nanoparticles as drug free therapeutic agent and tumour cell 
imaging. The results of the study highlight the importance of intrinsic nano thernostic system with dual 
functionality. Zhang et al. (2019). demonstrated the effective practice of cancer cell membrane coated 
rare earth doped nanoparticles for the tumour surgery. In recent years carbon based photo luminescent 
nanomaterials had attracted significant attention in cancer abetment due to the chemical inertness, water 
dispersibility, cytotoxixity and stable photoluminescence (Sharma et al., 2018). Especially semi carbon 
dots had transformed as unique nanoparticles in bioimaging because of their hydrophilicity, cytocom-
paitability and low photobleaching (Ganguly et al., 2019). Application of rhodamine functionalized 
graphene quantum dots for the cancer stem cells was assessed by Guo et al. (2015). Das et al. (2019) 
fabricated a heteroatom doped carbon based naoprobe for targeted cancer drug delivery and cell labelling. 
The report of the study substantiated a trustworthy strategy for the imaging of cancer cells. In recent 
years microRNAs are emerged as authentic candidates in biomarkers for the rapid diagnosis of cancer. 
MicroRNAs play a decisive role in cell cycle process and apoptosis (Medina and Slack, 2008). A strong 
relationship between microRNAs expression pattern and cancer progression has been reported in 11 dif-
ferent cancer cells including glioblastoma, neck, prostate, colorectal, pancreas, lung and neuroblastoma. 
(Lawrie et al., 2008; Fabris et al., (2016). Sabahi et al. (2019) developed as carbon based electrochemical 
nano-genosensor for the early and selective detection of miR-21 biomarker in prostate cancer cells. The 
fabricated nanosenser exhibited excellent selectivity in discriminating cancer and normal cells in human 
serum samples. Similarly Gold nanoparticle based electrochemical DNA nano biosensor for the miR-21 
was developed by Mandli et al. (2017).

Nano Drugs Groups used in Cancer Diagnosis and their Present Clinical State

In recent decades, immense efforts have been devoted for the development of effective protocols for 
cancer therapy and diagnosis. The specific features of tumor cells like over activated oncogenic proteins, 
abnormal active efflux pumps, low pH, modified redox potential and hypoxia conditions are responsible 
for the deactivation of anticancer drugs and development of chemotherapeutic resistance of cancer cells. 
The above complex behaviours of tumor cells has driven the need for the emergence of modern nano-
theranostic approaches like tumor activated prodrug therapy, magnetothermal therapy, electrothermal 
therapy etc., Application of nano drugs have become a research hotspot in cancer diagnosis due to their 
less toxicity, precise targeting efficiency and enhanced bioavailability. Redox sensitive janus prodrug 
based on camptothecin and gemcitabine was developed by Xu et al. (2018). Kokkinos et al. (2020) 
investigated the possible applications of RNAi based nanodrugs for the treatment of pancreatic cancer. 
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Engineered nanoparticles combined with polymer matrix acts as scaffold materials for cancer cell imag-
ing theranostic purposes (Iyer et al., 2006). Inorganic nanoparticles play an important role in thermbal 
ablation of tumors and imaging applications (Huang et al., 2011). Recent literatures have highlighted 
promising simultaneous application of nanoparticles in cancer imaging and chemotherapy (Nabil et al., 
2019). A pH sensitive doxorubicin loaded pegylated gadolinium oxide nano particle was fabricated by 
Kumar et al. (2017). The fabricated nanocomplex facilitated the both therapeutic efficiency and optical 
as well as magnetic resonance imaging applications. Wang et al. (2017) developed docetaxel combined 
lipid polymer hybrid nanoparticles as imaging agent for the treatment of prostate cancer. Curcumin is 
an important anticancer natural product that has been extensively investigated for its antitumour behav-
ior against multiple cancer types. Theranostic effect of curcumin in combination with anticancer drug 
paclitaxel was assessed by Nguyen et al. (2016) The findings of the study highlighted the possible ap-
plication of fluorescent behavior of curcumin in monitoring the drug delivery and distribution in MCF7 
skin cancer cell lines. Alberti et al. (2017) developed a PLA/PGA polymer nanoparticle based delivery 
of boron curcumin complex with simultaneous imaging of ovarian cancer cells.

CONCLUSION AND FUTURE PROSPECTS

The successful development of biomedical nanotechnology techniques nanodrug delivery and Nano 
theragnostic has proven to be an efficient strategy in the simultaneous online monitoring and drug 
delivery approaches for the treatment and early diagnosis of cancer . Several nanomaterials including 
metal nanoparticles, polymer nano carriers and liposomes have shown to be a potent agents for the con-
struction of advanced nano carrier systems with diverse therapeutic applications. Interesting properties 
of nano drug delivery agents such as target specificity, controlled release of drugs, bio compatibility 
and theranostic properties has approved the usage of nanomaterials in clinical chemotherapy for tumor 
cells. Besides the development of technically inspired sophisticated nanosystems for cancer therapy, the 
mass production of these nanocarrier systems will bring the successful implementation of combined 
drug delivery and diagnosis approach form concept to clinic. Effective monitoring of these combined 
nanocarrier systems in pre and post clinical models will reflect the possible implementation in cancer 
treatment. Further, extensive toxicological investigation of nanocarrier systems will ultimately bring this 
technology as a successful concept in future.
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ABSTRACT

Immunotherapy has become a preferable candidate for many diseases in recent days. The infusion 
or administration of immune complexes or components to elicit the own immune response against a 
particular disease by attracting the antigen presenting cells against the disease causing organism and 
eliciting the T-cell mediated killing and further activating cell mediated immunity based on the processed 
surface antigens underlies the basic concept behind the immunotherapy. Immunotherapy can be applied 
for all course of diseases even in the treatment of cancer. The limitation in using immunotherapy is that 
it needs a proper delivery vehicle to reach the diseased spot to shows its pharmacokinetic property. In 
case of cancer, the immune components administered itself are not able to pertain and penetrate the 
solid tumor mass. Nanoparticles are small-sized particles which are generally specific in action used 
in the field of medicine. Nanoparticles aid in targeted drug delivery to the specific spots and immune 
targeting of nanoparticles is due to its enhanced permeability and retention (EPR).

INTRODUCTION

In this modern scenario of scientific and technological development, there is an increased number of 
challenges for therapeutics design. However, the currently existing chemotherapeutics can do its role 
efficiently but there is a voidness over a period of time in treating several diseases especially in the field 
of Oncology. In general, the drugs are categorized into two categories-Broad spectrum drug and Narrow 
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spectrum drug. The broad spectrum of drug act as a therapeutics for about two or more complications 
on other hand narrow spectrum drug is administered in targeting limited target. In some cases it showed 
adverse effect and some major concerns are incompatibility to host and non-specificity of the drug to 
the site of action. In cancer treatment, Apart from chemotherapy or radiotherapy or surgical procedure, 
there is a need of combinational therapy to achieve the maximum therapeutic success. Generally the 
Immunotherapy is prescribed as a combination therapy with the traditional therapeutics with minimal 
side-effects. Immunotherapy is a form of biological therapy in which immune cells of the host is targeted 
and primed to fight against the antigens. The importance of immunotherapy has been acknowledged by 
James P. Allison (Nobel Prize for physiology or medicine 2018) for the discovery of CTLA-4 (cytotoxic 
T-lymphocyte-associated protein) and PD-1 / PD-L1 (Programmed cell death protein 1 / programmed 
cell death protein ligand 1) to Tasuku Honjo (Altmann DM, 2018). Immunotherapeutics can be a drug 
or a vaccine and depending upon the types of disease, site of action and need of the patients. Though it 
paves the positive hope in the new medical era, it cannot be used as an independent therapeutics. The 
major reason behind the failure of Immunotherapy was that it cannot able to reach the target sit and 
it lacks a proper delivery channel. To overcome these issues, it can be engineered with nanoparticles.

Over the few decades Nanotechnology has become a revolutionary field through an integrated ap-
proach. In accordance to the National Nanotechnology Initiative (NNI, US), nanotechnology implies 
the involvement of both science and engineering techniques in designing, synthesis, characterization, 
and application of various materials and devices on the nanoscale range typically ranges between 1–100 
nanometers. The implication of nanotechnology in the development of newer drugs as a potent therapeutic 
or prophylactic agent is generally termed as Nanomedicine. On the other hand Nanomedicine can also 
be defined as the application of nanoparticles for purpose of diagnosis, treatment monitoring, control 
and prevention of diseases (Tinkle, S.et al, 2014).

The nanoparticles have several capability to achieve a greater adhesion to the target site and provide 
the required immune response. This greater immune targeting of nanoparticles are due to the Enhanced 
Permeability and Retention (EPR) effect and several unique properties. Apart from this, nanoparticles 
also act as an adjuvant thereby increasing the immune response to modulate the host anticancerous im-
munity in the treatment of cancer and will provoke new avenues for developing novel therapeutics. In 
this chapter, we discuss the salient features of nanoparticles and its need in targeted immunotherapy in 
treating several disease especially cancer.

CANCER- AN OVERVIEW

Cancer is one of Non-Communicable disease and remains as the leading death causing one globally, 
with an estimated 21 million by 2030 (D. Hanahan, R.A. Weinberg, 2011). Several reasons like altered 
mutation pattern, glycosylation level, methylation rate, addition or deletion of chromosome lead to the 
onset of cancer. The varied glycosylation is the major reason for tumor heterogeneity (S. S. Pinho & C. 
A. Reis, 2015) whereas the methylation rate desire the tumor suppressor gene silencing and oncogene 
activation activity (Sharma. S, et al., 2009). Apart from this several other physical and chemical agents 
are also responsible for the onset of tumor development which is generally termed as carcinogen.

The onset of cancer is generally termed as benign tumor (neoplasm state) or primary tumor which is 
generally localized. Then reaches the Malignancy (injurious state), it leaves the localized niche and gets 
traversed to other site of body via lymphatic system or blood circulation to form its secondary niche. 
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In case if it remains in the blood circulation (Systemic), then it is termed as metastatic stage (Lodish. 
H. et al., 2000) Nowadays, there are many examples of chemotherapeutic agents that have been used to 
control different cancers in clinics such as doxorubicin, paclitaxel, gemcitabine, and cisplatin (Chabner 
B. A., et al., 2005)Apart from this, radiotherapy can also be widely used to treat cancer, however most 
of them are associated with varied side-effects. The success rate of the treatment majorly depends on 
the stage of cancer and host immune responses

CANCER AND HOST IMMUNOLOGY

Generally the immune system comprises of Innate and Adaptive immune responses. The innate immunity 
can also be described as primary immune response which act as a baseline of defense and the adaptive 
immunity can be defined as the secondary immune response which consists of T-cells and B-cells me-
diated immune responses and memory responses. The immune system is composed of several types of 
soluble bioactive molecules like Cytokines, proteins and so on to eliminate the non-host foreign particles 
from the host. This can be achieved through several mechanisms.

The tumor cells generally mimics the host immune response thereby it can achieve the needful vas-
cularization and nutrition for development. The tumor cells generally undergoes several mechanism to 
evade the host immune responses against them. These mechanisms includes the defect in the effector 
arm of immune cells like CD8+ cytotoxic T-lymphocytes and natural killer cells; Abnormalities in the 
regulation of immune responses mediated by the regulatory T-cells, T-helper cells and dendritic cells 
(potent Antigen presenting cells) (Ossendorp F. et al.,2000). The immune-surveillance property of the 
host immune system and the evasion of tumor cells from the immune system generally leads to the 
Immuno-editing concept (Dunn, G. P., et al., 2002) which can be achieved by enhancing or modulating 
the anti-tumor immune responses of the host. Our Immune system can be primed to rule out the cancer, 
One such notable example is altered or reduced expression of the cell surface marker of Major Histo-
compatibility (MHC) class I in cancer cells which leads to the reduced recognition by immune cells like 
Natural killer (NK) cells which thereby activating receptors present on NK cell surface such as NKG2D 
which bind to surface glycoproteins known as MICA/B that may be present on the tumors and induce 
cytolytic granule mediated apoptosis (Waldhauer, I., & Steinle, A., 2008).

REASON FOR A SEARCH OF ALTERNATIVE

Traditionally, Chemotherapy or Radiotherapy are believed to treat the cancer cells by direct killing. The 
failure of chemotherapy is majorly because of different extents of multidrug resistance (MDR) develop-
ment which results with approximately 90% of cancer patient’s death. MDR occurs when tumor cells 
develop resistance to unrelated classes of chemotherapeutic agents both structurally and functionally 
leading to drug unresponsiveness and/or drug efflux from cancer cells causes an major obstacle during 
the treatment (Saggar, J. K., et al., 2013)(Xue, X., & Liang, X. J. 2012). There are several reasons behind 
the development of multidrug resistance in cancerous cell and few of them are shown in Figure 1. To 
overcome this issue now a days, personalized medicine (Tailor made medicine) is preferred, in which 
the drugs are designed based on the individual host and nature of cancer respectively. But the concept 
of Personalized medicine is highly not feasible and expensive. In order to reach the affordable broad 
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range outcome, the medical professionals seeks the implication of several new forms of therapeutics 
with reduced side-effects.

ROLE OF IMMUNOTHERAPY IN TREATING CANCER

In immunotherapy, the active components are primed to induce or elicit the host immune responses 
against the cancer cells. There are about five different classes of Immunotherapeutics and they are shown 
in the Figure2. The importance of immunotherapy has been acknowledged by James P. Allison (Nobel 
Prize for physiology or medicine 2018) for the discovery of CTLA-4 (cytotoxic T-lymphocyte-associated 
protein) and PD-1 / PD-L1 (Programmed cell death protein 1 / programmed cell death protein ligand 1) 
to Tasuku Honjo (Altmann DM, 2018). Zitvogel with her co-worker described the anti-neoplastic effect 
of chemotherapies and this leads to activation of innate immune system through immune stimulatory 
signals via pattern recognition receptors such as toll-like receptor 4 (TLR4) (Tang, J., et al., 2018). It 
is generally used as a combination therapy with the chemotherapeutic drugs and/or Radiation therapy.

In case of radiation therapy, unless infecting the tumor cell, it also kills the immunogenic cells thereby 
leading s to the depletion of the immune cells. Combining radiotherapy with immune-stimulatory PD-1 
/ PD-L1 (Programmed Death Ligand 1) blockade gives an appreciable results in Pre-clinical trials which 
highlights the synergistic potential of this combination while applying it as a tropical agent at the site 
of radiotherapy and it crosses the Phase I and II clinical trial (Park, S. S. et al., 2015) (Hammerich, L., 
et al., 2019).

Generally in most of the cases, the monoclonal antibody can be used in the immunotherapy which 
can act upon the cancerous cells. It can be a Murine(made from mouse proteins and the names of the 
treatments end in –omab), Chimeric (proteins are a combination of part mouse and part human and the 
names of the treatments end in -ximab) or Humanized (made from small parts of mouse proteins attached 
to human proteins and the names of the treatments end in -zumab). They trigger the immune system to 
fight against the tumor cells and leads to the antibody-dependent cell-mediated cytotoxicity (ADCC). 
In some cases they directly made to target the ligands or receptor in specific to the tumor cells and 
thereby control the cell proliferation and metastasis (Weiner, L. M. et al., 2009). Some FDA approved 
Immunotherapeutics are listed in Table 1.

Though immunotherapy is a preferable one, it also have some challenges to overcome which include, 
the efficacy of the drug is often unpredictable and identification of targetable tumor-specific antigens 
(TSAs) which is also called neoantigens, differential drug permeability rate and increased chance for 
activation of autoimmune profile because of the increased release of drug at the site of action (Ventola, 
C. L. 2017) that can be overcome by implication of Nanotechnology in immunotherapy.

NANO IN THE FIELD OF THERAPEUTICS- AN IDYLLIC APPROACH

Several areas in the field of science had benefited significantly from the introduction of nanotechnol-
ogy. The application of nanotechnology in the field of medicine is termed Nanomedicine. The use of 
the nanoparticles in various field is majorly because of it affordable size (1 to 100nm).In the field of 
pharmaceuticals, the manufacturing of nano-materials involves two different approaches: top down 
process and bottom down process. The top down process involves the breakdown of large materials into 
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a smaller one by means of mechanical or chemical energy. On the other hand, the bottom down process 
starts with atomic or molecular size particle allowing the precursor particles to increase in size through 
chemical reaction (Boverhof, D. R. et al., 2015).

There are different types of Nanoparticles which include Lipid based nanoparticles, Nanocapsules, 
Polymeric nanoparticles, Metal based nanoparticles (Silver nanoparticles, Zinc nanoparticles, Gold 
nanoparticles, Copper nanoparticles), Dendrimers (Dong, X., & Mumper, R. J. 2010) which was also 
shown in the Figure3.

The formulation is generally based on the conjugating drug and site of action. The key challenge 
in the nano-based drug development are the scale-up and reproducibility. The classical manufacturing 
processes does not makes the three dimensional medicines in the nanometer scale. It requires different 
methods as mentioned above, compromise top-down and bottom-down approaches, which include dif-
ferent types of steps, like homogenization, sonication, milling, emulsification, and the use of organic 
solvents. In a small-scale, it is easy to control and optimize the formulation, but in large scale production 
a small change in quantification or error will leads to the drastic change in physiochemical properties or 
can even modify the pharmacokinetics properties (Agrahari, V., & Hiremath, P. 2017).

CHARACTERISTIC FEATURES OF NANOPARTICLES

The nanoparticles possess several potent characteristic features to emerge as an eminent candidate in 
the field of medicine and it is generally used as a delivery vehicle to reach the appropriate site of action. 
The major advantages of using nanoparticles in the field of medicine are:

• Nanomaterials are functionalized with unique shape and size, which enabling them to penetrate 
and target specific site.

• Nanoparticles possess a special surface modification property which made them to overcome 
solubility and stability issues during localization of drug in the targeted area

• Nanoparticles possess a novel physical property which can be utilized for tracing the drug activity.
• Nanoparticles are composed of large surface area, so that it can provide a large payload which 

holds a drug and other adjuvants needs to be encapsulated.
• Nanoparticle has the sustained release property ultimately results in reaching the optimum con-

centration in a short time and maintained even at low drug concentration so that at once when the 
drug is delivered and recognized by a receptor, thereby prevent the damage to normal cells at the 
site of action (S. E. McNeil, 2009; Wang, R. et al.,2013)

• Nanoparticles can prevent the degradation of the conjugated drug.
• Nanoparticles can also have the property to alter the pharmacokinetic and distribution profile of 

the drug in the tissue and increase the intracellular efflux in cancer cells based on the surface per-
meability which cannot be easily achieved by normal drug (Elzoghby, A. O. et al., 2012).

They are designed as active and passive targeting particles for cancer to deliver and elevate the in-
tracellular anticancer activity also enhance the absorption through the epithelial diffusion. Enhancing 
the permeability and retention (EPR) effects of anticancer drugs is considered as passive targeting of 
Nanoparticles towards the tumors. However, actively targeted nanoparticles can be made based on tumor 
microenvironment and targeting surface ligand to the tumor cells (Bi, Y. et al., 2016). Enhanced Perme-
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ability and Retention effect will makes sure that the drugs are delivered at the appropriate site without 
damaging the other healthy cells/tissues and confirms highest accuracy with increased efficacy at the 
target site. Because of the unique inherent property even against the solid tumors, the nanoparticle is 
considered as an excellent tumor-targeting vehicle and this can makes the accumulation of nanoparticles 
with drug at the preferable tumor site. In addition, it allows targeting the tumor site that is directly con-
nected to the main blood circulation (Schroeder, A. et al., 2012).

Another main properties of the nanoparticles in the field of medicine are bio-compatibility and 
biodegradable which is considered as an important parameter in the field of pharmacology. The term 
biodegradability represents the biodegradable nature of the nanoparticles in the human body. Even if 
the drug cause some inflammation or irritation, the immune system will return to the regular function 
after elimination unless stay forever in the body and change the normal function of the immune system 
(Müller, R. H. et al., 2011). And it should be compatible to the host otherwise it will activate the immune 
responses thereby leadings to the poor response of the drug.

TARGETED THERAPY USING NANOPARTICLES

Liposome Based Drugs

Liposome generally enhances both the pharmacokinetics and pharmacodynamics of the drugs thereby 
increasing the chance for survival of the patients. Liposomes composed of two layers of phospholipids 
with both hydrophilic and hydrophobic ends so that we can incorporate both types of drugs with aque-
ous core. It follows the colloidal drug delivery systems. The hydrophobic drugs are generally dissolved 
in the lipid layers, on other hand the hydrophilic drugs are loaded in the aqueous core region. There are 
several types of drugs made based on the Liposome fusion and some of them are as follow:

• Doxil liposomes composed of single lipid bilayer membrane with a Hydrogenated Soy Phosphatidyl 
Choline (HSPC) and cholesterol with doxorubicin encapsulated in the internal compartment along 
with the 2000 Da segments of Poly-Ethylene Glycol (PEG) grafting to the liposome surface. As 
the doxorubicin is a small molecular component, the PEG can be used for sustain release of 
drug and provides stability to the active component. In addition, the PEG functionalization makes 
the drug to cross the reticulo-endothelial system and helps to reach the tumor microenvironment 
with reduced cardio-toxicity and demonstrated the surface modification (Gabizon, A. A. 2001) 
(Gabizon, A, et al., 2003). Now the Doxil is administered for second-line treatment of AIDS-
related Kaposi’s sarcoma, recurrent ovarian cancer, metastatic breast cancer, and multiple my-
eloma in combination with Bortezomib (Barenholz, Y. C. 2012).

• DaunoXome liposome is made up of Daunorubicin which consists of a bilayer membrane of 
Distearoyl Phosphatidylcholine and cholesterol at a 2:1 ratio. The citrate salt of Daunorubicin is 
encapsulated within the inner aqueous core of the vesicle and demonstrated the high stability with 
minimal leakage. It follows the passive-targeting mechanism of tumor sites and its size, net neutral 
charge, incorporation of cholesterol and a lipid molecule with a high phase-transition temperature 
and circulation half-life of 2–4 hours made it as an effective therapeutic tool (Forssen, E. A., & 
Ross, M. E. 1994)(Allen, T. M., & Martin, F. J. 2004). In US, it is generally used as a first line of 
choice in HIV based Kaposi’s sarcoma treatment (Galen, U. S. 2011).
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• Other drug includes AmBisome (amphotericin B), Visudyne (verteporfin) which can directly in-
hibit the P-gp efflux or bypassing P-gp through an endocytosis pathway thereby aiding the drug 
to reach the target site.

Apart from this there are several drugs are under clinical phase trials which can serve as an effective 
therapeutic tool in future.

Nanocapsules

Nanocapsules are comprised of polymeric membrane with hydrophilic/lipophilic surfactants that cover the 
liquid core where the hydrophobic drugs are loaded. The space allocated for loading the drug generally 
comprises large surface area and it have the sustained release ability. Nanocapsules generally overcome 
P-gp-mediated drug resistance thereby it can enhance the delivery of the active components to reach the 
site of action and to exhibit its efficacy. These kind of formulation is generally prescribed in the immune-
based chemotherapy cases to recover the patients with minimal side-effects (Ganassin, R., et al., 2018).

Apart from this, there are also several forms of Nano-based drugs which have the application of 
nanoparticle in drug formulation or nanoparticles used as conjugates. Some immunotherapy includes 
stimulating immune cells through cancer antigen vaccination, such as interleukin-2 (IL-2) and interferon-α 
(IFNα), or using dendritic cells for therapy enhancement. Some of the examples for nanobased immu-
notherapeutic drugs are:

• Tecemotide, for example, for non-small-lung cancer treatment in clinical trial III, is a transmem-
brane glycoprotein Mucin 1 (MUC1) antigen conjugated with liposome to induce immune re-
sponse against cancer cells.

• CYT-6091 is an another example of a combination between tumor necrosis factor (TNF) antigen 
and colloid gold nanoparticle for the treatment of late-stage solid tumorsand in accordance to US 
National Library of Medicine 2012 record, it is in clinical trial I

Apart from these several drugs are in clinical trial phase. For instance, Dendrimer based hydrogels are 
used for Intra-ocular drug delivery in order to achieve the increased bioavailability and sustained release. 
In case of hydrogel formulation, the nanoparticles like Alginate, Xanthan gum, Cellulose, polymeric 
micelles are used in targeted drug delivery system.

FUTURE PROSPECTS

Even in this pandemic Covid-19 situation, many immune based drugs are under clinical study and one 
among them is Sepsivac. Sepsivac is composed of heat-killed Mycobacterium W (MW) generally adminis-
tered for Gram negative bacterial septicemia patients in order to minimize the activation of autoimmune 
system by means of increased cytokine production. In case of Corona infected patients, we can made 
a hypothesis that the virus enter the lung through ACE2 receptor thereby it multiplies and affects the 
alveolar cells. During this situation, there is an increased synthesis of cytokine in response to the viral 
load which have the more chance for activation of Autoimmune profile i.e. host immune cells itself af-
fect the normal body cells. The increased synthesis of cytokine is generally termed as Cytokine storm 
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as like in the septicemia patients and it is the major lethal factor behind the mortality. Sepsivac have the 
ability to reduce the Th2 response and thereby increasing the Th1 and TLR2 agonist which can prevent 
the host cell damage and viral destruction. As it was a less efficient drug, it can be combined with some 
nanoparticles to enhance its immunogenic property and make it as an effective therapeutic tool. We can 
adopt liposome fusion technique in which Sepsivac can be loaded along with the commercial antibiotic 
in the core region and made to reach the lung epithelial cell by means of aerosol spray. After it reaches 
the site of action, it is made to release the active components in a sustain manner so that there is a pro-
longed efficacy of the drug can be achieved with minimal side-effect. Likewise, the immune targeted 
nano-medicine can be used for treating different diseases and the nanoparticles will aid to overcome 
several obstacles in the field of medicine.

CONCLUSION

In the current scenario, the implication of immune based therapeutics paves a significant role over the 
medical field. Though it have some demerits, the Immuno-targeted nanomedicine holds a distinct role 
in the Pharmaceutical and its associated medical field. Further research need to be carried out towards 
this objective in order to develop several effective therapeutic tools for the future welfare.
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APPENDIX

Table 1. List of FDA Approved Immunotherapeutics

Drug Class of 
Therapeutics Description Reference

Axicabtagene 
ciloleucel CAR T Cell Therapy

CD19-directed genetically modified autologous T cell 
immunotherapy, expresses a new gene that targets and kills the 
lymphoma cells which is again infused

Jain MD et 
al.,2018

Ipilimumab Check-point inhibitor Humanized Monoclonal Ab binds CTLA-4 and preventing T-cell 
inhibition signal pathway Fellner C. 2012

Aldesleukin Cytokine mediated 
Immunomodulators

It is a lymphokine binds to the IL-2 receptor which leads 
enhanced production of Lymphocyte mitogenesis

Stauber D. et 
al.,2006

Alemtuzumab
Targetted 
Monoclonal 
Antibodies

Humanized Monoclonal antibody which binds to the CD52 
antigens of B-Lymphocytes and T-Lymphocytes and further leads 
to ADCC

Ruck, T et al., 
2015

Brentuximab vedotin Antibody-Drug 
conjugate

Composed of Human-murine IgG to target CD30, MMAE 
(Monomethyl auristatin E) to disrupt the Microtubules and a 
protease susceptible linker to link the both

Connors, J. et al., 
2018

Sipuleucel-T Therapeutic vaccine Autologous cellular immunotherapeutic vaccine which targets the 
Prostate Specific Cancer (PSA) by inducing the immune response

Fan, A. C., & 
Leppert, J. T., 
2019

T-VEC Oncolytic Viral 
Therapy

Talimogene laherparepvec is a genetically modified Herpes 
Simplex virus which is made to proliferate with the cancerous 
cells and release the immune stimulatory proteins, thereby elicit 
the anti-cancer activity

Raman, S. S, et 
al., 2019
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ABSTRACT

Due to drug resistance, lack of cancer cell selectivity, and solubility, conventional cancer treatments 
lose their therapeutic uses, and as such, new therapeutic agents need to be developed. Nanomaterials 
and peptides are increasingly being used in the fields of cancer diagnosis, biomarker discovery due 
to their therapeutic values and novel way of targeting and curing the disease. Synergism among the 
peptide-conjugated nanoparticles is an exhilarating group of materials, not only sharing the benefits 
of conventional nanomedicine, but also possessing the unique properties of excellent biocompatibility, 
biodegradability, versatile sensitivity, specific biological purpose, and synthetic feasibility. These vir-
tues inspired by the scientists and have taken advantage in the peptide-conjugated nano drugs for the 
accurate delivery of drugs reliably to the site of the lesion. This chapter offers a summary of emerging 
technologies that have recently been developed in the broad field of peptide-conjugated nanoparticles 
and offers guidance for targeted drug delivery and cancer therapy.

INTRODUCTION

Cancer is among the world’s most significant diseases and is expected to result in 1,688,780 new diag-
noses and 600,920 cancer deaths in 2017. The number of cancer patient cases is predicted to increase 
by almost seventy per cent in the next twenty years. Cancer treatment is a significant part of cancer 
diagnosis, along with chemotherapy and radiotherapy. (MDR) Multidrug resistance, the key pathway by 
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which most cancers develop resistance to cancer treatment, is one of the biggest obstacles to successful 
clinical care for various forms of cancer. Cancer treatment is the systemic technique most widely used 
to inhibit the growth of cancer cells, disease development and metastases. Anticancer medications, 
however, not only destroy cancer cells that are proliferating, and attack healthy cells that cause adverse 
effects. Antitumor drug carriers are also desperately required to preserve or enhance the effectiveness 
of chemotherapy and at the same time, the seriousness of symptoms and complications. When a drug, 
carriers for cancer therapy, nanomaterials are increasingly being used. In the fields of cancer diagnosis 
and biomarker discovery, nanomaterials also appeal to scientists. In preclinical and clinical trials, multiple 
antitumor nanodrugs are currently being tested and show promise in therapeutic and other environments. 
Nanoparticles, which be capable of being tailored to various biological activities and can be used in a 
verity of conditions, provide a safe and effective way to deliver chemotherapy (Langer, 1990; LaVan et 
al., 2003; Shi et al., 2011).

Nanomaterials as drug carriers have several advantages. Nanocarriers, i) Increase water solubility 
and preserve blood dissolved drugs and increase the pharmacokinetic and pharmacological of drugs; ii) 
Monitor drug delivery in a tissue- or cell-specific manner, thereby reducing drug accumulation in the 
chest, liver, spleen and other non-target organs and increasing therapeutic effectiveness; and iii) Develop 
a combination of imaging and therapeutic agents to track therapeutic efficacy in real-time.

CANCER MULTIDRUG RESISTANCE

Multidrug Resistance Factors (MDRF)

The resistance of multiple medications, the key process through which cancer cells develop chemotherapy 
resistance, relics a significant barrier to effective chemotherapy. It affects patients to buy through many 
cancers of the blood and tumours, as well as cancers of the cervical, ovary, renal, lung, liver, and intes-
tinal cancers. Substantial efforts were made in the previous two decades to elucidate the cancer cycle of 
MDR. Many important factors responsible for mediation are briefly discussed in this analysis.

ATP-Binding Cassette Transporters (ABC Transports)

Some of the methods which play a crucial role in cancer patients are to inhibit the intracellular aggrega-
tion of anticancer drugs by releasing protein molecules that move drugs out from the cells. Such carriers 
operate on cell organelles and prevent anticancer drugs from reaching their cellular targets. Most of these 
molecules belong to the mammalian adenosine triphosphate (ATP) carrier family, a vast proportion of 
biologically complex transmembrane proteins shared with the plasma cell membrane. In human beings, 
depending on their sequence similarity and domain arrangement, 48 types of ATP-binding cassette 
transporters have been identified and classified into seven separate subfamilies (ABCA-G). Upon drug 
internalisation via the plasma membrane, transporters recognise active molecules use ATP hydrolysis 
energy to extract biomolecules from the cells resulting in poor bioavailability and potentially contribut-
ing to drug tolerance in cancer cells.
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NANOPARTICLES

The term nanoparticle refers to materials ranging from 1000 nm to 1 nm in size of particles. At least in 
one aspect, nanoparticles used mainly as drug carriers molecules may being as large as 100 nm (Barry 
& Vertegel, 2013). The nanoparticle is a synthesis of different compounds lipids, metals, natural and 
synthetic polymers. Since cells absorb nanoparticles effectively than larger macromolecules, they are an 
excellent material for a delivery system. Over the past 50 years, several nanodrugs have been produced 
(figure 1).

NDDs (Nano drug delivery system) is a fast developing and ever-growing area of active disease treat-
ment and diagnoses, such as cancer, inflammation, neurological disease, and cardiovascular disease. 
Compared to small molecular weight compounds such as Taxotere and Cisplatin, Nano drug delivery 
system has benefits of enhanced circulation of blood and improved tumour tissue diffusion strength as 
well as the controllable release of cancer medicine into the cytoplasm. The traditional carriers for drug 
delivery are liposomes, nanoparticles and micelles (Chen et al., 2017; Huang et al., 2014; Li & Wang, 
2018; Mahmoudi et al., 2017; Ruber Perez et al., 2015; Torchilin, 2005; Wang et al., 2017).

PROPERTIES OF NANOCARRIERS

Physico-Chemical Characteristics of Nanocarriers

Nanoparticles for cancer research may exist tailored to tailor different tumours in volume, shape, and 
surface characteristics. The shape is efficient for the transfer of nanocarriers across the bloodstream and 
eventual distribution to the cancer cells. Although nanoparticles in the leaky capillaries of tumours may 
accumulate more quickly than larger ones, they can also migrate into healthy tissues [Bregoli L, Movia 
D et al. 2016]. Larger nanoparticles, on the other hand, can not extravasate as quickly and therefore have 

Figure 1. Timeline of nanomedicine growth. (Source: Zhen LI et al. 2017.)
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a highly variable distribution in the bloodstream. Optimising the size of nanoparticles will help improve 
the precise absorption of tumour tissue [Truong NP, Whittaker MR et al. 2015]. Nanocarriers ‘ charge 
can also affect their blood stability and distribution. Previously, positively charge nanomaterials had 
been exposed to target cancer vessels most effectively; however, the neutral charge control after efflux 
allowed nanoparticles to migrate more rapidly to the cancer cells—[Stylianopoulos T, Poh M-Z, Insin 
N et al. 2010].

Solubility Degradation and Elimination

Medication with low aqueous solubility can be extracted from the blood after entrance into the cancer 
cells. Using lipophilic nanomaterials to encapsulate certain medications will increase their solubility, 
thereby enhancing in vivo bioavailability and allowing better effective delivery. Hydrophilic and non-ionic 
polymer coating nanoparticles with polyethylene glycol have been shown to improve the solubility and 
stability of nanoparticles. Once polyethylene glycol is removed, it should not interfere with the function 
of charged molecules such as RNA and DNA.

Figure 2. A schematic diagram demonstrating passive and active nanocarrier delivery to the target cell 
with a drug. (Source: Agnieszka Pudlarz et al. 2018.)
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PEPTIDES

Biological and chemical peptides are compounds that have a variety of biological roles. These behave 
as signalling, substrates and antagonists of proteins, anticancer, biology regulators, etc. Peptides thus 
play a significant role as a medicinal and diagnosis component in biotechnological applications (Sahoo 
& Labhasetwar, 2003). Advantages depend on a manufacturing method, including biocompatibility, 
low price, controllable bioactivity, a range of chemicals, and precise targeting. In addition, they can be 
conveniently synthesised, for example, by means of solid-phase peptide processes, where the amino 
acid sequence be able to be accurately chosen at the cellular stage by changing the specific units. Data, 
peptides perform a significant function as the sequence of amino acids sequence continues to drive or 
tends to affect the molecular self-assembly by incorporating weak non-covalent bonds, electrostatic 
attractions, hydrogen bonds, hydrophobic interactions, and van der Waals connections. (Tesauro et al., 
2019). In fact, peptides play a bioactive function as particular receptors, such as those overexpressed by 
defective cells, are known to be entirely or partially recognised by the sequence (Vanhee et al., 2011).

Peptides contain drawn an enormous arrangement of notice in biological applications as an innovative 
drug that can show protein flexibility and provide a high level of molecular design functionality. Present 
artificial bioactive peptide production strategies can be generally split into two categories. I) Design 
and analysis of specific amino acid composition peptide libraries inside a macromolecular topography 
(peptide library research, bottom-up approach). ii) The identification of biological active sequences from 
protein molecules depending on their 3D (structural design, top-down approach) architectures;(figure 3) 
(Brack & Orgel, 1975; Marasco et al., 2008; Ryvkin et al., 2018; Wang & Yu, 2018).

The identification of many protein receptors, peptides tumour-related and proteins is usual to produce 
a new generation of more effective and tailored anticancer medicines in the future, capturing a significant 
proportion of the demand for therapeutic cancer (figure 4).

The “biological molecules” therapeutic choice for cancer include the use of proteins, monoclonal an-
tibodies and peptides. mAbs (Monoclonal antibodies) and large protein ligands have two main drawbacks 
relative to peptides: poor dissemination to tumours due to their large scale and dose-limiting sensitivity 

Figure 3. Bioactive peptides for biomedical application and their combination with nanoparticles. 
(Source: Woo-jin Jeong et al. 2018)
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to the liver and bone marrow due to non-specific penetration in the reticuloendothelial system. Therefore, 
the use of such biomolecules was restricted to either the vascular target of endothelial or haematological 
malignancies on the luminal side of the tumour vessel.

Table 1. Peptides in cancer treatment

Peptide Indications

Agonists

Buserelin Prostate cancer

Gonadorelin Cystic ovarian disease

Goserelin hypothalamic-pituitary-gonadal (HPG) function

Histrelin Prostate cancer;

Leuprolide Prostate cancer;

Nafarelin Treat symptoms of endometriosis

Triptorelin Prostate cancer

Antagonists

Abarelix Prostate cancer

Cetrorelix Prostate cancer

Degarelix Prostate cancer

Ganirelix Fertility treatment

Figure 4. Peptides can be used as an anticancer agent, as a drug carrier for cytotoxic products, as a 
vaccine, as well as hormones and as a carrier for radionuclides. (Source: Jyothi Thundimadathil 2012).
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1. PEPTIDE NANOPARTICLES

Peptide Self-Assembled Nanostructures

Peptides can accumulate in a variety of nanomaterials, like nanotubes, nanofibers, nanospheres plus 
nanovesicles, assisted with their processes and self-assembly environment. Various forms in addition to 
configurations of peptides can be self-assembled into nanostructures, such as cyclic and linear peptides, 
amphiphilic peptides, and a-helical peptides.

Figure 5. In supramolecular structures, different classes of peptides can be structured to tackle the self-
assembling phenomenon. (Diego Tesauro et al. 2019)
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a-Helical and b-Sheet Peptides

The essential feature in the development and production of peptide-based nanoparticles is the arrange-
ment of the peptide backbone in the secondary structures of either helical or -sheet. This is a result of 
the correlations in the peptide form of the H-bonding mechanism in the amide and carbonyl groups. 
The strands then transform into a self-assembled arrangement that can be reconfigured in parallel or 
anti-parallel frames, based on the orientation of the peptide sequences. Typically, the peptide is meant 
to have residues of repetitive amino acids and distinct lipophilic and lipophobic regions. As a result, 
the lipophilic moiety inside the self-assembled nanomaterial could be shielded when the hydrophobic 
portion could be more exposed to the solvent system (Wagner et al., 2005). β-sheets and α-helices are 
shaped by solitary peptide chains in which mechanism of amide backbone are hydrogen bond formed 
intramolecularly. This structure contributes to the surfaces of each helix of side chains of amino acids.

Standard α-helical peptides with 2, 5 helices are combined and shaped in nanofibers (Moutevelis 
& Woolfson, 2009; Potekhin et al., 2001). These can also be self-assembled into nanofibers by helical 
coiled-coil configurations provided these have at least 30 amino acid residues (Tesauro et al., 2019).

Non-covalent reactions that often expose the key position in the overall structure are also accom-
panied by peptide self-assembly processes of this reason, in particular, non-covalent connections will 
be taken into account when developing self-assembled peptide nanoparticles of drug delivery. Indeed, 
non-covalent correlations should be implemented sensibly in the techniques. For example, pH values, 
temperature distribution, and solvent polarity, such non-covalent relations are easily unacceptable to the 
surrounding environment. Nevertheless, pH values are essential in peptide residues that are stronger in 
charged amino acids such as Glu, Asp, Lys, His, and Arg, as mentioned above. As a function of level, 
such peptides be able to exhibit positively or negatively shell loads. Instead, according to the pH values, 
these peptides be able to be self-assembled into various nanoformulations (Veiga et al., 2012).

1.1. Linear Peptides

Literature data showed which brief (under 6 residues) and insanely-short (known as the dipeptides and 
tripeptides) planar peptides are capable of being self-assembled into several different nanomaterials. 
This especially important dimension enables the production and purification steps to be reduced and the 
expense of the manufacturing process to be reduced (Reches & Gazit, 2003).

Among the most proof obligations of linear self-assembly, proteins is the extremely short homodipep-
tide Phe-Phe (FF), defined by Gazit and colleagues (in 2003) as the smallest distance of the aggregated 
A-amyloid peptides (A 1-40 and A 1-42). The new FF-based peptide materials are just a few examples 
of nanotubes, nanowires, nanofibrils, spherical vesicles and organogels. These materials have electrical 
(Adler-Abramovich et al., 2010), mechanical properties (Vasilev et al., 2016), electrochemical proper-
ties (Xie et al., 2016), optical properties (photoluminescence and optical waveguide properties). Hybrid 
hydrogel encapsulating docetaxel was also prepared using the Fmoc-FF peptide and the calcium-ion 
alginate co-assembly. The synergistic influence of these two elements, the final substance both in the 
water and the phosphate-buffered, demonstrated a very much excellent strength than the individual com-
ponents. Regulated active molecule release was accomplished via adjusting the concentration ratio of 
peptide-polysaccharide (Aviv et al., 2018). Fmoc-FF dipeptide was also used to provide natural polymers 
such as hyaluronic acid (HA), a significant constituent of the matrix components, mechanical stiffness 
and stability. Fmoc-FF / HA composite hydrogels showed prolonged release of curcumin, a lipophilic 
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polyphenol with antioxidant, anti-inflammatory and anticancer activity. In addition, a clear connection 
among the implementation of curcumin released and the concentration of Fmoc-FF peptide within the 
hydrogel matrix was found in this analysis (De Santis et al., 1974).

Cyclic Peptides

In 1974, theoretical research proposed the potential arrangement in a hollow tubular structure of a cyclic 
peptide (Ghadiri et al., 1993). Twenty years later, by stacking cyclic peptides with alternating amino 
acids, D and L, Ghadiri, and co-authors resolved the first crystalline nanotube structure (Chapman et al., 
2012). On the outside region, the peptide side chains are formed. A result of structural changes L and D 
amino acids, they were organised in the typical nanotube structures. The nanotubes are self-assembled 
and stabilised by hydrogen bonds between amide groups of the cyclic backbone. In addition to alternating 
D-and L-type amino acids, some cyclic peptide sequences can be self-assembled by alternating between 
α-and β-amino acids, β-amino acids, and δ-amino acids by molecular stacking and H-bonds between 
backbones (Fernandez-Lopez et al., 2001; Hartgerink et al., 1996; Ishihara & Kimura, 2010; Wang et al., 
2014). The cavity size depends on the cyclic peptide length, from 2 to 13 Å, which rises from a tetramer 
to a dodecamer. This side-chain charging parameter is essential for biotechnology applications. By tailor-
ing the cyclic peptide’s chemical structure, supramolecular self-assembled architectures can be used to 
meet application requirements, including stimulus-responsive nanomaterials for ant cancer agents, ion 
channelling, ion sensing, and gene delivery (Deehan et al., 2015; Jeong et al., 2013). There was a high 
drug encapsulation ratio of polyethyline glycol aggregates loaded with doxorubicin. The polyethyline 
glycol modified doxorubicin loaded CPNT bundles showed higher cytotoxicity, increased doxorubicin 
absorption, and altered intracellular distribution of doxorubicin in vitro breast cancer cells MCF-7/ADR. 
Twenty years later, by stacking cyclic peptides with alternating amino acids D and L (Hamley, 2011).

Amphiphilic Peptides

Biology has chosen hydrophobic and hydrophilic molecules to create a life by allowing them to universalise 
aspects of the program. Membranes will then hold biomolecules to make it possible for macromolecules 
to travel. Imitating architecture, hydrophilic and hydrophobic peptides are self-assembled into various 
nanostructures, including organelles, microemulsions, nanoparticles and nanotubes, thereby perform-
ing a major part in the growth of biotechnological nanostructures (Rizvi & Saleh, 2018; Versluis et al., 
2010). The simplest self-aggregating peptides consist of small or extended homo chains of hydrophobic 
amino acids, such as Val, Ala, Gly and Phe, followed via one or two electrostatic residues, and these 
molecules have separate parts of hydrophobic and hydrophilic.

THE PEPTIDE–NP CONJUGATION

Nanoparticles have novel physical and chemical properties, separate from traditional polymer compos-
ites. Their mega-small scale and large surface-to-volume proportion are useful in the development of 
nanostructures which can interact in such a specific way through a range of nano-sized molecules(Habibi 
et al., 2016). The majority clear-cut approach to the development of peptide-based nanomaterials is 
self-assembly (Jeong et al., 2018; Kitov & Bundle, 2003). Peptide – nanoparticles conjugation provides 
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improved manage over the structural characteristics of nanomaterials, allowing for easy adjustment of 
the overall form, size and volume of the conjugate by manufacturing NP scaffolds modified to the fu-
ture applications. It’s multiagency with the purpose of the PNCs will contain. Many biological system 
interactions are based on non-covalent interactions such as hydrogen, ionic bonds, van der waals, stack-
ing forces (π–π), and lipophilic relationships. Although single bonds remain comparatively small, their 
competitive activity is increasingly contingent on the number of different binding pairs for steady affinity 
kinetics focused mostly on aggregate binding force principle. (Gargano et al., 2001; Hong et al., 2007).

TARGETED DRUG DELIVERY

Molecularly located within proteins and small molecular compounds, peptides in pharmacological stud-
ies can effectively leverage the morphological and chemical compensation of the two primary materials. 
As mentioned above, a quantity of peptides, along with nanoparticles, have proven their shows potential 
drug delivery capability, inhibition of pathogenic biological activity, molecular imaging, and liquid 
biopsy. Medical translation of nanocomposites appears challenging for the following reasons, increases 
the significant. First, the activity of the PNC was not completely understood under physiological circum-
stances, such as blood and intracellular space. Second, also on nanomaterial surfaces, peptides are often 
vulnerable to enzymatic degradation, needing extra defence techniques to preserve their work instead 
of expanding the structural level and physicochemical difficulty of the conjugates. Second, the possible 
immunogenicity of designed PNCs, which is a significant barrier to in vivo and clinical application, 
should be discussed. Finally, covalent binding with nanoparticles or other similar groups also marks in 
the impairment of the biomedical roles of peptide molecules. In answering these issues, it is likely that 
PNC systems will include a new polymeric material that could load the void in existing biotechnology 
fields, like as drug utilisation targets, the battle against multidrug-resistant pathogens, and separation. 
PNCs are likely to turn into a novel medium that can be used in conventional diagnostic and remedial 
systems, especially in tandem with rapid advancements in nanotechnology.
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ABSTRACT

Metals such as silver, gold, and copper were used in ancient times for their medicinal properties. 
When these metals are converted to nanoparticles, they show unique and advanced physicochemical 
and biological properties due to their enhanced surface to volume ratio. Hence, these properties are 
utilized by researchers to develop highly specific diagnostic tools as well as a therapeutic agent against 
cancer. Cancer is a complex disease-causing desolation and death. Early detection and treatment is the 
only way to evade mortality. This chapter focuses on metal nanoparticles used as a theranostic agent 
against cancer. It summarizes the synthesis methodology along with their advantages, drawbacks and 
characterizations. Their recent application in diagnosing and treating cancer has also been highlighted.
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INTRODUCTION

Cancer is a debilitating disease standing as one of the major reason for the high rate of mortality in the 
world annually. The current lifestyle: choices of food, pollution, high usage of chemicals in agriculture, 
aquaculture, cosmetics, and construction, exposure to radiation etc., are the leading causes for triggering 
cancer. These triggering agent cause hindrance in normal cellular functions by altering cellular signals, 
replication cycle, and apoptosis hence making cancer difficult to diagnose and treat (J. Ferlay et al., 
2019; Jacques Ferlay et al., 2015).

importance of Early Diagnosis and Treatment

Cancer can slowly spread to other parts of the body, making it excruciating to cure. The current diagnostic 
for cancers involves pathological analysis using radiological and histopathological examinations. These 
techniques do not detect cancer in their primary stage hence making them highly difficult to cure. The 
chemotherapy, immunotherapy, tumour treating field and surgery are few treatment techniques currently 
being followed. These treatments are linked with the extreme level of drawbacks such as side effects of 
non-specific drug distribution, cytotoxicity, a low percentage of patients response and development of 
drug resistance (Mun, Babiker, Weinberg, Kirson, & Von Hoff, 2018). The morbidity and mortality rate 
caused due to cancer is very high due to delayed diagnosis and side effects of current treatments. Hence, 
the development of early detection and treatment system against cancer has become highly crucial.

Nanotechnology Against Cancer

A cancer therapy should be smart in nature, delivering minimal drug at the specific site to obtain maxi-
mum outcome and reduced side effects. The heterogenicity of cancer and the person it infects makes 
the eradication highly difficult but not impossible. One of the most upcoming and promising solutions 
is tailor-made diagnostic as well as therapeutic nanomaterials. These nanoparticles with dual properties 
as also know as “theranostic nanoparticles or nano theranostics”.

The term “theranostics” was first coined in 2002 by Funkhouser to define the applications that utilizes 
both diagnostic and therapeutic process (Funkhouser, 2002). Understanding the microenvironment of 
the tumour and its properties and the cellular phenotype is important to achieve the theranostic property 
of NPs. Theranostics is advantageous because of its dual ability to both diagnose and treat the tumour 
(Kelkar & Reineke, 2011). The two halves of theranostics are diagnosis and therapy.

These theranostic nanoparticles are used for imaging, detection of cancer cell, the release of the drug 
and monitoring drug distribution (Chen, Zhang, Zhu, Xie, & Chen, 2017; Harmsen, Wall, Huang, & 
Kircher, 2017). Recent research developments have led to the development of novel platforms in nano-
technology for smart particles such as metal nanoparticles, quantum dot therapy, magnetic nanoparticles, 
liposomes, nanotubes and many more. This chapter focuses mainly on selected metal nanoparticles and 
their application in the identifying and treating cancer.
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SYNTHESIS OF NANOPARTICLES

T nanoparticles can be synthesized using a top-down or bottom-up approach. In the top-down approach, 
the bulk materials are carved down to form the desired shape, while in the bottom-up approach, the 
particles are rearranged in the molecular level to form the nanoparticles. The synthesis methodology of 
metal nanoparticles can be broadly classified into three types: physical, chemical and biological tech-
niques. In all the techniques, the metal nanoparticles are synthesized from their respective precursor 
salt(Y. Li et al., 2018). The reducing agent in the case of bottom-up breaks down the precursor leading 
to the formation of metal ions followed by growth together to form nanoparticle of defined shape and 
size based on the environment.

Physical Method

In the physical method the top-down approach is followed by applying mechanical force, different energy 
radiation for ablation, leaching to form nanoparticles. It involves techniques such as laser ablation, arc 
plasma, high energy ball milling, ultra-sonication, physical vapour deposition, electrospraying, sonica-
tion, irradiation and microwave-assisted synthesis. The product obtained from this technology is highly 
pure and is of industrial grade. However, the drawbacks include surface irregularity and high energy 
consumption (Siddiqi, Husen, & Rao, 2018; W. Zhang, Qiao, & Chen, 2007)

Chemical Method

The chemical method of synthesis can be classified under the bottom-up approach. They can be clas-
sified further into three type-chemical assisted, electrochemical and pyrolysis (W. Zhang et al., 2007). 
This synthesis technique utilizes a chemical reducing agent such as sodium hydroxide, reducing sugars, 
trisodium citrate, N, N-dimethyl- formamide, polyol, ascorbic acid and poly(ethylene glycol) (PEG). 
The common process of synthesis involves and organic or inorganic precursor solution of the metal. To 
this solution, the reducing agent is added of defined concentration with or without the catalytic activity 
of temperature. Followed by the addition of chemical stabilizing agents such as surfactants, ligands or 
polymers to prevent agglomeration. The major advantage of this technique is that nanoparticles can be 
produced at a faster rate. Also, the desired size, shape and surface property can be fabricated by altering 
the reaction parameters. The major disadvantage of this technique is the toxicity associated with these 
particles to humans as well as the environment, hence making them worthless for medical applications 
(Deepak et al., 2019; Y. Li et al., 2018).

Biological Method

This process can also be classified under the bottom-up approach. Biological methods utilize the me-
tabolites and enzymes produced by plants and micro-organism as reducing and capping agent thereby 
making the newly formed nanoparticles non-toxic, cheap and environmentally friendly. In the microbial 
method, the precursor is added either to the culture directly or to the buffer containing the bacterial or 
fungal cells and incubated before retrieving the nanoparticles. Though this method is cheap, the interfer-
ence of the media components or loss of metabolites during isolation of cell can hinder the formation 
of metal nanoparticles and making the purification process difficult (Panda & Deepa, 2011; Santhosh-

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



322

Smart Theranostic Applications of Metal Nanoparticles Against Cancer
 

kumar, Agarwal, Menon, Rajeshkumar, & Venkat Kumar, 2019). The phytosynthesis process utilizes 
the metabolites such as flavonoids, alkaloids, tannins, terpenoids, saponins, phenols and proteins act 
as both bioreductant and capping agent. The production of nanoparticles here is easier and inexpensive 
compared to microbial synthesis as there is no media required nor the tedious purification. The Phyto-
extracts are usually prepared by using the washed and chopped plants parts such as the flower, leaves, 
stem, fruits or roots either by boiling or grinding in deionized water. The interaction of this extract with 
the precursor leads to the formation of the metal nanoparticles. The reaction time can vary from hours 
to days depending on the plants’ nature. The major disadvantage of this method is the low yield and the 
long duration required to synthesis nanoparticles compared to the chemical method (Das & Chatterjee, 
2019; Deepak et al., 2019).

Characterization of Nanoparticles

The analysis of any newly formed nanoparticle is highly essential as it gives an enhanced insight into 
the size, shape, size-distribution and physicochemical properties. The purity, as well as the compounds 
responsible for the reduction, can also be identified.

MACROSCOPIC/VISUAL OBSERVATIONS

The fundamental and effortless characterization is by visually observing the change in the color. The 
reduction in size to nano-range, makes nanoparticles excellent absorbers by increasing the occurrence 
of electronic transitions. The collective excitation near the surface is called surface plasmon resonance 
(SPR). The quantum confinement lets the nanomaterials have a SPR spectrum shift giving them their 
unique size based color (Campion & Kambhampati, 1998).

Particle Size and Zeta Potential Analyzer

This characterization technique quantifies both size distribution as well as charge of particles (Krish-
namoorthy & Jayalakshmi, 2012a; Sadhasivam, Dey, Francis, & Devasena, 2015). Zeta potential 
measures the effective electric charge of nanoparticles on the surface and for its stability in aqueous 
suspensions(Rajeshkumar & Bharath, 2017).

UV-Visible Spectroscopy

UV-Visible Spectroscopy is next basic methodology to assess the formation of nanoparticles, which 
is swift and comparatively economical (Behera, 2012; Paul Das, Rebecca Livingstone, Veluswamy, & 
Das, 2018). In nanoparticles, the valence and conduction band are close leading to the free movement of 
electrons. The translation leads to reduction of band gap between valence and conduction band thereby 
increasing the electronic transition which leads to broadening of plasmon resonance causing occurrence 
of SPR. The SPR forms peak from 200-800 nm signifying the formation of nanoparticles. The shift in 
the absorption peak towards higher wavelength signifies increase in the size of nanoparticles. The in-
tensity and bandwidth of the peak illustrate the variance in the shape and size distribution of particles. 
When the SPR bands are sharp, they indicate monodispersity, whereas the broad width of resonance 
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band indicates aggregation or poly dispersed and aggregated structures (Akinsiku et al., 2018; Campion 
& Kambhampati, 1998)

Electron Microscopy and Energy Dispersive X-Ray Analysis (EDAX)

The electron microscope helps to visualize and confirm the nanoparticle morphology. Both Transmission 
electron microscopy (TEM) and Scanning electron microscopy (SEM) determines the shape, size and 
dispersity of the synthesized particles. The analyses of size distribution using these methodologies are not 
entirely reliable as the average size of a particle in the image of a single section may not be representa-
tive for the whole sample distribution understudy. To overcome this issue, images of different sections 
can also be taken to analyze the particle size dispersion. The obtained results when cross analyzed with 
PSA and XRD (X-ray diffractometry) results can authenticate the monodispersity or polydispersity of 
the particle. Electron microscopes utilizes a high energy electron beam to scan/penetrate the surface of 
the particles and the scattered or reflected or transmitted electrons provides high-resolution characteristic 
features(Buhr et al., 2009). SEM coupled with EDAX can aid in micro-elemental analysis of the particles 
which indicates the presence of elements in weight and atomic percentage. This technique validates the 
purity of the metal in the synthesized sample (Anandalakshmi, Venugobal, & Ramasamy, 2016; Elsayed, 
Othman, Hassan, & Elshafei, 2018).

X-ray Diffractometry (XRD)

The amorphous or crystalline structure of the nanoparticles can be evaluated using X-ray diffraction 
(XRD) techniques. The plant extract is amorphous in nature and gives broad peak. Literature shows that 
SNP with Braggs angle between 35º to 80º representing (111) (200) (220) (311) planes indicate that 
the nanoparticle has face centered cubic (FCC) crystals structures (Ma et al. 2001, Doddapaneni et al 
2018; Rasheed et al 2018). The peak values can be used to obtain the size of the crystals using Debye-
Scherrer’s formula. The equations is as given below,

D
K

=
λ

β θcos
 

Where D is the size of the particle, k is a shape factor, λ is the incident wavelength, β is the full width 
at half maximum of the diffraction peak, and θ is the Bragg’s angle of peak. The diffraction angle value 
is considered as 2θ.

FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR is a simple and effective technique in investigation of bio-molecules involved in the convertion of 
metal-precursor to metal nanoparticle or metal oxide nanoparticle (Y. Zhang, Kohler, & Zhang, 2002). 
It is used to find out the chemicals and bio-molecules involved in the nanoparticles synthesis(Baraton, 
2002). This analysis also identifies the phyto-molecules responsible for reduction of the metal. The 
FTIR is recorded in from 4000–400 cm–1 wavelength. The analysis peaks of reducing agent, precursor 
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and purified nanoparticles are compared to understand the process involved. The peaks at 3307–3325 
cm–1 region attributes the characteristic stretching of OH molecule of anti-oxidant compounds from the 
biological source indicating the activity of the antioxidants in bottom-up synthesis process (Arumai 
Selvan, Mahendiran, Senthil Kumar, & Kalilur Rahiman, 2018). The absorption band around 2912–2929 
cm–1 corresponds to stretching of alkenes C-H group. The sharp peak in the 1630–1634 cm–1 is respon-
sible for the stretching of C=O in amide I groups of protein. These peaks when remain unaltered in 
the nanoparticle ir spectrum, indicates the unaffected secondary nature of the protein. The band from 
1533–1574 cm–1 indicates stretching of N-H of amide II. The – NO3 groups gives a peak around 1389 
cm–1 for nitrate salts. (Huang et al., 2007). The C-N group stretching can be found at 1248–1260 cm–1. 
flavanoids (J. Huang et al., 2007). These are the basic functional groups that are spotted in the biosyn-
thetic metallic nanoparticles.

EFFECT OF PROCESS PARAMETERS

Concentration of Precursor

Precursor is the metallic salt that provides the metallic core for the nanoparticle. The concentration of 
the precursors and the corresponding bio extract concentration cast a huge impact in the size and yield 
of the nanoparticles (Krishnamoorthy & Jayalakshmi, 2012a). With the increasing concentration of the 
substrate, nanoparticles are formed more quickly (Akinsiku et al., 2018; Krishnamoorthy & Jayalakshmi, 
2012b; Verma & Mehata, 2016).

pH of the Solution

The pH of the reaction mixture also plays an important role in synthesis process. It affects the size, 
shape and colloidal nature of nanoparticles and has the ability to alter the biomolecules, which might 
affect their capping and stabilizing abilities. The quantitative tests have proved that nanoparticles are 
formed rapidly at neutral pH. The enhanced formation can be attributed to ionization of phenol group 
in the phyto-extract As the pH is lowered to acidic environment, there are repulsive forces between the 
metal anions leading to aggregation of particles rather than nucleation forming larger particles. Increase 
in pH, increases nucleation thereby enhancing synthesis of nanoparticles with smaller size (Muthu & 
Priya, 2017; Rasheed et al., 2018)

Temperature

When the temperature of the mixture is increased, it speeds up the reaction rate for reduction of the 
precursor salt. Also, the enhanced temperature increases the kinetic energy of the reduced metal ions. 
This leads to faster nucleation and utilization of the ions, thereby controlling the particle growth lead-
ing to monodispersed tiny particles. Thus the size of the particles decreases with increased temperature 
(Verma & Mehata, 2016).
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APPLICATIONS OF METAL NANOPARTICLES

Applications of Biosynthetic Silver Nanoparticles

The silver nanoparticles (SNPs) have important applications such as antibacterial DNA sequencing 
and others (Desai, Mankad, Gupta, & Jha, 2012). Recently, the nano-silver has gained overwhelming 
recognition towards the theranostic applications due to their physicochemical, electro-magnetic and 
optical properties (Narayanan & Sakthivel, 2010). Applications of SNPs are dependent on their size, 
shape and stability. They show potential applications in catalysis, optics, electronics and as biomedical 
agents. Among various nanoparticles, SNPs have been used preferably in diverse biomedical applications 
as antibacterial, antifungal, antiviral, and anti-inflammatory agents (Ahn, Eom, Yang, Meyer, & Choi, 
2014). These particles control the spreading of cancer by by hindering the ATP synthesis and alter the 
essential metabolic pathways thereby causing cell death (Paul Das et al., 2018). These green-synthesized 
particles have a wide applications in various medical fields, such as anti-proliferative agents against 
cancerous cells in humans (Rasheed, Bilal, Iqbal, & Li, 2017).

In the toxicity studies, biosynthetic SNPs produced insignificant/no toxicity on normal human cells 
but was able to inhibit the survival of various cancer cells such as MCF-7 human breast cancer cell 
line, B16 mouse melanoma cell line and A549 human lung cancer cell line (Mukherjee et al., 2014). 
SNPs can also be synthesized using biological source to act as fluorescent materials. The biomolecules 
present in the surface of the biogenic SNPs could also enhance the fluorescence greatly and thus can 
be used for diagnostic application. (Chowdhury et al., 2007; Peyser, Vinson, Bartko, & Dickson, 2001; 
Treguer et al., 2005; Z. Wang & Rothberg, 2005) Thus the biogenic SNPs has been reported to be the 
effective theranostic tool.

Applications of Biosynthetic Gold Nanoparticles

Gold in its bulk stage is a non-reactive metal, but on convertion to nanoparticle their properties change 
completely due to the enhanced surface to volume ratio thereby enabling quantum confinement (Jain, 
Lee, El-sayed, & El-sayed, 2006). However, the changes in the properties do not affect the stability of 
the metals at the nanoscale and thus the colloidal gold nanoparticles (AuNPs) are one of the most stable 
nanoparticles preferred for theranostic applications.

The unique optical property of AuNPs corresponds to the surface plasmon resonance (SPR) and it 
can be readily used to enhance optical imaging based on their absorption, scattering, fluorescence, Ra-
man scattering, etc. When the lights of certain wavelengths are illuminated on the AuNPs, the surface 
electrons begin to oscillate in resonance with the frequency of light due to the interaction between the 
electromagnetic field of light and the conduction electrons on the AuNP surface (X. Huang & El-Sayed, 
2010). Exploiting these plasmonic properties of AuNPS, there has been extensive research for the ad-
vancement of optical imaging. The contrast between the signals scattering from AuNPs and background 
from cells and tissues observed through the dark field (DF) microscopy reports the presence of AuNPs 
within biological systems. The AuNPs produce stronger signals than the cells and this difference can 
be analysed for imaging of cells.

The photothermal imaging is also achieved as the light absorbed by AuNPs generates heat. These 
properties of AuNPs can be used to detect the cancer cells inside the body and further the same can 
be used to treat the cancer cells (Jeyarani et al., 2020). The supremacy of AuNPs in treating cancer 
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has been reported in multiple works of literature (Kajani, Bordbar, Zarkesh Esfahani, & Razmjou, 
2016; Rajeshkumar, 2016). The AuNPs were found to restrict cell migration and kill the tumour cells 
through caspase -3 & 9 induced apoptosis. Research on anti-cancer activity by the biosynthesized gold 
nanoparticle revealed that the AuNP modified the morphology of the tumour cells and stopped the cell 
proliferation(Kajani et al., 2016; Liu, Jiang, Nam, Moon, & Kim, 2018).

Applications of Biosynthetic Copper Nanoparticles

Copper sulfide nanoparticles (CuSNPs) are the most efficient and cost-effective Photo Thermal Therapy 
(PTT) and Photo Dynamic Therapy (PDT) (Feng et al., 2016; L. Li et al., 2017). CuSNPs are biocom-
patible and has low or no toxicity (Poudel et al., 2019). The CuSNPs absorb near-infrared (NIR) better 
than AuNPs. The better absorption by CuSNPs is attributed to the d-d electron transition which is not 
influenced by the dielectric constant of the environment of copper ions whereas the AuNPs absorb light 
by surface plasmon resonance and thus diminishes over a period of exposure to laser light (L. Wang, 
2016; Zha et al., 2013).

The homogenous size-controlled PEGylated CuSNPs synthesized in an aqueous system forms stable 
particles. The efficiency of contrast imaging of the nano-platforms is inversely proportional to the par-
ticle size in HeLa cells (Ding et al., 2015). Near-infrared absorbing CuS NPs are conjugated to a black 
hole quencher 3 (BHQ3) via a Matrix metallo-proteinases (MMPs) -cleavable peptide linker, which will 
absorb light at 630 nm and 930 nm. Bond cleavage with MMPs would release the BHQ3 and retain the 
CuSNPs inside the tumour for the theranostic action. In the spectral imaging of the cleaved tumour, the 
peak at 680 nm is abated rapidly, with the intensifying 930 nm peak indicating the MMP activity inside 
the tumour cell.

In MRI scanning, CuSNP is ligated with magnetic materials such as manganese for better image 
resolution and accuracy. Liu et al. (2015) have treated the human breast cancer cells (MDA-MB-231) 
for imaging using PEGylated CuS NP ligated with manganese (II) chelate (MPG NPs) prepared by a 
facile hydrothermal method (Ding et al., 2015). The CuSNP aided in the visualization of cells in vivo 
followed by photothermal therapy of only cancer cells. Therefore, CuS NPs functionalized with other 
metals and ligands hold considerable promise as a theranostic nanomedicine for MR imaging in cancer. 
Zhang et al. (2013) have developed functionalized CuS with gadolinium- diethylenetriamine penta acetic 
acid (DTPA) as a means for MR imaging of HeLa cells (Zha et al., 2013). These results indicate that the 
CuSNP is a hopeful contender as a contrast agent in MR imaging for cancers.

The CuSNPs are used in the treatment of tumours by acting as the nanocarriers to transport chemo-
therapeutic agents into tumour tissues, and enhancers for chemotherapy, immunotherapy and radiotherapy 
(Feng et al., 2016; Han, Zhang, Chen, Shu, & Wang, 2016). In the photothermal therapy (PTT), the CuS 
NPs are photosensitizers which are shot into the tumour cells and irradiated with Infra-Red lights (IR). 
The CuS NPs inside the tumour cells convert the optical energy into thermal energy and burn the cells 
through hyperthermia. The hyperthermia further increases regional blood flow, cellular metabolism, 
and membrane permeability, which is also beneficial for cellular uptake when chemophototherapy is 
the therapeutic design (Poudel et al., 2019).

The high photostability of CuSNPs makes it an effective photothermal agent in photodynamic therapy 
(PDT). The hollow CuS NPs have a high definite surface area, abundant mesoporous pores, and better 
biocompatibility, and better clearance from the body which makes them one of the ideal agents for the 
targeted delivery of the possibly cytotoxic drugs into cancer cells (Han et al., 2016). The photosensitizer 
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(PS) CuS NPs are administered into targeted pathological cells and the cells are irradiated with light 
of wavelength corresponding to the PS. The irradiated PS excites and generates the cytotoxic reactive 
oxygen species (ROS) such as singlet molecular oxygen, hydroxyl radicals, and/or superoxide anions, 
and cytotoxicity through oxidative stress of pathological cells, and further damage the lipids, proteins, 
or nucleic acids, which are important cellular macromolecules. The photodynamic activity is based on 
inducing series of consecutive biochemical and morphological reactions i.e. photooxidative reactions 
(Abrahamse, Kruger, Kadanyo, & Mishra, 2017)

CONCLUSION

Despite the advancement in science & technology, cancer treatment is still a faraway goal. This chapter 
described the importance of nanotechnology in cancer detection and therapy. The various synthesis 
and characterization techniques used for metal nanoparticle production are discussed. The progress 
of silver, gold and copper nanoparticles in the field of cancer theranostics have also been highlighted. 
These nanoparticles overcome the limitation of the existing technique thereby providing a step ahead 
in cancer therapy.
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ABSTRACT

The magnetic nanoparticles are said to be a class of nanoparticles or nanomaterials that can be manipu-
lated by the help of externally applied magnetic field. These magnetic nanoparticles constitute materials 
such as nickel, cobalt, iron, and their derivatives. These are normally smaller than 1 µm in diameter 
possess wide range of properties and attractive characteristics suitable for biomedical such as used as 
hyperthermia, enhancing magnetic resonance imaging (MRI) data, supplementing tissue engineering 
efforts, and improving the target-based drug delivery and many other technological applications. In the 
field of cancer research, the role of nanoparticles and nanotechnology-based methods and novel strate-
gies have been increasing swiftly for cancer identification and cancer therapy. The iron oxide (Fe3O4, 
γ-Fe2O3) nanoparticles (NPs) are widely used for the drug delivery, magnetic nanoparticle-enhanced 
hyperthermia, and also as MRI contrast agents due to its biocompatibility, low toxicity, etc. lead to the 
growth of novel biopharmaceutical technologies.
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INTRODUCTION

Nowadays, Magnetic nanoparticles, playing an important role in various fields especially in the medi-
cal field to detect the presence of antibiotics from a diverse sources like human fluid, water, food, and 
beverages and which may cause antibiotic resistance to the prescribed antibiotic treatment for some 
infections. However, this magnetic nanoparticle in various analytical filed like in biosensor has been 
used for the detection of the antibiotic (Cristea et al., 2017). The recent development of nanotechnology 
is synthesizing the biocompatible and functionalized magnetic nanoparticles that have various applica-
tions in biomedicine. Most often, the ferrites’ magnetic nanoparticle has been focused significantly ow-
ing to their specific properties like its superparamagnetic, non-toxic, smaller in size, etc. (Doan, 2009). 
Moreover, there is an emergence to search for nanomaterials that could meet present biomedical needs. 
The MNPs could exhibit higher magnetic moments and surface area to volume ratios, which could make 
them more efficient for the treatment of cancer and as well for their target-based drug delivery. Besides, 
it acts as a contrast media for MRI and could produce the sensitivity to biosensors and as well as the 
diagnostic tools. The recent improvement in nanotechnology trends has to lead to the realization of the 
next generation magnetic nanoparticles that is suitable for biomedical applications (Farzin et al., 2020).

Anti-Microbial Activity

The magnetic nanoparticles can penetrate over the bacterial surface leads to cellular changes and exerts 
microbicidal or microbiostatic actions. Hence, its application is popular for the control of infectious 
diseases. Magnetic nanoparticles coated with chitosan loaded with ampicillin showed significant ac-
tivity against both gram-positive, gram-negative bacteria, Mycobacterium tuberculosis and Candida 
albicans. The synthesized nanocomposites exhibited antibacterial and antifungal properties, as well as 

Figure 1. Role of Magnetic Nanoparticles in Next Generation Nanomedicine
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antimycobacterial effects. (Hussein-Al-Ali et al., 2014). However, a study by Layla et al. (Alumutairi et 
al., 2020) demonstrated the feasibility for the use of magnetic nanoparticle/alternating magnetic field 
mild hyperthermia as a minimally invasive strategy to treat S. aureus biofilm infections, which has the 
potential to work synergistically with standard antibiotic treatment, In addition, these nanoconjugates 
aids host innate immune response of macrophages for the clearance of intracellular bacteria. Parasmani 
et al., reported the preparation of recyclable magnetic iron oxide nanoparticles grafted with charged 
cobaltocenium-containing metallopolymers by surface-initiated reversible addition-fragmentation chain 
transfer (RAFT) polymerization. The magnetic nanoparticles loaded with β-Lactam antibiotic penicillin-
G as conjugate showed good bactericidal efficiency against both Gram-positive and Gram-negative 
pathogens, which facilitated the revitalization of the penicillin.(Pageni et al., 2018)

The MNPs coated with lipoamino acid (Size: 7 nm) were loaded with the antibiotics viz. Ampicil-
lin and Gentamycin reported promising for combination therapy when evaluated against S.aureus and 
E.coli pathogens. The lipoamino acid-coated magnetic nanoparticles showed the promising anti-bacterial 
activity and anti-biofilm activity of ampicillin and gentamicin (Gholami et al., 2018). To treat drug re-
sistant fungal pathogens, magnetic nanoparticles loaded with anti-fungal agents that could promote the 
apoptosis of fungal cells was proposed and validated. An increased anti-microbial activity was observed 
with vancomycin loaded magnetic nanoparticles against resistant bacterial strain (Niemirowicz & Bucki, 
2017). Similarly, Jie et al. (Li, 2019) reported that methicillin-resistant S.aureus biofilm was mechani-
cally damaged by magnetic nanoparticles in association with magnetic hyperthermia to an extent of five 
log10 reductions in biofilm bacteria after the treatment with 30 mg/ml of 11 nm magnetic nanoparticles 
using the magnetic hyperthermia. Ampicillin loaded magnetic nanoparticles (20 µl) were added to the 
bacterial strains and incubated overnight showed 95% inhibition (Binandeh, 2018).

Novel antibiotic coated with iron oxide nanoparticles were synthesized to treat bacterial infections. 
These magnetic nanoparticles have been prepared by using the oleic acid as the first anchor layer and 
then the bioactive components such as rifampicin, a broad-spectrum antibiotic agent was coated as a 
second layer. These double-layered magnetic nanoparticles with a mean particle size of 11.9 nm was 
used for the treatment of bacterial infections (Ciurlicaa et al., 2010). The drug-loaded magnetic nanopar-
ticles could be locally accumulated with an external magnetic field that offers selective therapy, leads 
to the avoidance of systemic and related adverse effects. The intravenous administration of magnetic 
nanoparticles conjugated with rhodamine B isothiocyanate and PEG to the mice previously implanted 
with the magnetic field such as ferritic steel and Ti90Al6V4 could offer the local accumulation of the 
conjugated antibiotic (Janßen et al., 2020). The magnetic nanoparticles coupled with PBP10 peptide 
and human cathelicidin-derived LL-37 peptide along rhodamine B results in the significant bactericidal 
activity against S.aureus, P.aeruginosa and fungicidal activity against the fungal strain C.albicans, which 
is perhaps due to the action of binding of phosphoinositide with the domain gelsolin (Bucki et al., 2019; 
Wnorowska et al., 2020). MNPs assisted bacterial detection based on polymerase chain reaction (PCR), 
colorimetric detection, fluorescent detection, and surface-enhanced Raman detection techniques (Yuan 
et al., 2018b) have been reported. Previous studies reported that MNPs with superparamagnetism could 
shorten the longitudinal or transverse relaxation time of water protons nearby, thus MNPs-based contrast 
agents have been used to enhance the signal of the abnormal anatomy for the detection and monitoring 
of infectious diseases (Lefevre et al., 2011; Chen et al., 2016a). Particularly, MRI has been explored to 
noninvasively track bacteria and monitor antibiotic therapy of bacterial infection by using MNPs-based 
contrast agents (Lefevre et al., 2011; Hoerr et al., 2013). Hence, the magnetic nanoparticles possess the 
ability to inhibit the function of efflux drug transporters, promote apoptosis of microbes and reduce the 
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formation of biofilm seems much promising for the anti-microbial therapy and also for infection imaging 
and prognosis of antimicrobial therapy.

Clinical Hyperthermia

Magnetic hyperthermia is thermal therapy to treat particularly the cancerous cell using magnetic nanopar-
ticles. Heating of a magnetic nanomaterial in an alternating magnetic field can occur by four mechanisms: 
(1) dielectric losses in a material of low electrical conductivity; (2) eddy currents losses in a material of 
high electrical conductivity; (3) frictional heating due to the physical rotation of an anisotropic magnetic 
particle and; (4) hysteresis losses in a magnetic material. When the tumour cell is exposed to a relatively 
high temperature (113oF), the cancer cells could be killed selectively without affecting the normal cells. 
Furthermore, this technique also shrinks the size of the cancer cell by the induction of heat. Various 
types of superparamagnetic and ferromagnetic nanoparticles grafted with target-specific agents could 
be delivered and targeted to the specific site and under an applied magnetic field elicit hyperthermia 
and can be used as adjuvant therapy in radiation and as well chemotherapy for treating the cancer cell. 
(Hildebrandt et al., 2002; Reddy et al., 2012; Van der Zee, 2002; Wust et al., 2002). Hyperthermia in-
duced by magnetic cationic liposomes can reduce the tumor growth when combined with TNF-α gene 
delivery (Ito et al., 2001). MNPs loaded with epirubicine was the first magnetic carrier used to target and 
destruct the solid cancer cells through magnetic hyperthermia (Liibbe & Bergemann, 1997). Similarly, 
hyperthermia induced by MNPs coated with amino silane groups was proven beneficial to curtail tumour 
cell growth (Jordan et al., 1997; Laurent & Mahmoudi, 2011; Mura et al., 2013; Reddy et al., 2012).

Chronic Kidney Disease (CKD)

Chronic kidney disease is a fatal disease, results in chronic anaemia and treated by giving surplus iron 
supplements. The magnetic nanoparticles (MnFe2O4) was used as a tracer to detect the rats’ kidney per-
fusion profile. The animals underwent a single injection of doxorubicin to induce a progressive kidney 
disease and the kidney perfusion and washout profiles of infected animals have been differentiated with 
the healthy animals by using the magnetic nanoparticle techniques. Due to inefficient uptake of iron 
supplements through oral and parental routes. Alternatively, Ferumoxytol, a formulation with MNPs, 
coated over a carbohydrate shell of poly glucose sorbitol carboxymethyl ether (Stoumpos et al., 2019) 
as IV injection for the CKD treatment. Ferumoxytol is an alternative to gadolinium-based compounds 
as a vascular contrast agent for magnetic resonance angiography (MRA), particularly for patients with 
chronic kidney disease (CKD).

Cancer Therapy

The magnetic nanoparticles (MNPs) are magnetic nanomaterials with small particle size ranging in 
nanodimensions, larger surface area, and superparamagnetic property with an excellent magnetic response 
to the applied magnetic field without any magnetic remanence. Such MNPs have a prominent role in 
cancer diagnosis and target drug delivery and treatment (Wu & Huang, 2017).

Widder et al to reported that cancer cells were targeted albumin coated doxorubicin conjugated with 
magnetic nanoparticles locally injected and reported its applications in MRI and anticancer activity. 
But, when given intra-arterially an enhanced effect of drug was observed (Widder et al., 1981; Widder 
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et al., 1979). Doxorubicin loaded within the core of Iron-gold Nanoparticle (Fe@Au core) also showed 
reliable anticancer activity (Kayal & Ramanujan, 2010). The PEGylated cubic Fe3O4 NPs loaded with 
doxorubicin when targeted to the mouse skin fibrosarcoma (weHI-164) cells showed promising anti-
cancer activity (Dutta et al., 2018).

SPIONs decorated with MethoxyPeG-poly (d,l-lactide-co-glycolide)(MPeG-PLGA) and loaded 
with paclitaxel was magnetically targeted in HeLa, NIH3T3 cells and A549 cells respectively showed 
significant efficacy at a much lower dose (Lu et al., 2016; Ray Chowdhuri et al., 2016). Paclitaxel 
conjugated magnetic nanoparticles was magnetically targeted and showed profound effect in prostate 
cancer (Chorny et al., 2010).

Daunorubicin loaded with MNPs as polymeric microcontainers released the drug in a controlled 
fashion through a pH-sensitive controlled release mechanism showed significant activity (Chatzipav-
lidis et al., 2011). MNPs loaded with daunorubicin was magnetically targeted and evaluated in human 
chronic myelogenous leukemia cells (K562 cells) showed significant elevation in anticancer activity 
(Wang et al., 2011a).

PLA multiwalled carbon nanotubes based iron oxide composite nanofibers loaded with daunorubicin 
was magnetically targeted in leukemia cancer cells for their therapeutic action (Hosseini et al., 2016) and 
the methoxy PEG-lysine-oleic acid-modified Iron Oxide nanoparticles are loaded with Paclitaxel has 
used to target the carcinomic cells in liver and kidney and showed their anticancer activity (Tian et al., 
2017) significantly. Whereas, the magnetic iron oxide nanoparticles duly loaded with Daunorubicine and 
5-bromotetrandrin was used to target the Human leukemia K562/A02 cells for combination chemotherapy 
(Wang et al., 2011b). Hydrophilic MNPs coated with nonionic surfactant pluronic F127–polyethylene-
polypropylene oxide polymeric carrier was used to target the LNCaP and PC-3 prostate cancer cell lines 
promisingly (Nizamov et al., 2018).

In addition to this, the anticancer drug doxirubicin has its wide range of applications as a targeted 
therapy for treating the caner through its magnetic nanoparticle formulation. There are many researchers 
has done the work on this drug and reported fruitfully for treating and target-specific delivery of this 
drug, some of the studies include, the

Fe3O4-inositol hexaphosphate functionalized magnetic nanocarrier loaded with Doxorubicin was 
targeted on MG63 cell lines (Xu et al., 2017), core-shell mesoporous silica and SPIONs entrapped 
within the liposomes were loaded with doxorubicin have shown improved efficiency against U87 cells 
(Sharifabad et al., 2016), the dextran-coated SPIONs loaded with doxorubicin was magnetically targeted 
to treat the pancreatic carcinoma cell lines of human (MIA PaCa-2) (Arachchige et al., 2017), Fe3O4 
nanoparticles coated with polyvinyl alcohol as hydrogel was used as a magnetic carrier for delivery of 
doxorubicin in cancer treatment (Abasian et al., 2017), and the iron oxide NPs loaded with doxorubicin 
calcium phosphate or arginyl glycyl aspartic acid was used to target and treat T24 bladder cancer cells 
for therapeutic activity (Wang et al., 2017) respectively.

Similarly, the iron oxide nanoparticles with folic acid conjugate have been used for the targeted hy-
perthermia treatment of lymph node metastases of prostate cancer along with MRI detection (Bonvin 
et al., 2017), the magnetic nanoparticles loaded with the 4-epidoxorubicine have initially used to target 
solid tumor cells for destruction (Lubbe et al., 1996).

The Fe3O4-NH2, an amine group immobilized iron oxides, attached on the surface of poly[(acrylic 
acid)-block-(N-isopropylacrylamide)-block-(acrylic acid)], a self-assembled triblock copolymer, which 
was used for targeted drug delivery and for inducing hyperthermia in MCF-7 cells (Kuo et al., 2016). 
Whereas, the cobalt ferrite (CoFe2O4) particles covalently bonded with a photosensitizer was targeted in 
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PC-3 cells to confirm the photodynamic anticancer activity (Choi et al., 2016). Iron oxide nanoparticles 
incorporated with dopamine-bovine serum albumin/hyaluronic acid further loaded with paclitaxel and 
demonstrated for targeted drug delivery and imaging for the diagnosis of cancer cells (Vismara et al., 
2017).

The doxorubicin is one of the most reported drug to demonstrate magnetically targeted drug delivery 
to the target site. The PEGylated polyethylene bis(carboxymethyl ether) iron oxide nanoparticles loaded 
with doxorubicin (Ji et al., 2018), the starch/ZnO-coated iron oxide nanoparticles loaded with curcumin 
and its analogues was evaluated on Human lymphocytes, HepG2, and MCF-7 cell lines (Saikia et al., 
2017) and reported for its anticancer potency. The dendritic-Fe3O4 supramolecular NPs were loaded with 
doxorubicin and the tumor regression in the spheroid murine melanoma model was reported (Nigam & 
Bahadur, 2018). Similarly, dendritic-Fe3O4 supramolecular NPs were encapsulated into the microvascu-
lar vesicles to deliver the drug cargos to the carcinomic cells by direct targeting had shown a profound 
anticancer activity than the conventional delivery of the doxorubicin (Hua et al., 2010).

There are many research studies have been done by various groups in establishing the role of magnetic 
nanoparticles for treating cancer and other biomedical conditions. The bovine serum albumin-coated 
superparamagnetic γ-Fe2O3 nanoparticles was used to target the U25I of the brain (Wang, Tu, Tian et al, 
2016), the Fe2O3 magnetic nanoparticles were loaded with 5-fluorouracil was evaluated in 7,901 cell lines 
had shown the enhanced anticancer activity on the tested cells (Shen, Ma, Yu et al, 2016). Likewise, the 
polylactic-co-glycolic acid (PLGA) nanoparticles with or without the iron oxide nanoparticles loaded 
with 5-fluorouracil and the relative efficacy and the role of MNPs in cancer therapy was reported (Eynali 
et al., 2017). The magnetic field-sensitive methylcellulose and PCL gel based magnetic nanocomposite 
loaded with 5-fluorouracil showed controlled drug release when targeted against cancer cells (Nikjoo 
& Aroguz, 2016).

MNPs mediated drug delivery systems are capable of simultaneous drug delivery as well as diagnosis 
using Magnetic Resonance Imaging defined as theragnostics. SPION’s loaded with doxorubicin reported 
to possess theragnostic property (Souto & Ali, 2012; Jain et al., 2008; Yang et al., 2007). PLGA-coated 
magnetite-graphene oxide loaded with 5-fluorouracil system was proven as an efficient theragnostic aid 
under infrared laser in rabbits (Mohammadi Gazestani et al., 2018).

Magnetic drug targeting (MDT) is a familiar approach for trusted therapeutic activity because this 
approach gives site-specific action and drug release could be controlled and magnetically triggered. 
Epirubicin loaded ferrofluid delivered on the surface of the site of action gives reliable cancer activity 
when the magnets were maintained at a distance of 0.5 cm from the tumour surface (L¨ubbe et al., 2001). 
Albumin/lauric acid hybrid decorated SPIONs loaded with mitoxantrone upon exposure with Jurkat 
cells for in-vitro evaluation had shown potent anticancer activity (Matthew, 2018; Zaloga et al., 2014). 
SPION’s loaded with mitoxantrone had efficiently targeted the infected malignant tumor cells locally 
and have been used successfully for the treatment of squamous cell carcinoma without any systemic 
toxicity (Alexiou et al., 2000; Souto & Ali, 2012). In another study, the SPIONs coated with lactide-co-
glycolide ethylene oxide fumarate is loaded with paclitaxel has been used in the treatment of cancer which 
has a benefit of decreasing undesired effects on the host and increases circulation time of the magnetic 
nanoparticles (Souto & Ali, 2012; Bharde et al., 2008) and the SPIONs coated with unsaturated aliphatic 
polyesters such as Poly (ethylene glycol) co- fumarate vectors filled with anticancer drug tamoxifen had 
shown enhanced delivery of drug without burst drug release effect and particle digestion. It is reported 
that, this type of novel delivery vectors is useful in delivering the viral gene and drugs (Mahmoudi et 
al., 2009). Similarly, genistein a polysaccharide used in the treatment of cancer was covalently attached 
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to the SPIONs coated with carboxymethyl chitosan was targeted to tumor cells and observed to have a 
reliable cancer cell apoptosis (Si et al., 2010).

The Fe3O4-ZnO hybrid nanoparticles loaded with folic acid are used for theragnostic purposes of 
human epithelial colorectal adenocarcinoma and are also used in the photodynamic therapy (Patel et 
al., 2017). The iron oxide nanoparticles doped hyperbranched polyglycerol conjugated with folic acid 
is used to target MCF-7 cells (Mostaghasi et al., 2018). SPIONs functionalized with (3-aminopropyl) 
triethoxysilane and polyethylene glycol and conjugated with folic acid targeted the U87 (Akal et al., 
2016a) cancer cells.

Magnetic nanoparticles prepared by the agglomeration of ZnO and Fe2O4 loaded with doxorubicin 
as a controlled release formulation had shown excellent destruction of malignant tumour cells specifi-
cally targeted through the use of alternating magnetic field. (Lee et al., 2013; Polo et al., 2018) The 
doxorubicin-loaded to the PEGylated iron oxide nano cubes was successfully employed in the destruction 
of the tumour microenvironment in epidermal carcinoma upon intratumoral injection embodied with 
Magnetic Fluid Hyperthermia (Kolosnjaj-Tabi et al., 2014; Polo et al., 2018).

Though there are various binding methods used to load the drugs to the magnetic nanoparticles, 
conjugation of drugs through ionic linkage has got many advantages like multiple drug loading and to 
tailor the drug release profile governance. Metaxantrone, a positively charged drug was coupled with 
negatively charged phosphate moeity through ionic linkages and loaded to SPIONs was used in permanent 
tumor destruction (Alexiou et al., 2000; Amanda et al., 2016). Similarly, epirubicin was also ionically 
linked to anionic iron oxide nanoparticles through its amino sugar and used for targeting the cancer cells 
(Amanda et al., 2016; Bergemann et al., 1999; Douziech-Eyrolles, 2007). Methotrexate was covalently 
conjugated to the surface of SPIONs by amidation reaction with the -COOH groups on the drug and 
amino ends in vector surface and was employed for the cancer cell targeted chemotherapy (Amanda et 
al., 2016; Kohler et al., 2005). Likewise, a photosensitizer (laser-assisted) and a tumour remission drug 
chlorine e6 (Ce6) was covalently bonded to the surface of the SPIONs and used for antitumor activity 
(Amanda et al., 2016; Huang et al., 2011).

The ultra-magnetic liposomes loaded with drug 5, 10, 15, 20-tetra (m-hydroxyphenyl) chlorine 
(m-THPC) is used in the cancer therapy which is achieved by combined photosensitivity and magnetic 
hyperthermia principles of the magnetic nanoparticles (Di Corato et al., 2015; Kuznetsov et al., 2001). 
The anticancer drugs and proteins such as doxorubicin, tissue-plasminogen activator (t-PA), disulfonated 
tetra phenyl chlorine (TPCS2a) and 5, 10, 15, 20-tetra(m-hydroxyphenyl) chlorine (mTHPC) were loaded 
with human macrophages along with the magnetic nanoparticles which has been used to treat cancer by 
enhanced magnetic targeting strategy.

The antitumor activity with the gold-iron oxide (Au-Fe3O4) magnetic nanoparticles along with poly-
cationic polyethylenimine (PEI) polymer was loaded with Notch3 chimera has shown potential anticancer 
activity. Furthermore, it possess the capability and ideal qualities of a gene delivery vector (Boussif et al., 
1995; Chen et al., 2017; Shaw et al., 2013). Gold in nanometric dimensions, can behave like magnetic 
nanoparticles (Grѐget et al., n.d.) and the delivery of antibiotics such as ampicillin, streptomycin, and 
kanamycin could be achieved when these drug molecules are conjugated with Gold Nanoparticles and 
reported to possess significant activity with a lower dose when compared to conventional drug delivery 
methods (Burygin et al., 2009; Geller et al., 1986; Gu et al., 2003; Pissuwan et al., 2011; Rosemary et 
al., 2006; Saha et al., 2007). Methotrexate and folic acid is loaded to the gold nanoparticles reported 
to shown seven-fold higher cytotoxic activity than the free methotrexate molecule was observed in the 
lewis lung carcinoma cells (Chen et al., 2007; Pissuwan et al., 2011).
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PLGA coated with iron oxide acts as a magnetic carrier loaded with quercetin was used to treat the 
lung cancer shown effective targeting capacity and used as an alternate for aerosols (Verma et al., 2013). 
A single dose of magnetically triggered drug carriers containing doxorubicin was injected intra arterially 
and tested in animals to treat cancer and found as a good vector of drug carriers and no toxicity at a low 
dose level (Goodwin et al., 2001). The magnetic nanoparticle coupled with doxorubicin hydrochloride 
was injected as infusion, which is used to magnetically target the hepatocellular carcinoma (Dobson, 
2006) and the SPIONs loaded with doxorubicin was targeted to U251 cell lines showed good therapeutic 
activity (Wang, Chang, Zhang et al, 2016).

In another study, the MNPs coupled with Lipofectamine 2000/Cationic lipid 67 (GL67)/plasmid DNA 
(pDNA) liposome complex is used for effective viral gene transfer in airway endothelium (Xenariou 
et al., 2006). Whereas, the iron oxide nanoparticles functionalized with folic acid and rhodamine was 
used in a cell proliferation assay on HeLa cells upon targeting (Ancira-Cortez et al., 2017). When the 
hyaluronic acid coated iron oxide nanoparticles was used to target the macrophages cell lines THP-1for 
immune activation which reveals that this is a potential tool to deliver drugs (Kamat et al., 2010) and 
peptides by targeting HEK293 and A549 (Kumar et al., 2007). The magnetic nano-biohybrids comprising 
silica, magnetic nanoparticles, and enzyme capsulated polymer was prepared and loaded with a prodrug 
indole-3-acetic acid demonstrated potent anticancer activity (Correa et al., 2018).

Enhanced drug delivery in nanoscale drug targeting into the cancerous cell could be achieved by 
sonoporation through formation of small pores in cell membranes by using the ultrasound for the trans-
formation of nucleic acid materials/drugs to target the cells. Pifithrin-μ loaded in PEG-coated MNPs was 
delivered to the site of action (Mérida et al., 2018). Likewise, in another study, the zinc ferrite magnetic 
nanoparticles were prepared by the introduction of zinc ions into ferrite lattice had shown cytotoxic 
effect on cells through hyperthermia and photothermia with zinc ferrite MNPs (Kasparis et al., 2018).

Chitosan, poly(1→4)-2-amino-2-deoxy-d-glucan, a partially acetylated glucosamine biopolymer, 
which is present in the cell wall of fungi Mucorales, is a polyamino saccharide with many significant 
biological and chemical properties and therefore used in many types of applications such as, waste water 
treatment, chromatographic support, enzyme immobilization, drug-delivery systems. (Doan, 2009) The 
pH-sensitive chitosan complexed with amine-terminated poly-N-isopropyl acrylamide magnetic nanopar-
ticles tagged with folic acid and florescent agent was used as a reliable carrier to load curcumin analog 
which has produced intended cell apoptosis in cancer lines. (Yadavalli et al., 2015) Chitosan-co-PEG/
poly(glycerol sebacate)-co-PEG-coated iron oxide acts as an extraordinary carrier for 5-Fluorouracil to 
treat carcinomic cells and also in HT29 cell lines (Naghizadeh et al., 2018) and as well the magnetic iron 
oxide mesoporous silica nanocomposites (m-MCM-41) was loaded with 5-fluorouracil and used in the 
treatment of cancer and proved to be an excellent drug carrier (Egodawatte et al., 2017).

Breast Cancer

Globally, the second leading cause of death in women community is due to breast cancer. Increased rate 
of metastasis together with drug resistance with conventional drug therapy, makes a difficult situation 
to treat breast cancer fruitfully, ultimately leads to morbidity and mortality. However, the various con-
ventional treatment options such as chemotherapy, surgery, radiotherapy, etc. suffers various limitations 
such as high cost, non-specific toxicity, genetic mutation of the normal cells, etc. Many researchers and 
scientists have been focusing on the early diagnosis of breast tumours so that, they could treat them 
in the early stage itself. Considering the need to develop a novel treatment regimen that could specifi-
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cally target and treat the cancer cells without affecting or with minimally toxic to the normal cells. The 
iron oxide magnetic nanoparticles are widely used nowadays both in-vivo and in-vitro to specifically 
target cancer cells. MNPs are conjugated with drugs, antibodies, proteins, enzymes, nucleotides, dyes, 
biomarkers, isotopes etc to deliver them to the targeted cancer cells utilizing an applied magnetic field 
enhances drug efficacy and reduce drug toxicity. Owing to the superparamagnetic, biocompatible, and 
biodegradable properties of the iron oxide magnetic nanoparticles, it has been widely used in the breast 
cancer diagnosis, treatment, and therapy monitoring (Shakil et al., 2019). The anti-mitotic drug paclitaxel 
isolated from the Pacific Yew tree, approved by US FDA for the therapy of various types of cancers 
like ovarian, breast, lung, head, and neck cancer, and Kaposi’s sarcoma. The superparamagnetic iron 
oxide magnetic nanoparticles loaded with paclitaxel potentiates its activity in insensitive and resistant 
breast adenocarcinoma MCF-7 cells (Rivera-Rodriguez et al., 2018). MNPs coated with chitosan and 
folic acid-conjugated chitosan is used to target on MCF-7 offers theragnostic applications (Zarrin et al., 
2016), MNPs conjugated with chitosan-graft-poly(2-dimethylaminoethyl methacrylate) together with 
folic acid targeted in the following cell lines L929 (mouse fibroblast), MCF-7 (human breast cancer), 
and MDA-MB-231 (human breast cancer) showed significant therapeutic efficacy (Anirudhan & Christa 
Binusreejayan, 2018). MNPs coated with luteinising hormone releasing hormone (LHRH) shown reli-
able therapeutic effect in breast cancer cells and lung metastasis cell (Zhou et al., 2006). Similarly, the 
core-shell mesoporous silica-coated MNPs loaded with doxorubicin as liposomes (Sharifabad et al., 
2016), MNPs loaded with Doxorubicin for dual targeting (Varshosaz et al., 2016), the azobis[N-(2-
carboxyethyl)–2-methylpropionamidine iron oxide nanoparticles loaded with doxorubicin were used 
to target MCF-7 breast cancer cells proven beneficial (Chen et al., 2016). In a recent study, magnetic 
resonance imaging (MRI)-guided chemo-photothermal therapy of human breast cancer xenograft in nude 
mice was demonstrated using a novel core/shell structure of Fe3O4@MoS2 nanocubes via the integration 
of Molybdenum disulfide MoS2 film onto iron oxide nanocubes through a facile hydrothermal method 
(Li et al., 2020; Xie et al., 2018).

Adimoolam et al., reported chitosan-coated iron-oxide nanoparticles with pH-sensitive glutaraldehyde 
linker for pH responsive delivery of doxorubicin (pH range of 4.4–6.4) for specific delivery of doxorubi-
cin in the intracellular components of human breast cancer (MCF-7) and ovarian cancer (SK-OV-3) cell 
lines (Adimoolam et al., 2018). β-cyclodextrin–PEG–polyethyleneimine-coated iron-oxide nanoparticles 
loaded with 5-fluorouracil proven for its promising therapeutic applications upon evaluation in L929 and 
MCF-7 cells (Prabha & Raj, 2016). the iron oxide NPs/chitosan, folic acid loaded with poorly soluble 
quercetin reported for its theragnostic applications in PC-3 and MCF-7 cells (Nandagopal et al., 2016). 
Steroidal anti-estrogen drugs loaded in liposomes containing iron oxide nanoparticles used to target and 
deliver the drug at the breast cancer (Plassat et al., 2011).

Cervical Cancer

Cervical cancer is one of the most common cancers causes fatality among women in most of the devel-
oping countries. The oncoproteins of human papillomavirus, an elevated levels of estrogen, smoking, 
multiparity, and other factors are the main culprit cause of cervical cancer. Nanomedicine through use 
of quantum dots, nanoparticles, nanowires, and magnetic nanoparticles offers remarkable improvements 
in the therapeutic strategies to target and treat cervical cancer devoid of side effects associated with con-
ventional drug therapy (Hira & Reena, 2018). The folate conjugated cobalt ferrite nanoparticles coated 
with PEG verified in HSF 1184 (human skin fibroblast cells) and HeLa (human cervical cancer cell) 
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displayed potential theragnostic uses (Nasiri & Hassanzadeh-Tabrizi, 2018). Poly(N-isopropylacrylamide) 
hydrogel incorporated with MNPs conjugated with folic acid exhibited enhanced uptake of the MNPs 
to the cervical cancer cells (HeLa) and synergism (Kim et al., 2017). MNPs coated with polyethylene 
glycol containing folic acid targeted towards Human cervix epitheloid carcinoma - HeLa cells, human 
breast carcinoma cells - MCF-7 and MDA-MB435 shown profound penetration and amplified activity 
(Allard-Vannier et al., 2017). The iron oxide nanoparticles encapsulated within the inner core loaded 
with dual anticancer drugs curcumin and doxorubicin for delivery in the targeted site (HeLa cells) for 
augumented anticancer activity (Wang, Jing, Zhang et al, 2016). The cucurbit (7) uril-modified iron-oxide 
nanoparticles are used in the delivery of doxorubicin to HeLa cells, A2780 and Dox resistant A2780 
cells and the results reported seems encouraging (Benyettou et al., 2017).

Doxorubicin is one of the most potent chemotherapeutic agents widely used for treating diverse types 
of cancers. However, its clinical use is very much limited owing to its side effects and drug resistance. 
Consequently, many new nanocarriers including magnetic nanoparticles, are extensively used to reduce 
the side effects of anticancer chemotherapy, which includes, the surface-modified multifunctional 
ZnFe2O4 nanoparticles loaded with Daunorubicine is targeted towards HeLa cells for the treatment of 
cervical cancer (Maiti et al., 2016). The chitosan-functionalized iron-oxide nanoparticles loaded with 
doxorubicin was targeted towards ovarian cancer cell (SK-Ov-3) for targeted therapy (Adimoolam et 
al., 2018). Similarly, Genipin-cross-linked iron (III) oxide/polyetherimide nanoparticles are loaded with 
doxorubicin is used in cancer therapy targeting HeLa cells (Long et al., 2017), iron-oxide NPs coated with 
poly(N-isopropyl acrylamide) is loaded with doxorubicin and targeted towards cervical cancer cells for 
theranostic applications (Yar et al., 2018), and the folic acid conjugated PEG-coated MNPs are loaded 
with doxorubicin and targeted towards HeLa cells to bring efficient anticancer activity in minimal dose 
(Erdem et al., 2017).

Folic acid receptor mediated endocytosis depends solely upon the cell specific folate receptors avail-
able on the surface of the cell membrane which only attach to the specific components found in the 
extracellular space. Cancer cells, unlike normal human cells, overexpress folate receptors which have a 
very high affinity for folic acid. The folic acid is a short-chain smaller in size and thus it promotes the 
internalization of the magnetic nanoparticles conjugated with folic acid and conjugated drug cargos. Folic 
acid is desirable due to its stability, inexpensive, non-immunogenic, and high affinity to the cell surface 
receptors. Therefore, the attachment of the folic acid ligand to superparamagnetic iron oxide nanoparticles 
is an important step for the folic acid receptor-mediated targeted drug delivery of iron oxide nanoparticles 
(Li et al., 2016). There are many research reports based on this concept viz., folic acid mediated iron 
oxide (Fe3O4) MNPs are used to target human serous ovarian cell line (Skov-3) for theragnostic purposes 
(Zhang et al., 2016), folic acid conjugated polyglycerol-coated iron oxide nanoparticles for improving 
radiosensitivity to target on human cervical cancer (Fakhimikabir et al., 2018), the magnetite at silicon 
dioxide nanostructures are loaded with folic acid was used in the treatment of human cervical cancer 
by the aid of hyperthermia (Bettini et al., 2017). Similarly, the polyacrylic acid-functionalized Fe3O4 
MNPs were conjugated with folic acid through peptide bonding nanocarriers are magnetically driven 
to target against HepG2 to get rid of cancerous cells in the liver (Gupta et al., 2016). The carboxylated 
quercetin coupled to superparamagnetic iron oxide MNPs modified by (3-aminopropyl) triethoxysilane, 
folic acid, and polyethylene glycol conjugates were efficiently targeted in MCF-7, HeLa and A549 can-
cer cells (Akal et al., 2016b). The magnetic mesoporous silica NPs, copper nanocrystals, photothermal 
agent was functionalized together with polyethylene glycol was further conjugated with folic acid and 
targeted against cell lines such as HeLa for theragnostic purposes (Gao et al., 2016). Branched poly-
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ethyleneimine (bPEI) which has weak blue luminescence (that can be used in diagnostic purposes) was 
extensively used in gene delivery. This luminescent blue bPEI-SPIONs obtained after oxidizing amine 
groups in bPEI and reducing the Fe3+ ions of SPIONs was used in the transport of oligonucleotide, PIC 
to HeLa cells, etc (Acar et al., 2018). Considerably, the iron oxide mesoporous silica nano carriers were 
magnetically driven to target against HepG2 to get rid of cancerous cells in the liver (Luo et al., 2016).

Gastric Cancer

Gastric cancer is one of the most morbid cancers and it is very difficult to cure. The present prognosis of 
gastric cancer is very poor with a 5-year survival rate is less than 24%. Conventional treatment including 
surgery, radiation and chemotherapy are very effective only in early stages and in in-situ gastric cancer. 
However, gastric cancer in its advanced stages do not respond to these types of treatments. Moreover, 
resistance to chemotherapy-induced apoptosis is one of the major cause for the failure of conventional 
therapies of gastric cancer and early-stage detection of gastric cancer remains as a great challenge to 
the clinicians (Cui et al., 2015). Use of MNPs seems to be a promising strategy to treat gastric cancer 
through drug targeting specifically to the cancerous site improves the therapeutic efficiency than the 
conventional therapeutic modalities. The iron oxide magnetic nanoparticles coupled with the epidermal 
growth factor (EGF) has been used in treating the colon cancer and breast cancer (Creixell et al., 2010), 
the murine colon carcinoma cells are treated with Epirubicin 5TR1 aptamer SPIONs which targets C26 
cells has been reported to have the reliable therapeutic activity in the treatment of colon cancer (Jalalian 
et al., 2013). The superparamagnetic iron oxide nanoparticles (Fe3O4) encapsulated with 5-flurouracil is 
used in targeting cancer cells (colon cancer) for therapy (Shen, Gao, Yu et al, 2016), the polycaprolactone/
chitosan-coated superparamagnetic iron oxide nanographene oxide has been used to treat CT29 colon 
cancer cells with combination of radiofrequency core loaded with 5-flurouacil (Asadi et al., 2018), the 
aminosaline magnetic nanoparticles with folic acid is targeted towards collateral cancer which is tested 
with cancer xenografts of animal model (Niemirowicz et al., 2017) and the polyethylenimine superpara-
magnetic iron oxide nanoparticles has been used in the PD-L1 siRNA delivery for gastric cancer and 
MRI (Luo et al., 2017).

Liver Cancer

Hepatocellular carcinoma, is another fatal cancer occurs in liver and one of the most common cause of 
death. MNPs have been used in recent days for the diagnosis and treatment of liver cancer reported as a 
promising avenue through magnetic hyperthermia and magnetic drug targeting. (Ungureanu et al., 2016). 
The sodium alginate-polyvinyl alcohol-bovine serum albumin-coated Fe3O4 NPs loaded with Doxorubi-
cin have been used in the magnetically guided therapy of liver cancer by targeting HepG2 and L-02 cell 
lines (Prabha & Raj, 2017), the magnetic mesoporous silica Nanoparticles conjugated with folic acid 
has been used as a potential carrier for controlled release to treat cancerous HeLa cells (Varshosaz et al., 
2016), the PeG carboxyl–poly(ε-caprolactone)-modified magnetic nanoparticle loaded with paclitaxel 
is targeted towards Mouse H22 hepatocarcinoma cells (H22) and hepatoma carcinoma cell (Hep G2) 
for anticancer activity (Li et al., 2017), the SPIONs loaded with Doxorubicin is targeted towards LO2, 
L929, and HepG2 cell lines to bring about the required therapeutic activity (Komarala et al., 2016; Peng 
et al., 2016) and the Fe3O4 NP-capped mesoporous silica nanocarriers are magnetically driven to target 

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



348

Magnetic Nanoparticles
 

against HepG2 to get rid of cancerous cells in the liver (Wu et al., 2016). These research reports further 
support the importance of the magnetic nanoparticle as targeting therapy of liver cancer cells.

Lung Cancer

Another leading cause of death among cancer types in the world is lung cancer, specifically non-small cell 
lung cancer. Non-small cell lung cancer is present in advanced stages in most of the patients diagnosed 
with lung cancer owing to its asymptomatic nature. Hence there is an urgent need for early diagnosis. 
In addition, the poor response of the currently available treatment options for this lung cancer urged to 
develop the alternative therapy for treating this type of cancer. Clinical use of MNPs for cancer therapy, 
especially magnetic hyperthermia is one of the trending strategies for the tumour ablation owing to im-
proved drug solubility, bioavailability, increased site-specific targeting, reduced systemic toxicity, and 
reduced multidrug resistance (Menon et al., 2017).

Owing to above said reason, the magnetic aerosol drug targeting method was reported to be useful 
for the efficient non-invasive delivery of drugs to lung tumours (especially located on the lower wall of 
airway branches). The introduction of a permanent magnet next to the tumor increased the fraction of 
particle deposition from 49% to 68% (Manshadi et al., 2019) and the TAT peptide-conjugated magnetic 
PLA-PEG Nanocapsules loaded with paclitaxel was delivered to the human lung adenocarcinoma epi-
thelial cells A549 showed better efficiency.

Arthritis

The chronic inflammatory autoimmune disease, Rheumatoid Arthritis (RA), has a complex pathology 
which is characterized by the inflammation in joints, pannus formation, bones and cartilage destruc-
tion, the devastation of the synovium often associated with severe pain, stiffness, and work disability. 
The traditional way of the treatment of RA has a short biological half-life, poor bioavailability, and the 
need for a higher dose. Therefore, drug targeting at the RA joints has been introduced to improve the 
therapeutic efficacy using magnetic nanoparticles (Pirmardvand Chegini et al., 2018).

Rheumatoid arthritis can also be treated with a technology called magnetically targeted chemo-photo 
thermal treatment where the drug methotrexate (MTX) is loaded with poly(lactic-co-glycolic acid, PLGA) 
gold/iron core-shell nanoparticles conjugated along with arginine-glycine-aspartic acid reported to show 
improved therapeutic efficacy (Kim et al., 2015). The polyethyleneimine (PEI) coated SPIONs is loaded 
with siRNA which acts against the IL-2/-15 receptor β chain is delivered intravenously and targeted 
towards the inflamed site with a magnetic field applied externally has shown an improved therapeutic 
effect (Duan et al., 2014). Similarly, the SPIONs tagged with corticosteroid drug dexamethasone to the 
inflamed site by intra-atrial route produce enhanced therapeutic activity this type of delivery has been 
prescribed for arthritis and osteoarthritis (Butoescu et al., 2009). Diclofenac sodium loaded on to the 
magnetic iron core and targeted to the arthritic site brings about the therapeutic response with a smaller 
dose compared to conventional drug delivery (Arias et al., 2009). SPIONs are made targeted towards the 
inflamed joints and have shown a very good therapeutic effect (Zhang et al., 2018). The methotrexate 
magnetic microcapsules for the treatment of RA has been a promising agent in bringing the therapeutic 
effect and show a sustained release of drugs according to the Hixson-Crowell model release kinetics 
(Chakkarapani et al., 2015).
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Theragnostic Applications

MNPs were used for simultaneous diagnosis and therapy as theragnostic agents. MNPs used as diag-
nostic aid and utilised widely in magnetic resonance imaging and magnetic particle imaging. Similarly, 
the therapeutic applications of MNPs are as therapeutic supplements in anemia and in advanced cancer 
treatment including magnetic drug targeting and hyperthermia. Based on their magnetic properties, 
MNPs were mainly used for theragnostic purposes such as image-guided drug delivery, microbubble 
mediated opening of the blood-brain barrier, and theragnostic tissue engineering (Dadfar et al., 2019).

The polyethylene glycol coated magnetic nanoparticles were used to destroy the cancerous cells 
through hyperthermia induction and simultaneous diagnosis using magnetic particle imaging. This 
gives an insight of the therapy and feedback of the live situation in tumor cells (Chiu-Lam et al., 2018), 
the magnetic mesoporous silica with doped carbon dots was loaded with 5-fluorouracil was used in 
theragnostic applications and targeting the overexpressed HePG2 cancer cells (Das et al., 2018), the 
peptide H7K(R2)2-modified magnetic liposomes loaded with Paclitaxel was used for anticancer activity 
(Zheng et al., 2018).

Temperature-sensitive liposomes (TSL) was magnetized by loading magnetic particles in a bilayer 
gap and the core is loaded with the drug. Experimental results have shown more efficiency than any 
other conventional route of delivery (Kostevšek et al., 2018). The antibiotic-resistant bacterial microor-
ganisms were killed by targeted delivery of magnetic nanoparticles which are functionalized by specific 
glycoconjugate to adhere to Escherichia coli strain (EC K99) and induced by GM3-MNPs. Thus the 
resulting MNPs shown successful destruction of the bacteria by magnetically mediated energy delivery 
(MagMED), which is an innovative path to destroy microbes other than conventional antibiotics (Fel-
lows, Raval, Murbach et al, 2018).

However, the cancerous cell overexpressing HER2 was targeted by the MNPs bounded with proteins 
of bacterial origin shown reliable possibilities to act as a theragnostic tool demonstrated by MPQ-
cytometry method (Shipunoval et al., 2018), the MNPs loaded with the heparin was used to target and 
treat neointimal hyperplasia (vascular tissue proliferation) which gets accumulated in the vascular stent 
placed patients (Fellows, Ghobrial, Mappus et al, 2018). The thermosensitive magneto liposomes con-
taining recombinant tissue-type plasminogen activators were targeted to obtain thermal thrombolysis 
and have produced a profound effect (Liu et al., 2018). Similarly, the human serum albumin coated 
MNPs had a high affinity to get attached with doxorubicin was used in the delivery of anticancer drug 
and photosensitizer such as Bacteriochlorine-A was used to image the targeted site by using MRI or in-
vivo fluorescence or to induce the photoinduced cytotoxicity (Abakumov et al., 2018). Together, these 
theragnostic applications of the MNPs highlight the versatility for use in the future medical practice.

Tissue Regeneration

Tissue and organ transplantation pose many pitfalls like less availability of donors, need for immunosup-
pression, as well as poor success rate. there is an urgent demand in tissue engineering and regenerative 
medicine (TERM). However, nanoparticle production and the demand for control over the nanoscale 
system significantly have an impact on the TERM. MNPs could provide high control over the properties of 
scaffolds such as tuning the mechanical strength and providing magnetically triggered controlled release 
of bioactive agents. However, the magnetic labelling of the cells using MNPs allows magnetic manipula-
tion of cells and also able to control the cellular functions. Moreover, for the cellular manipulation, by 
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applying the magnetic force, the functional magnetite nanoparticles have been developed and applied to 
the tissue engineering processes, which are designated as magnetic force-based tissue engineering (Mag-
TE) (Ito & Kamihira, 2011). Tissue scaffolding is a general technique used for tissue regeneration and 
delivery of drugs in the affected region. Poly aspartic acid is used to prepare a matrix with fibres ranging 
in nanoscale and loaded with MNPs proved to be a promising agent for tissue engineering and lesion 
generations (Veres et al., 2018). The magnetic nanoparticles embedded in the polymeric biocompatible 
fibres was used to treat the spinal injury by producing the above scaffold into an injectable formula-
tion. The ingested MNPs align to form a callus when magnetic field is applied externally allows tissue 
regeneration in the lesion cavity (Dappric et al., 2018). 3D-printed scaffold prepared with iron oxide 
nanoparticles doped with starch and polycaprolactone blend incubated with human adipose stem cells 
(HSACs) promotes TGF-β signalling and generates tendon tissues (Gonçalves et al., 2018). Likewise, 
the iron oxide nanoparticles were used for cell tagging, sorting, tracking, grafting and targeted in-vivo 
delivery in stem cell replacement therapy (Bulte et al., 2001). Similarly, the magnetic nanoparticles 
were also used to construct and harvest multilayered keratinocyte sheet-like 3-D structures. These self-
assembled magnetic nanowire arrays was reported for tissue engineering applications (Ito et al., 2005).

Biomolecular Application

The magnetic nanoparticle-biomolecule hybrid systems were used to recognize the pairs of DNA-
DNA, DNA-protein, protein-protein, and protein in organics and in several nanobiotechnology areas, 
viz. molecular biology, diagnostics, medical treatment, and environmental separation, etc. The MNPs 
are a kind of solid platform, provide additional information on allocating the strand of interest to the 
desired location by applying an external magnetic field without direct contact. The advantage of the 
MNPs-DNA hybrid methods facilitates the sequence-specific DNA separation and as well as in some 
extremely challenging conditions, such as capture and enrichment of multiple low-abundant DNA targets 
from the huge genomic background (Shen et al., 2018). The magnetic intercellular stealth nanoparticles 
produced from ferritin based nanobiomaterials are employed in the activation and probing of GTPase 
and to carry out similar biomolecular reactions that can be used to bring up much molecular therapy 
(Kappen & Budke-Gieseking, 2018).

Hypertension

The burden of heart disease, stroke, kidney failure, and premature death and disability is the charac-
terization of Hypertension (high blood pressure), which is a global public health issue at present. The 
renin-angiotensin-aldosterone system (RAAS) is a coordinated hormonal cascade that governs cardiovas-
cular, renal, and adrenal functions by regulating fluid and electrolyte balance along with arterial blood 
pressure. The drugs were delivered through oral route by using magnetic nanoparticles that consist of a 
magnetic material and an active chemical is an interesting technology that allows controlling the particle 
aggregation, site specific drug release, magnetically triggered drug release etc. The anti-hypertension 
drug aliskiren was loaded in the poly (D, L-lactide) was observed to be a promising anti-hypertensive 
drug formulation which decreased blood pressure of the host with higher efficiency than normal (Antal 
& Kubovcikova, 2015).
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Alzheimer’s Disease

The formulation of drugs and innovative methods for an early diagnosis plays an important role in the 
development of theragnostic towards degenerative neurological diseases. Alzheimer’s disease, a com-
mon form of dementia, is being diagnosed by a non-invasive clinical technique like magnetic resonance 
imaging for the early diagnosis of AD. However, the recent approach is emerging in nanotechnology 
is a promising tool for diagnosis and therapy of AD where the role of superparamagnetic iron oxide 
nanoparticles is predominant (Amiri et al., 2013). Dextran-coated iron oxide magnetic nanoparticle 
loaded with osmotin was delivered to the brain with the aid of magnetic field to cross the blood-brain 
barrier (BBB). MNPs delivery across the BBB has proven that the above technique has the potential to 
serve as a novel drug delivery tool (Amin, 2017). The curcumin conjugated with polyvinylpyrrolidone 
and polyethylene glycol-polylactic acid block copolymer by antisolvent precipitation produces stable and 
biocompatible polymer which is further coated with MNPs were used in the diagnosis and imaging of 
Alzheimer’s disease (Cheng et al., 2015). The chelating drug desferrioxamine conjugated with the iron 
oxide nanoparticles is also reported for use for Alzheimer’s disease treatment to cross the blood-brain 
barrier for good therapeutic efficacy (i.e., improved efficacy with minimal side effects) (Liu et al., 1998). 
Similarly, the advanced nano-sized iron detection techniques in neuronal tissues, such as superconducting 
quantum interference magnetometry, have found to be used as a novel diagnostic technique to classify 
iron deposits and to grade neuroferritinopathy in Alzheimer’s patient’s brains. MNPs can be also used 
as an iron chelator, hence plays a significant role as a therapeutic agent for neurodegenerative diseases 
(Doraiswamy & Finefrock, 2004; Hautot, 2003; Hautot et al., 2007; Liu et al., 2006).

Antibody Delivery

The antibody-conjugated nanoparticles have received more attention nowadays in bioseparation and 
clinical diagnostics. They were able to detect and isolate the various biomolecules and cells offers 
cost-effectiveness due to specific bioconjugation with the reasonable antigen capturing capacity. The 
antibodies conjugated to the magnetic nanoparticles were guided magnetically and making them bind 
specifically to the target and also for the controlled drug release at the target receptor site (Hossein & 
Haghighia, 2020). There are various obstacles in delivering antibodies to a human host by using nanosys-
tems as a vector due to its large size and ability to disrupt the nanocarrier’s penetration through barriers 
(Artemov et al., 2003a; Artemov et al., 2003b). Herceptin monoclonal antibody (mAb) is coupled with 
dimercaptosuccinic acid-coated magnetic nanoparticles as vector against cancer cell NIH3T6.7 and the 
HER2/neu marker expression showed profound activity (Huh et al., 2005; Sun et al., 2008). Likewise, 
the human epidermal growth factor 2 (HER2) has significant implications in human breast cancer where 
its antibody (HER2 antibody) was conjugated with glycerol mono-oleate coated Superparamagnetic Iron 
Oxide Nanoparticles (SPIONs) and delivered to target cells. The human breast carcinoma cell lines had 
shown enhanced uptake of the prepared MNPs (Dilnawaz et al., 2010; Weber & Falkenhagen, 1997).

Retinoblastoma

The children are more prompt to have a Retinoblastoma, which is one of the most common malignant 
intraocular tumors type. Magnetic nanoparticles of various materials can enhance the intraocular drug 
delivery to the most restricted posterior segment of the eye and increased the intravitreal half-life of 

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



352

Magnetic Nanoparticles
 

the chemotherapy agents. The Y79 retinoblastoma cells (carcinomic cells in the eye) can be destructed 
by targeting dextran-coated iron oxide nanoparticles (DCIONs) by controlled management of magnetic 
hyperthermia which activated cell apoptosis and significant efficacy was reported (Demirci et al., 2019). 
Considerably, the iron oxide nanoparticles were stabilized by oleic acid doped with Sulforhodamine B 
(or Kiton Red 620) dye will act as a good contrast agent and observations have shown cytosolic absorp-
tion of such MNPs and their imaging capacity were found to be tremendous without any toxicity (Jaidev 
et al., 2014).

Future Prospects:

The development of nanotechnology and nanoscience and the recent research on magnetic nanoparticles 
have made reasonable progress in the biomedical field. Moreover, the iron oxide nanoparticles along with 
their magnetic properties and contrast have already been used successfully in the areas of biomedicine, 
including MRI scanning for the detection of diseases in the brain, cardiovascular system, liver, blood 
vessels, and other vital organs, etc. More recently the iron oxide nanoparticles based nanohybrids have 
placed a prominent role in hyperthermia treatment for cancer cells. Besides, to defeat the drawbacks in 
cancer and multi-drug resistant diseases, the magnetic nanoparticle based strategies has been playing 
an important role as a targeting aid, diagnosis, chemo, and phototherapy agents.

In future, the magnetic nanoparticles can hold a big assurance in biomedical applications in the 
area of diagnosis, early detection of disease, tissue imaging, drug and gene delivery to the target, etc. 
The incorporation of magnetic nanoparticles, especially iron oxide nanoparticles, could broaden the 
application horizon of the theragnostics, which combines therapeutics with diagnostics. In near future, 
the multifunctional iron oxide magnetic nanoparticles would be an attractive material for biomedical 
applications and may help to modify the usual business strategies of pharmaceutical industries.

CONCLUSION

In the present scenario, an extensive fundamental research work on MNPs, had shown the underlying 
potential of MNPs for translational biomedical applications. Facile synthesis of MNPs and its develop-
ment as novel formulations found potential applications as MRI contrast agents, magnetic hyperthermia, 
magnetically targeted drug delivery, magnetic particle imaging etc. It is evidenced from the published 
literatures in the past decades that there is a wide expansion of MNPs research and their applications in 
numerous biomedical conditions. However the toxic potential of MNPs cannot be overlooked. Further 
studies are essentially required to identify a safe dose and formulation of MNPs with optimal such as 
the development of particles with enhanced magnetic properties and polymeric coating, etc. Similarly, 
the surface functionalization of MNPs with polymers, biomolecules, and ligands is very much crucial 
in order to impart biological recognition and interaction skills. However, at present, for stimulation and 
modelling of the magnetic nanoparticles, micromagnetic tools have opened a new platform of research 
that helps to predict the properties of biosensors and their applications which are more cost-effective, 
error-free, and therefore saves time. It is rational to expect that the future progress in magnetism-based 
nanomedicine lies in the development of the latest technological advances in the fields of micro- and 
nano-fabrication. Also, regulatory guidelines for the clinical use of magnetic nanoparticles and their 
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formulations needs to be evolved. Hence, it is envisaged that the magnetic nanoparticles will be the 
“materials of the future”, which could significantly contribute not limited to nanomedicine and beyond.
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ABSTRACT

Nanoparticles are also proving a great alternative to antibiotics in combating the deadly bacterial in-
fections. Copper nanoparticles, in particular, are being utilized as antimicrobial agents as well as their 
interaction with other particles helps to improve the antimicrobial efficacy. Compared to other metallic 
nanoparticles, copper nanoparticles are highly reactive, and their small size allows them to be used 
in different areas. When exposed to air, copper nanoparticles form copper oxide, and to prevent this 
oxidation, silica and carbon are utilized to coat copper nanoparticles. Metallic copper nanoparticles 
have been used in place of silver nanoparticles and other noble metals as anti-infective agents and also 
utilized in in water purification.

SUMMARY

Nanotechnology is an ancient conception which was originally coined by Richard Feynman in 1959 while 
lecturing the topic “There’s plenty of room at the bottom” at the California Institute of Technology. The 
name nanotechnology originated from a Greek word “dwarf” meaning small and is often defined as a 
collective art of science and technology of small things. At nanoscale dimensions, there is a behavioural 
change in the particles and they function exceptionally well. For example, gold at nanoscale dimensions 
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turns out to be a good catalyst for fuel cells and semiconductors. Nanotechnology manipulates things at 
their molecular or atomic level with a positive attempt of creating unique materials with huge potential. 
Nanotechnology also has an enormous potential in creating smaller, inexpensive and faster devices with 
improved performance at nanoscale dimensions. It changes the properties of a material in such a way 
that the material behaves more efficiently at a nanoscale dimension compared to the same material at a 
large scale. Most of the vital metabolic processes in living beings occur at the nanoscale range and one 
such example is haemoglobin, which helps to carry oxygen across the bloodstream is approximately 5 
nanometers in diameter.

In recent years, nanoparticles are getting more attention because of their diverse applications in the 
biomedical field including targeted drug delivery, hyperthermia, photoablation therapy, bioimaging 
and biosensors. Nanoparticles are also proving a great alternative to antibiotics in combating the deadly 
bacterial infections. Copper nanoparticles, in particular, are being utilized as antimicrobial agents as 
well as their interaction with other particles helps to improve the antimicrobial efficacy. Compared to 
other metallic nanoparticles, copper nanoparticles are highly reactive and their small size allow them to 
be used in different areas. When exposed to air, copper nanoparticles form copper oxide and to prevent 
this oxidation, silica and carbon are utilized to coat copper nanoparticles. Metallic copper nanoparticles 
have been used in place of silver nanoparticles and other noble metals as anti-infective agents and also 
utilized in in water purification.

DRUG RESISTANCE AND MICROBIAL PATHOGENESIS

Drug Resistance

With an unprecedented rise of antibiotic-resistant pathogenic microbes, a serious concern has arisen 
regarding the treatment of the infections due to the hindrance posed by drug-resistant microbes. It is gener-
ally believed that more than 70% of the bacterial related infections display resistance towards more than 
one antibiotic that are commonly utilized to treat the infection(Preethi et.al., 2019). Multidrug-resistant 
microorganisms have become a serious concern and a major health issue because of the complications 
they cause in treating infections. For example, Gram-negative Pseudomonas aeruginosa which is a 
ubiquitous microorganism and an opportunistic pathogen affects the patients with overlying conditions 
including AIDS, cancer, urinary tract infections (UTI) or those patients who are immunocompromised 
with cytotoxic drugs. The ability of this organism to form biofilm and synthesize the toxic compound 
called pyocyanin enhances its ability towards more antibiotic resistance (Cabot et al., 2016; Girard & 
Bloemberg, 2008).

Two other Gram-negative bacteria that have developed antibiotic resistance are E. coli and K. pneu-
moniae. These two bacteria are capable of synthesizing ESBLs which has resulted in the development 
of resistance towards all the beta-lactam antibiotics except carbapenems, cephamycins and clavulanic 
acid. Beta-lactamases are the enzymes with a potential to hydrolyze the beta-lactam ring that is present 
in beta-lactam antibiotics leading to antibiotic resistance. These bacteria are a reason for various diseases 
including diarrhoea, septicaemia, pneumonia and urinary tract infections. These bacteria also have the 
ability to produce biofilms which makes them more resistant towards antibiotics. Bacterial biofilms are 
responsible for more than 60% of the infections among the biofilm producing bacteria and those infec-
tions are generally chronic which pose a hindrance in treating those infections. Until now, there has not 
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been any drug discovered that specifically targets biofilms, hence there is an urgent necessity to find an 
alternative way of breaking this antibiotic resistance (Shaikh et al., 2015; Ansari et al., 2014).

Multidrug-resistant Gram-positive bacteria are also involved in causing infections and these bacteria 
are generally found in the gastrointestinal tract of human as well as mucous membranes such as mouth, 
vagina and skin. Gram-positive bacteria including Staphylococci and Streptococci are the main reason 
for worldwide death and a major reason for nosocomial meningitis which can have serious clinical 
implications. These bacteria are predominantly found in hospital settings (Appelbaum & Jacobs, 2005; 
Palabiyikoglu, 2003). Staphylococcus aureus is among those bacteria which is responsible for skin in-
fections as well as the infections of the other organs. This organism is predominantly found in hospital 
healthcare workers and is able to enter the human body through skin injuries and mucous membranes. 
Gram-positive Enterococci are the main reason for bloodstream infections in hospitalized patients. Gram-
positive Enterococcus faecalis is a dominant bacterium and the main reason for Enterococcal infections 
in bedridden patients and can cause life-threatening infections including endocarditis, bladder, prostate 
and epididymal infections (Archer, 1998).

Apart from pathogenic bacteria, fungi are also responsible for causing various infections in human 
beings. Fungi are generally present on the skin and mucous membranes including mouth, rectum and 
vagina and they can travel through the bloodstream affecting throat, intestine and heart valves. Fungi, as 
well as yeasts, have been reported to cause various infections in hospitalized and particularly immuno-
compromised patients (Casadevall, 2002). One such example of human pathogenic fungi is yeast which 
is a single-celled organism. Among yeasts, Candida albicans is the most common and pathogenic. This 
organism is believed to be the most pathogenic and persistent Candida species isolated clinically. Candida 
albicans is usually found in intestine, vagina and skin and this organism plays a major role in causing 
Candidiasis and Candidemia. Candida albicans has the ability to develop resistance against antimycotic 
drugs such as fluconazole which is generally used in treating Candidiasis. The ability of Candida species 
to grow on human mucous membranes is due to different virulence factors and the synthesis of enzymes 
including phospholipases, proteases and haemolysis (Pfaller & Wenzel, 1992; Deorukhkar et al., 2014).

With an unprecedented spread of antibiotic resistance among bacteria and fungi, the treatment of 
various life-threatening infections has become very difficult. Hence, there is a need for finding an alter-
native approach which can help in reducing the antibiotic resistance.

MICROBIAL PATHOGENESIS

A pathogen is referred to a microorganism with an ability to cause a disease in any animal, plant or an 
insect. The term pathogenicity refers to the disease-causing capability of any microorganism inside a 
host. Microbes are able to express their pathogenicity through their virulence, a term which signifies 
the degree of pathogenicity of the microbe. Some of the important microbes and their pathogenicity is 
briefly described below.

Pathogenicity of ESBL Producing Bacteria

ESBL production by different bacteria has resulted in an unprecedented increase in resistance towards 
antibiotics. Beta-lactamases are defined as those bacterial enzymes which have the capability to hydro-
lyze the beta-lactam ring that is usually found in all the beta-lactam antibiotics which eventually leads 
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to antibiotic resistance. ESBLs constitute a diverse and challenging group of enzymes that are being 
looked upon closely by clinical laboratories. Presently, ESBLs are one of the diverse group of enzymes 
and are most often the variants of broad-spectrum TEM and SHV beta-lactamases. These enzymes have 
the ability to hydrolyze most of the penicillins, in addition to cephalosporins which confers resistance 
towards these agents. Only those ESBLs which are able to hydrolyze the substrates (penicillins and 
cephalosporins or monobactams) at measurable rates pose a challenge in the clinical practice (Eliopou-
los & Bush, 2001). The ability of bacteria to produce ESBLs led to resistance towards third-generation 
cephalosporins. ESBL producing bacteria are linked to high morbidity and mortality rates, particularly 
among those patients which are under intensive care. Hence, precise laboratory detection is vital in order 
to avoid any failures with antimicrobial therapies (Singh et al., 2015). ESBLs are encoded by three major 
genes including blaTEM, blaSHV and blaCTX-M (Jemima & Verghese, 2008) and are being recognized 
at a fast pace. These bacteria are on a rise since the past few years and are a cause of many diseases such 
as diarrhoea, septicaemia, pneumonia and urinary tract infections (Schauñer et al., 2018). ESBLs are 
either plasmid or chromosomally mediated but the plasmid-mediated ESBLs are predominantly found 
among Enterobacteriaceae. These enzymes are widely spread throughout the world and furthermore, 
E. coli and K. pneumoniae contain a significant percentage of ESBLs (Sah et.al., 2019a and 2019b). A 
continuous modification in ESBLs leads to a change in the amino acid sequence present near the active 
site of these beta-lactamases. There are 400 different variants of ESBLs that have been identified so far 
and all those variants are classified into different groups (Gholipour, 2014).

ESBL production has become a major hurdle in treating the infections caused by Gram-negative 
bacteria. These bacteria are spreading at a very fast pace and are a matter of concern due to their adverse 
effects on human health. The most important reason behind the increased resistance of ESBLs towards 
antibiotics is that these enzymes undergo continuous mutations which result in an expansion of substrate 
profile. Gene encoding CTX-M-15 which is a major factor for ESBL production is prevalent worldwide 
and is more prevalent in South India (Bali et al., 2010; Sah and Hemalatha, 2015).

Pathogenicity of an Opportunistic Pathogen P. Aeruginosa

With the discovery of the phenomenon of bacterial QS that is employed by the bacteria in order to 
regulate their pathogenic and virulence mechanisms has attracted the researchers in developing various 
novel therapeutic agents. QS is a system of communication developed by several bacteria in order to 
coordinate group behaviours. QS controls a series of extracellular virulence factors and biofilm forma-
tion in numerous pathogenic bacteria including P. aeruginosa (Lee & Zhang, 2015). P. aeruginosa is 
a ubiquitous and an opportunistic pathogen targeting the patients with overlying conditions including 
AIDS, cancer, patients immunocompromised by cytotoxic drugs, cystic fibrosis, blood, skin and genito-
urinary infections. This organism is a major and a severe cause of nosocomial infections. P. aeruginosa 
has the capability to synthesize various extracellular compounds including elastase, alkaline protease, 
rhamnolipids, pyocyanin, exotoxin A, and hydrogen cyanide (Cabot et al., 2016; Girard & Bloemberg, 
2008). All these compounds are crucial for P. aeruginosa to regulate the virulence (Shanmugasundaram 
et.al., 2019). QS system in P. aeruginosa controls the production of these extracellular factors together 
with the biofilm formation. QS also acts as a defence system in protecting P. aeruginosa. A decrease 
in the production of virulence factors through inactivation of the QS system can provide many ways to 
fight the infection caused by drug-resistant bacteria (Haussler & Fuqua, 2013). From the past 15 years, 
a deep research is being going on in order to find different QS inhibitors. Some of those inhibitors pos-
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sess diverse structures such as furanone derivatives, different heterocycles, drugs such as macrolide and 
non-macrolide antibiotics, salicylic acid etc (Galloway et al., 2011). Apart from these inhibitors, some 
natural substances such as plant extracts have been reported to possess a great capability in inhibiting 
QS systems of Gram-negative bacteria (Koh et al., 2013).

Pathogenicity of Enterococcus Species

The past few decades have experienced the emergence of multi-drug resistant enterococci which is a lead-
ing cause of various drug resistant infections and have become a serious health-related issues including 
UTI, endocarditis and bacteraemia (Jayaprakash et.al 2016b). The virulence factors are responsible for 
antibiotic resistance, toxin production, biofilm formation, etc. The antibiotic therapy of such infections 
is difficult since enterococci display resistance to several drugs. Enterococci may also develop or acquire 
resistance to other antibacterial agents including chloramphenicol, ciprofloxacin, erythromycin, tetracy-
cline, trimethoprim and vancomycin. The resistance displayed by Enterococci against antibiotics poses a 
threat to the effectiveness of new antibiotics. New approaches including active or passive immunization 
and development of novel molecules and phyto compounds (Sathishkumar et.al., 2018; Tahira et.al., 
2017) may need to be taken into consideration (Ike, 2017; Lebreton et al., 2014).

Pathogenicity of Streptococcus Species

The genus Streptococcus includes numerous pathogenic species which cause diseases in human and 
animals and have evolved characteristic repositories of protein and non-protein toxins. S. pyogenes is 
an important species of this genus which is a gram-positive extracellular bacterial pathogen. Group A 
streptococci (GAS) are a cause of various pyogenic infections ranging from mild to severe, involving 
the mucous membranes, tonsils, skin, and deeper tissues, which may lead to a fatal outcome due to the 
production of exotoxin B (SpeB) (Krzyściak et al., 2013; Cole et al., 2008). S. pyogenes pathogenesis 
is facilitated by a massive repository of extracellular virulence factors. The persistence of the organism 
at the early stage of infection is mediated by a series of antiphagocytic molecules (Medina et al., 2003).

Pathogenicity of Salmonella Typhimurium

In human beings, the infections caused by Salmonella strains depend on certain factors which include 
the type of strain involved as well as the physiological condition of the host. Salmonella strains mostly 
affect the children and aged people. In comparison to healthy individuals, immunocompromised patients 
are more sensitive towards Salmonella infections. (Jayaprakash et.al. 2016a). Most of the Salmonella 
strains are pathogenic due to their potential of invasion, replication and survival inside the human host 
which leads to severe consequences. The remarkable feature displayed by Salmonella while invading a 
non-phagocytic human host cell includes the induction of its own phagocytosis in order to take a con-
trol of the host cell machinery. The persistence of Salmonella within the host is the main factor for its 
virulence and those strains without this capability are non-virulent. S. typhi and S. paratyphi A, B and 
C infections lead to enteric fever (Connor & Schwartz, 2005; Eng et al., 2015). Salmonella infections 
are a serious threat all over the world and since these strains have developed resistance towards the first 
line of antibiotics, new antimicrobial agents of choice have been introduced which include fluoroquino-
lones and extended-spectrum cephalosporins and green extracts and compounds (Ubaid et. al., 2018b). 
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These new antimicrobials are utilized in treating the infections due to the multidrug-resistant strains of 
Salmonella (Eng et al., 2015; Sood et al., 1999).

Pathogenicity of Proteus Mirabilis

Proteus mirabilis is a rod-shaped Gram-negative bacterium mostly known for its swarming motility 
and urease activity. This organism is a frequent source of catheter-associated urinary tract infections 
(CAUTI) that are often polymicrobial. P. mirabilis resides in a diverse range of habitats including soil, 
water sources, and sewage, but this organism is mostly found as a commensal of the gastrointestinal 
tract of human and animals. This bacterium is capable of causing a wide range of infections in human 
including those of wounds, eye, gastrointestinal tract, and the urinary tract, but it is mostly noted for 
infections of the catheterized urinary tract, known as CAUTI. P. mirabilis associated UTIs and CAUTIs 
are usually complicated resulting in urolithiasis and permanent renal damage. This bacterium is an agent 
of catheter biofilm formation, rapidly fouling the surface of a newly inserted urinary catheter. In this 
process, surface organelles such as fimbriae and other adhesins appear to play an important role. Urease 
enzyme also contributes dramatically to this process (Armbruster et al., 2018; Schaffer & Pearson, 2015). 
Currently, there are no licensed vaccines available for this organism, and moreover, multidrug-resistant 
isolates of P. mirabilis are increasing at a fast pace. Therefore, efforts to generate effective vaccines or 
therapeutic treatments are required.

Pathogenicity of MRSA

MRSA is the primary cause of hospital and community-associated infections and this organism is resistant 
towards the whole class of β-lactam antibiotics, including methicillin and penicillin. Hospital-associated 
MRSA strains are generally multi-drug resistant, hence leaving the treatment options on the use of less 
efficient drugs for example vancomycin. MRSA, similar to several other S. aureus strains, synthesize 
virulence factors including toxins, adhesion proteins, immune evasion and other virulence determinants. 
In S. aureus pathogenesis, surface proteins have several important roles. These proteins play a role in 
the cell wall metabolism of this bacterium apart from facilitating the binding to host tissue, internaliza-
tion and immune evasion. These proteins also help in the aggregation and the biofilm formation of this 
bacterium (Raygada & Levine, 2009; Boswihi & Udo, 2018).

Pathogenicity of a Fungal Pathogen Candida Albicans

Candida species are the most predominant in causing several health-related issues including serious in-
fections and they pose a serious threat in clinical practice. The rate of fungal infections is dependent on 
the immunological condition of host, application of broad-spectrum antibiotics, transplants, continued 
use of intravascular and urethral catheters, use of corticosteroids and parenteral nutrition (François et 
al., 2013). Candida albicans is considered to be the most pathogenic Candida species and so far, this 
species remains the most persistent Candida species that is isolated clinically (Borman et al., 2016). Dif-
ferent species of Candida cause candidemia (Silva et al., 2012) and produce harmful enzymes to thrive 
on human mucous membranes (Deorukhkar et al., 2014).

C. albicans is also able to produce biofilm and the biofilm formation by C. albicans is not a simple 
gathering of cells, but rather highly structured microbial communities, which is being assumed to carry 
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out different functions such as to ease the process of the influx of nutrients and waste disposal (Ubaid 
et.al., 2019). A complex three-dimensional structure is formed by mature C. albicans during biofilm 
formation (Uppuluri et al., 2009).

Applications of Nanoparticles

Nanoparticles are gradually gaining a considerable interest owing to their enormous applications in 
different fields. Researchers have started using nanoparticles in drug and gene delivery systems, anti-
bacterial agents, biosensors, cancer therapies, catalysts, detection of proteins and much more. Extensive 
research has been published regarding the applications of nanoparticles. Few examples describing these 
applications are given below.

Drug Delivery

The significant factor which is required in developing a novel drug delivery system and to attain the highest 
therapeutic effect is the precise and secure targeted drug delivery. The smaller size of nanoparticles allows 
them to avoid different cellular barriers. Nanocarriers enhance the diffusion of hydrophobic compounds 
making them appropriate for parenteral administration. Nanocarriers also enhance the stability of vari-
ous therapeutic agents including peptides and oligonucleotides (Li et al., 2011). Magnetosomes from 
Magnetospirillum gryphiswaldense have been investigated for in vitro toxicity on mouse ðbroblasts and 
have been found non-toxic to mouse fibroblasts (Xiang et al., 2007). Bacterial magnetic particles have 
been investigated for their impact on mouse immune response and have shown no toxic effects and hence 
can be the emerging candidates for novel drug or gene carriers for tumour therapies (Meng et al., 2010). 
Low cardiac toxicity of doxorubicin (DOX) loaded bacterial magnetosomes has been reported together 
with their ability to inhibit the tumour growth (Sun et al., 2007). The in vitro and in vivo delivery of 
β-galactosidase plasmids utilizing polyethylenimine (PEI)-associated magnetotactic bacterial nanopar-
ticles (MTB-PEI-NP) has been reported (Xie et al., 2009). Gold nanoparticles can be readily altered with 
different ligands and functional groups and display low toxicity, high surface area and stability. Hence, 
gold nanoparticles can be emerging candidates for novel drug deliveries. Gold nanoparticles display 
numerous biomedical applications, however the reports on the use of biosynthesized gold nanoparticles 
as gene delivery agents are less (Li et al., 2011).

Silver nanoparticles have been widely utilized for their novel therapeutic applications and moreover, 
they also display antibacterial, antifungal, antiviral and ant-inñammatory properties. Different concen-
trations of silver nanoparticles synthesized from B. licheniformis showed anti-angiogenic activity and 
reduced the cell survival (Kalishwaralal et al., 2009).

Copper nanoparticles also have the potential drug loading and efficient photoluminescence capability 
which makes them as potential carriers for drug deliveries. Copper nanoparticles can act as the carri-
ers of anticancer drugs where the degradation of DNA through the action of copper nanomaterials by 
means of singlet oxygen production can take place. Chemical modifications of copper nanoparticles to 
produce active molecules can make them suitable for interacting with more macromolecules (Salavati-
niasari et al., 2008).

Nanoparticle-mediated delivery of drugs to specific target sites is being anticipated to cut down the 
utilization of anticancer drugs and with improved specificity, greater efficiency as well as lesser toxic-
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ity. In the next few years, nanotechnology will rise to a whole new level with growing therapeutic and 
diagnostic applications (Mandal, 2017).

Antimicrobial Activity

With an unprecedented rise of antibiotic-resistant pathogenic microbes, the treatment of the infections has 
become difficult due to the hindrance posed by drug-resistant microbes (Ubaid et.al., 2018a). More than 
70% of the bacterial infections display resistance towards any one of the antibiotics that are commonly 
used for treating the infection (Prestinaci et al., 2015). For centuries, metals including silver, copper, gold, 
titanium and zinc are being utilized since they are known to possess antimicrobial properties (Tahira 
et.al., 2018). In recent times, nanotechnology has provided enormous opportunities in different areas of 
science and technology. Metal nanoparticles including silver, copper, gold, titanium, magnesium have 
been recognized for their antimicrobial activity(Shariq et.al., 2019) The larger surface/volume ratio and 
the lesser size of nanoparticles compared to their respective metals leads to a change in their properties 
including heat treatment, mass transfer, the rate of dissolution and catalytic potential (Ravishankar & 
Jamuna, 2011).

In accordance with the literature, silver nanoparticles represent the most prevalent inorganic nanopar-
ticles utilized as antimicrobial agents. Silver nanoparticles act on drug-resistant pathogens and they are 
believed to damage the outer bacterial membrane (Rohini et.al., 2019) Researchers also believe that 
silver nanoparticles are responsible for inducing pits and gaps in the bacterial membranes leading to 
cell fragmentation. Silver nanoparticles and their antimicrobial efficiency upon size reduction have been 
studied on Bipolarissor sorokiniana and Magnaporthe grisea. Silver nanoparticles have also been utilized 
to control the growth of soilborne fungi which often do not produce spores. Silver nanoparticles were 
found very active in controlling the growth of spore-forming fungal plant pathogens and may possibly 
display less toxicity compared to synthetic fungicides (Ravishankar & Jamuna, 2011; Jo et al., 2009). 
Silver nanoparticles have been tested for their antimicrobial effect against 4 different foodborne pathogens 
viz. Escherichia coli, Listeria monocytogenes, Salmonella typhimurium and Vibrio parahaemolyticus 
and it has been stated that silver nanoparticles can act as alternative disinfectants and cleansing agents 
of equipment and surfaces in food-related settings (Zarei et al., 2014; Ranjani et.al., 2019b).

Gold nanoparticles are considered extremely valuable for their antibacterial properties since they 
are less toxic, highly functional, have polyvalent effects, display photothermal activity and are easily 
detected. Most of the antibiotics and antibacterial nanomaterials generally act through the production of 
ROS in causing cell death, however, gold nanoparticles do not act through the ROS-related mechanism. 
The antibacterial effect of gold nanoparticles has been attributed to two factors, viz. (1) attachment to 
the bacterial membrane and a modification in membrane potential together with a reduction in the ATP 
level (2) inhibition in tRNA-ribosome binding (Zawrah & Sherein, 2011). The antimicrobial efficiency 
of gold nanoparticles was demonstrated in E. coli, S. aureus, P. aeruginosa, Micrococcus luteus, Asper-
gillus fumigates and Aspergillus niger (Selvaraj & Alagar, 2007).

Copper is an easily accessible metal and an essential trace element in a majority of living organisms. 
Copper particles in nanoscale dimensions are utilized in gas sensors, high-temperature superconduc-
tors, solar cells and wood preservatives. Copper in its metallic form has been utilized as an antibacterial 
agent since decades (Shirin et al., 2018). The antimicrobial activities of silver and copper nanoparticles 
on B. subtilis, S. aureus and E. coli showed that copper nanoparticles are more effective in controlling 
the growth of B. subtilis when compared to silver nanoparticles and the reason suggested is the higher 
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affinity of copper nanoparticles to surface amines and carboxyl groups. Silver nanoparticles, on the 
other hand, were more effective on E. coli and S. aureus compared to copper nanoparticles (Ruparelia 
et al., 2008; Tahira et.al., 2019a, b and c). An effort to enhance the antimicrobial properties by grafting 
copper nanoparticles on the surface of multiwall carbon nanotubes (MWCNT) has been put forth and it 
has been stated that carbon nanotubes increased the surface area of copper nanoparticles which was the 
reason for higher activity of Cu-MWCNT system compared to pure copper nanoparticles and MWCNT 
on E. coli. The efficiency (% kill) of Cu-MWCNT system was found higher (75% ± 0.8) compared to 
pure copper nanoparticles (52% ± 1.8) in E. coli. The possible antibacterial mechanism of Cu-MWCNT 
system could be the release of copper ions which after entering the bacterial cell resulted in the disrup-
tion of biochemical processes (Raja et al., 2010). Chitosan-stabilized copper nanoparticles were found 
to be effective against bacteria and yeast (Usman et al., 2013).

Owing to the enormous development in the field of nanotechnology and the wide range of applica-
tions that nanoparticles display, there needs to be a check on the toxicity that nanoparticles can display. 
The main toxic effects of nanoparticles that are of concern include neurological and respiratory dam-
age, circulatory damage apart from various other toxic effects. While as numerous nanoparticles ap-
pear non-toxic yet some of them display toxicity which needs to be studied. The antimicrobial effect of 
nanoparticles and the abolition of the bacterial infections could be a valuable development in the health 
sector (Wang et al., 2017; Slavin et al., 2017).

Biosensors

For constructing a biosensor, the two important properties of nanoparticles including surface area and 
free energy are important in the immobilization of biomolecules as these properties help in maintaining 
the strong interactions. The coating of biomolecules on larger materials often leads to denaturation and 
also damages their bioactivity but the adsorption of the same biomolecules on nanoparticle surfaces 
helps in retaining their bioactivity owing to the biocompatibility of nanoparticles. Meanwhile, a majority 
of nanoparticles carry charges which helps them to adsorb different biomolecules through electrostatic 
interactions. The immobilization of proteins by gold nanoparticles has been reported as a result of cova-
lent bonding. Compared to other nanoparticles, gold nanoparticles are possibly the most commonly used 
nanoparticles for immobilization of proteins (Xiliang et al., 2011). In the early 90s, gold nanoparticles 
have been utilized for immobilizing different types of enzymes and in the development different enzyme 
electrodes which retained the enzymatic activity (Ahirwal & Chanchal, 2009). A successful immobiliza-
tion of horseradish peroxidase on gold nanoparticles has been reported. The smaller sized nanoparticles 
were observed to be more appropriate for enzyme immobilization (Xiao et al., 1999). A reagentless 
amperometric immunosensor with long-term stability by immobilizing an antibody to control Japanese 
encephalitis by immobilizing a related antibody on gold nanoparticles were developed (Zhuo et al., 2005).

Nanoparticles as Catalysts

The large surface area and the specific characteristics of nanoparticles have allowed them to be broadly 
used as reductants and/or catalysts in order to enhance the reaction rates (Sergio & García, 2016). For 
instance, the catalytic function and the good dispersing ability of magnetic nanoparticles have resulted 
in their utilization as reaction rate enhancers in microbiological processes. Fe3O4 nanoparticles to-
gether with the coated microbial cells of Pseudomonas delaðeldii have been utilized to perform the 
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desulfurization of dibenzothiophene and no reduction in the desulfurization efficiency of P. delaðeldii 
was observed (Shan et al., 2005).

Nanopharmaceuticals

Nanopharmaceuticals can be utilized in detecting diseases at a very early phase and the diagnostic ap-
plications could build upon conventional procedures using nanoparticles. Nanopharmaceuticals is a 
developing field which involves the nanoscale functioning of the drug particles or therapeutic delivery 
systems. The delivery of an appropriate dose of a specific active agent to a specific disease site is still 
challenging in the pharmaceutical industry. The huge potential of nanopharmaceuticals can tackle this 
failure as it involves the site-specific targeting of active agents. Nanopharmaceuticals can also reduce 
the toxic side effects of the system and in that way can result in better patient compliance. There is an 
enormous pressure faced by pharmaceutical industries to deliver high quality and successful products 
and hence, nanotechnology can provide a boost in enhancing the formulation and targeted discovery of 
drugs (Ranjani et.al., 2019A) Nanopharmaceuticals have enormous potential in the production of cost-
effective drugs and the success rate in research and development and thus can reduce the time for both 
drug discovery and diagnostics (Volkmar et al., 2014).

ANTIMICROBIAL ACTIVITY OF COPPER NANOPARTICLES 
AND THEIR MECHANISM OF ACTION ON GRAM-POSITIVE 
AND GRAM-NEGATIVE BACTERIAL CELLS

Metallic copper has been in use since decades because of its antimicrobial properties. Since copper is a 
low cost and a readily available material, hence the synthesis of copper nanoparticles is economic and 
beneficial. Copper nanoparticles are active against Enterobacteriaceae and P. aeruginosa in addition to 
the drug-resistant C. albicans. These microorganisms cause several grave infections which can lead to 
death. Since, drug-resistant pathogenic microbes are continuously increasing at a fast pace, there is a 
need to find an alternative so that the problem of increasing antibiotic resistance comes to an end. The 
activity of copper nanoparticles against various pathogenic microorganisms can make them an alternative 
to various present-day antibiotics to which the microorganisms display resistance. Copper nanoparticles 
can be commercialized to replace the less effective antibiotics and this process requires a proper modi-
fication because copper nanoparticles can also display toxicity which needs to be minimized.

Activity of Copper Nanoparticles Based on the Bacterial 
Cell Wall Structure and Composition

Gram-negative bacterial cell wall, such as E. coli are enclosed by a layer of lipopolysaccharides and 
peptidoglycans and this cell wall arrangement may assist in the penetration of nanoparticles into the 
cell. Gram-positive bacteria (such as Staphylococcus aureus) on the other side possess a much thicker 
peptidoglycan layer (Figure 1). The interaction between copper nanoparticles and the cell wall proves 
more harmful to Gram-negative bacteria as they lack a thick peptidoglycan layer. One more possible 
reason for the penetration of copper nanoparticles into the Gram-negative bacterial cell is that the li-
popolysaccharide molecules present in the cell wall of Gram-negative bacteria carry a negative charge 
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and most of the nanoparticles (including copper nanoparticles) release positive ions which leads to an 
increased uptake of ions causing intracellular damage (Figure 2) (Slavin et al., 2017; Tahira et.al. 2018a).

Gram-positive and Gram-negative bacterial cell walls are negatively charged which enhance the in-
teraction of copper nanoparticles with bacterial cells (Magnusson & Bayer, 1982). Studies carried out 
on Gram-negative bacteria such as Salmonella typhimurium have revealed the mosaic pattern of anionic 
surfaces rather than continuous layers which eventually leads to higher interactions of nanoparticles at 
these positions (Sonohara et al., 1995).

Copper Nanoparticles as Antibacterial Agents

A study carried out by Ruparelia and co-workers involved the utilization of silver and copper nanopar-
ticles against E. coli, B. subtilis and S. aureus (Ruparelia et al., 2008; Ubaid and Hemalatha, 2017) and it 
was observed that copper nanoparticles displayed more efficiency against B. subtilis compared to silver 
nanoparticles (silver nanoparticles displayed more antimicrobial effect against E. coli and S. aureus com-
pared to copper nanoparticles). The reason suggested for this higher efficiency of copper nanoparticles 
is the higher affinity of the copper nanoparticles to surface amines and carboxyl groups of B. subtilis.

Raffi and co-workers studied the feasibility of the use of copper nanoparticles against E. coli in both 
the solid and liquid media. Upon observing under scanning electron (SEM), pits and cavities were ob-
served on the bacterial cell wall along with morphological changes. The results also demonstrated the 
concentration dependent effect of copper nanoparticles on E. coli (Raffi et al., 2010).

Figure 1. Bacterial cell wall structure and composition
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Theivasanthi and Alagar studied the comparative effects of copper nanoparticles synthesized using 
electrolysis technique and chemical reduction process. It was observed that copper nanoparticles syn-
thesized through electrolysis technique were more effective against E. coli compared to those synthe-
sized through a chemical reduction process (Theivasanthi & Alagar, 2011). The preparation of copper 
nanoparticles using electrical power resulted in the modification of the antibacterial effects.

Chatterjee and co-workers presented a method involving the reduction of CuCl2 using gelatin as a 
stabilizer for synthesis of copper nanoparticles (Chatterjee et al., 2012). When E. coli was treated with 
those nanoparticles, it resulted in the formation of filamentous cells with an average filament size. These 
nanoparticles showed higher efficiency against multi-drug resistant E. coli besides Gram-positive B. 
subtilis and S. aureus.

An interesting study carried out on the antibacterial effect of copper oxide nanoparticles on Legio-
nella pneumophila (Lu et al., 2013) revealed a significant effect of nanoparticles on the expression of 
genes required for metabolism, transcription, translation, DNA replication and repair, virulence, and 
unknown/hypothetical proteins.

Thekkae Padil and co-workers synthesized highly stable copper oxide nanoparticles using gum 
karaya, a naturally occurring polysaccharide in plants through green method (Padil & Cernik, 2013). 
Small sized copper oxide nanoparticles displayed higher antibacterial effect. The authors also pointed 
out the efficiency of copper oxide nanoparticles in wound dressing, bed lining, active cotton bandages, 
and medical and food industries.

A thermal decomposition method adopted by Das and co-workers to synthesize copper oxide nanopar-
ticles showed positive antioxidant and antibacterial effects (Das et al., 2013). Compared to other metal 
nanoparticles, these nanoparticles displayed higher free radical scavenging activity as well as showed 
concentration-dependent antibacterial effect against E. coli and P. aeruginosa.

Figure 2. The electrostatic interaction between copper nanoparticles and the bacterial cell wall
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Usman and co-workers utilized a simple and a cost-effective approach in synthesizing chitosan-
stabilized copper nanoparticles which were active against Gram-positive, Gram-negative as well as the 
yeast Candida albicans. These chitosan-stabilized copper nanoparticles displayed more antibacterial effect 
on Gram-negative bacteria (P. aeruginosa) compared to Gram-positive bacteria (Usman et al., 2013).

A novel green approach using ginger (Zingiber officinale) extract in synthesizing copper nanoparticles 
was put forward (Subhankari & Nayak, 2013). The synthesized nanoparticles were more efficient in 
controlling E. coli compared to copper sulphate solution and pure ginger extract. The researchers also 
stated that this green method can be beneficial in the purification of water, management of the air quality 
and antibacterial packaging since this method utilized non-toxic materials.

A green chemistry approach in synthesizing highly stable copper oxide nanoparticles from the aque-
ous extract of Acalypha indica leaf was put forward (Sivaraj et al., 2014). The synthesized nanoparticles 
were effective in controlling the growth of E. coli, Pseudomonas fluorescens and Candida albicans. 
Furthermore, the synthesized nanoparticles also displayed cytotoxic activity against MCF-7 breast cancer 
cell lines through MTT assay.

A comparative study on the biofilm-inhibiting activity of copper oxide and iron oxide nanoparticles 
against multi-drug resistant Uropathogens was put forward (Agarwala et al., 2014) and it was observed 
that copper oxide nanoparticles were more effective in controlling the biofilm formation compared to 
iron oxide nanoparticles. The antibiofilm property of copper oxide nanoparticles was found to be dose-
dependent.

Parikh and co-workers applied the green nanotechnology approach in synthesizing copper nanopar-
ticles using Datura Metal leaf extract (Parikh et al., 2014). The proposed method has been suggested 
as an efficient, easy, economical and eco-friendly method for nanoparticle synthesis. The synthesized 
nanoparticles displayed antibacterial activity against E. coli, Bacillus megaterium, and B. subtilis.

Tomasz and co-workers developed copper nanostructures with high antibacterial effects against Gram 
positive bacteria such as MRSA strains (Kruk et al., 2015). The antibacterial effects were found to be 
even higher compared to silver nanoparticles. The copper nanoparticles displayed a higher antibacterial 
efficiency against Gram positive bacteria such as clinical methicillin resistant S. aureus strains and were 
also active against Candida species.

CONCLUSION

There is a growing scientific evidence confirming the antimicrobial properties of metallic nanoparticles 
against Gram-positive and Gram-negative bacteria besides fungi. According to the literature, copper 
nanoparticles have been found to be more effective against disease causing bacteria compared to other 
metallic nanoparticles. In recent years, copper nanoparticles are gaining a substantial attention because 
of their antibacterial effects against a vast range of microorganisms. This emphasizes the capability of 
copper nanoparticles in nano-scale dimensions as the efficient antimicrobial agents in biomedical field. 
As of now, copper nanoparticles are being successfully utilized in in-vitro studies where they are show-
ing positive results but, in order to utilize copper nanoparticles in clinical settings, they need to be tested 
under in-vivo conditions using animal models. We are hoping that in the near future, copper nanopar-
ticles can probably be used as the efficient antibacterial agents to fight the disease-causing pathogenic 
microorganisms and to break the growing antibiotic resistance.
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ABSTRACT

The development and advancement of nanotechnology has led to widespread use of nanomaterials (NMs) 
in a wide variety of fields, including the environment, agriculture, biomedicine, industry, and human 
health. Nanomaterials may interfere with biological systems due to their smaller size and increased 
surface area ratios in terms of volume which may raise unanticipated toxicological apprehensions. 
The minute nature of the particles may cross biological margins and induce toxicity in vital organs like 
the human brain and placenta. Moreover, environmental exposures to NMs are inevitable, which have 
become crucial parts of our daily routine lives and consequently, search for the nanotoxicity is gaining 
attention to lessen or get rid of the toxic impacts of the NMs. The safety concerns and risk assessment 
of NMs have been raised significantly in research community circles, industries, and regulatory bodies. 
The information in the concerned section, obtained from current literature and toxicological effects of 
NMs research are assorted.
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INTRODUCTION

Every technology has two sides like that of a coin, one is the substantial beneficial roles and on the other 
hand, it gives birth to a few limitations as well as negatives (Khan et al., 2020). The nanoscience and 
nanotechnology deal with nanometers (nm) and the size of typical potent nanomaterials (NMs) is 100nm 
(Chakravorty et al., 2020a). Nanomaterials of all 0D, 1D, 2D, and 3D dimensions are mainly two types, i.e. 
carbon and metal NMs (Chakravorty et al., 2020a). In last few decades several scientific reports have been 
reported that all kinds of NMs as potent antimicrobial agents (Chakravorty et al., 2020b), drug delivery 
agent (Raghavan et al., 2020; Deb et al., 2017), anticancer agent (Deb et al., 2018), cosmetics (Ahmad et 
al., 2019). The same material has been also enhanced textile industry as processing agent (Singh et al., 
2020), agriculture industry as a biofertilizer (Boutchuen et al., 2019), the electrochemical industry mainly 
for batter energy storage device (Velappan et al., 2020); this material dramatically changed the current 
landscape of phytoremediation (Das et al., 2015; Das et al., 2013) and so many scenarios just because 
of their unique physical and chemical nature (Paul et al., 2020). However, there is a huge chance to get 
exposed to the producers, environment, workers and consumers during the production and preparation 
of NM (Savolainen et al., 2010; Valsami et al., 2015). While NM is increasingly work-related, as seen as 
indirect means by the range of nano-enabled products available in the market, as stated. In 2004, Germany 
registered 20,000 to 114,000 workers in 450 different nanotechnology companies (Pietroiusti et al., 2018). 
Everywhere the results of these kinds of exposure cannot be evaluated or predicted with the help of the 
current knowledge, because of fewer identification characteristics on the molecular level and hence any 
biological system may undergo disturbance. To overcome the problem some novel attributes need to be 
evolved to predict nanoscale materials (Kinaret et al., 2017). Across the globe several scientific projects 
are underway to develop such kind of predictions tools (Pietroiusti et al., 2018).

Though it has been reported that everywhere the toxicity of nanobiomaterials (NBMs) are not size 
dependent, sometimes larger NMs with similar chemical properties (Catalon et al., 2016; Rossi et al., 
2010; Palomäkiet al., 2011) may refer to the same and the target specificity on the biological system 
can be also a reason (Kreyling et al., et al., 2009). In this case, a significant problem is the biocorona 
shaped to envelop each nanoparticle and a bigger particle until it enters the biological system. However, 
biocorona formation is expected to have a greater effect on the properties of nanoparticles, among oth-
ers owing to the relatively larger increase in particle dimensions relative to larger particles. Therefore, 
the lipid and protein coating mounted on the surface of specific nanoparticles significantly influences 
measurement, dramatically affecting cellular and molecular targets that particles can meet (Monopoli 
et al., 2012; Walkey et al., 2014; Miclăuş et al., 2016).Another big obstacle in the evaluation of NBM 
risks for laboratory higher animals, humans (for clinical trial purpose) and environmental ecosystems is 
that in a particulate state, NBM ‘s activity varies significantly from that of typical soluble materials and 
have an impact on not only the kinetics of NBM in biological settings but also in the certain potential 
risk (Savolainen et al., 2013).Nanomaterials’ properties pose major difficulties in determining danger 
through the lungs, but also by other exposure paths. Nevertheless, in the lungs, where nanoparticles enter 
the body more easily, they are often quickly filled by biomolecules making kinetic actions and effects 
more difficult to determine. The airways’ unique features, therefore, add uncertainty to NBM’s inhala-
tion path hazard evaluation. Generally, determining NBM consequences is difficult as correlations with 
adverse effects with NBM properties (physiochemical) are not well known. Oral exposure to NBM might 
not be essential for human health; however, the significance of this problem is expected to expand as 
the use of NBM, particularly in food products, becomes more common. Reliable risk and hazard evalu-
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ation approaches can be rapidly established in response to potential demands (Pietroiusti et al., 2018).
The well over 1,600 “nano-enabled” goods in industry, all the employees needed to do so (Pietroiusti 
et al., 2018) and, according to new projections, 6 million employees are theoretically subjected to NMs 
by 2020 (Roco et al., 2011). As the toxicity of NMs different metal, metal oxide and carbon materials 
can cause different pulmonary ailments including inflammations and fibrosis, granuloma (Gosens et 
al., 2016; Guo et al., 2019; Mohanta et al., 2019). Specifically, carbon nanotubes can lead to deposition 
of collagens in the subpleural region of lungs, which may result in chronic pulmonary disorders (Sun et 
al., 2017; Türk et al., 2018; Ding et al., 2019).

In this regard, workplace-related concerns should primarily be discussed in this analysis as the most 
important sensitivity to nanomaterials exists in workplaces. Often, customer and environmental sensi-
tivity is even lesser.

BASIS FOR TOXICITY OF NANOMATERIALS

Several physicochemical properties act as intermediaries of NMs toxicity. The foremost and significant 
physical and chemical properties which determine NMs toxicity are size, shape, chemical composition 
and concentration, surface chemistry and charge, agglomeration/aggregation, medium and storage time 
(Fig 1). In the following section, the above-mentioned factors are broadly described.

Figure 1. Physicochemical factors determining NP Toxicity
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SIZE

Size plays a crucial role in determining the toxicity of nanoparticles (NPs). The smaller NPs can get 
an easy passage through the physiological barriers due to higher uptake than large NPs and can spread 
through all organs where damage is certain by increased cytotoxicity (Nabeshi et al., 2010). After getting 
the passage inside the body through the cell membrane, the NPs with minute size can penetrate through 
different organs and interact with different cellular organelles like mitochondria, nucleus followed by 
a surge in toxicity and these minute sized NPs can also avoid excretion by accumulating themselves in 
organs like liver and spleen (Saifi et al., 2018). The NPs with sizes smaller than 100 nm can also dodge 
the defense mechanism of the body because smaller NPs are difficult to be phagocytized compared to 
the larger NPs (Blandino et al., 2012). The decrease in size of a nanoparticle up to nanoscale alters the 
physical, chemical, and structural properties, which fluctuates the reactivity of NPs results in the amelio-
ration of their toxicity potential. The experiments on animal models have revealed that smaller NPs are 
the root cause of inflammatory responses in rat lungs in comparison to that of large NPs (Oberdorster et 
al., 1994) and often causes more oxidation and DNA damage due to large surface area of a given volume 
of smaller NPs than an equal volume of larger NPs (Buzea et al., 2007). Many in vivo studies have also 
analyzed that with the course of intravenous inoculation, NPs smaller than 10 nm can rapidly spread 
across all the organs and tissues as compared to the NPs with size ranging (from 50-250 nm) which can 
accumulate in liver, spleen, and blood (Jong et al., 2008).

SHAPE

The NP shape is one of the crucial factors that determine the toxicity of NPs. The NMs are coming in 
different forms (Fig.2) including fibers, spheres, tubes, rings, and planes, rods, cubes, helices (Sharifi 
et al., 2012). The shape-dependent NP toxicity can be seen in different forms like NPs having spherical 
shape are more susceptible to endocytosis than nanotubes and nanofibers (Champion and Mitragotri, 
2006). Studies in human HaCaT keratinocytes have discovered that nanorods are having more cytotoxic-
ity than gold NPs of spherical shape (Wang et al., 2008).

Figure 2. Different shapes of NPs.
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The toxicity potential of single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nano-
tubes (MWCNTs) have been extensively studied and it was observed SWCNTs are more impactful 
in obstructing calcium channels particularly in comparison to circular fullerenes. (Park et al., 2003). 
Comparing both the CNTs it was found that shape had a strong influence in the cytotoxicity of these 
NPs (Grabinski et al., 2010; Zhang et al., 2015). The CNTs have diameter ranges between 0.4 nm and 
100 nm and lengths may vary between some nanometers to centimeters (Dai, 2002). The CNTs tend 
to aggregate due to their hydrophobic nature that can be very detrimental to cells in a culture medium 
(Riviere et al, 2005; Cui et al., 2005) and were found to be toxic at adequately high doses of 400 μg/ml 
on human T cells followed by cell death (Bottini et al., 2006).

SURFACE CHEMISTRY AND CHARGE

The surface chemistry of NMs is one of the major factors that can influence a biological system in re-
sponse to the contact of NMs and have a large control over the diffusion of NPs inside the body, yet they 
can be mostly compatible with the immune system (Dobrovolskaia and McNeil, 2007). In vitro studies 
have suggested that a large surface area of NMs leads to an increase in reactivity (Roduner, 2006) and 
the toxicity of a NMs can be severely affected its surface area. A dose-dependent increase in oxidation 
and damage to DNA can be seen in the NPs with higher surface area (Donaldson and Stone, 2003).

With the interactions in the biological systems, the surface charge of NPs is one of the key factors in 
developing the toxicity (Schaeublin et al., 2011; Badawy et al., 2011). The surface charge can transform 
the shape and size of a NMs by influencing the response of an organism through aggregate or agglomerate 
development (Hoshino et al., 2004). A study has observed that the surface charge of a NMs can revamp 
the porousness of the blood-brain barrier (Lockman et al., 2004). In case of positively and negativity 
charged Gold NPs, the positive NPs are more toxic as absorbed by the cells in great proportions than 
the negative ones (Hühn et al., 2013) as the positively charged NPs have an improved proportion for 
opsonization (Alexis et al., 2008).

CHEMICAL COMPOSITION AND CONCENTRATION

Through various studies and experiments, the toxicity of NPs was sturdily based on the physicochemical 
factors including shape, size, surface chemistry and charge. Chemical composition and concentration 
are some of the factors that determine the toxicity of a NP. In an experiment on mouse fibroblasts, the 
effect of 20-nm silicon dioxide (SiO2) and zinc oxide (ZnO) NPs were taken into consideration for 
comparison between the effects of these NPs. The ZnO NPs showed oxidative stress and SiO2 NPs 
changed the DNA structure (Yang et al., 2009). The chemical composition is certainly a key factor that 
determines the toxicity of NMs. The environment conditions such as pH or ionic strength can be a cause 
of NP degradation. While interacting with the cells, some metal ions can escape from the NP core results 
in the origin of NP toxicity. Some metal ions can cause high toxicity as most metal ions damaging the 
cells are already toxic and even in higher concentrations, many beneficial metal ions can even be toxic 
(Sukhanova et al., 2018). However, at different concentrations, the toxic effect of NPs may vary. As ana-
lyzed by many studies, several materials were found to be harmless in comparison with other materials. 
The variations stood in the aggregation properties of NPs in air and water, followed by a characteristic 
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variation among inhalation, instillation or in vitro experiments (Buzea et al., 2007) Many studies have 
proved that the higher concentration of NPs would promote particle aggregation which can have toxic 
effects compared to lower concentrations (Churg et al., 1998; Takenaka et al., 2001; Gurr et al., 2005).

AGGLOMERATION/AGGREGATION

The NPs in small concentrations are having a tendency to spread in the circulatory system and other 
organs while in case of NPs with higher concentrations may lead to the formation of large aggregates 
which can cause a lung injury due to the development of higher accumulation (Takenaka et al., 2001) 
which can take months or years to get eliminated based on the type of NP. However, some NPs might 
never be eliminated results in negative health effects due to extensive residence times of NPs within the 
lungs, circulatory system, and organs (Blandino et al., 2012). The size and shape of NPs will change due 
to agglomeration, therefore, compromise the separation efficiency. Due to the higher surface energy, 
NPs aggregate easily followed by extreme influence on their toxicity profile including CNTs and metal 
oxide (Wick et al., 2007; Limbach et al., 2005). Conversely, the toxicity of metal-based NMs is due to 
the metal ions associated with them (Sabella et al., 2014).

MEDIUM AND STORAGE TIME

The NPs in a medium for stable delivery is very important for their biological dispersal and succeeding 
action. In vivo exposure of NPs has been found to affect the physiological solutions due to agglomera-
tion. The particle dispersion can also be affected by the medium conditions such as ionic strength and 
pH (Sharifi et al., 2012). A greater size can be seen in particles of TiO2, ZnO, or carbon black in PBS as 
compared to that in Water. A study suggested that the behavior of NP systems depends on the medium. 
The solitary or aggregated NMs may have diverse biological impacts and the solvent media may affect 
the dermal uptake of these NMs. Media dispersion or wetting agents can also hurt the NMs toxicity. 
(Sager et al., 2007; Colvin, 2003).

NANOMATERIALS AND THE ENVIRONMENT:

Nanotechnology’s amazing potential and future benefits often pose serious risks for the environment and 
human health. The ubiquitous use of NMs has eventually resulted in their entry into the environment, 
either as the initial NMs (as manufactured) or more likely as the degradations of societal nano-enabled 
products, unfortunately, render them potential toxic substances. Those very NMs are theoretically highly 
non-degradable and can persist in the environment for a longer period. Consequently, they could pose 
new threats to health and the environment that were not experienced before.
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EFFECTS ON AQUATIC ENVIRONMENT:

The water ecosystems are contaminated year after year by a plethora of xenobiotics by different anthropo-
genic activities. In recent times, the aquatic environment has become more vulnerable to contamination 
with NMs. The NMs enter the water sources in a variety of ways, including direct entry, atmospheric 
precipitation, aquifers transfer, and soil runoff. These NMs are highly toxic to aquatic life such as fish, 
daphnia and even to single-celled organisms (Nowack and Bucheli 2007). Due to their continuous interaction 
with some of these substances through gill penetration, swallowing, dermal contactor cellular adsorption, 
etc. these water species are too frequently subjected to NMs toxicity than their terrestrial counterparts. 
Accumulated NMs in aquatic species pass via the food supply chain and impact all the trophic levels 
in every ecosystem (Klaine et al., 2008). The physiochemical properties like morphology, aggregation, 
surface charge, reactivity, etc. and the features of extracellular as well as intracellular environments (lipid 
adsorption or protein models) can result in a particular position of NMs in the target site and that may 
establish the toxicity of those NMs (Yue et al. 2017; Selck et al. 2016). Due to the wide surface area, 
such fine particles may generate reactive oxygen species (ROS) which are quite detrimental and cause 
significant damage to membranes, proteins, and DNA (Reijnders 2006; Brown et al. 2001). The ROS 
like −O2, HO2, 

·OH, and H2O2) have been reported to be a well-established nano-toxicity phenomenon 
whose increased production may result to lipid peroxidation, cytoskeletal disorganization, mitochondrial 
degradation, protein oxidation, and DNA damage in the tissues of an organism (Yue et al. 2017; Chatel 
et al., 2018; Fu, et al., 2014; Vale et al., 2016; Rocha et al., 2015). Several other nanoparticles can lead 
to the production of ROS that further deteriorate the fragile equilibrium between the ability of both the 
biological system to generate and inactivation of ROS (Arora et al., 2012). Most of the NMs like ZnO, 
CuO, MgO, TiO2, Ag, carbon nanotubes, quantum dots, and fullerenes have been recognized to have 
deleterious effects on aquatic life, even though the frequency and intensity depend on several attributes 
such as type of NMs, size, charge and exposed species. The silver nanomaterials can actively interact 
with DNA, triggering crosslinks between DNA-protein and DNA-DNA (Klingelfus et al. 2017). These 
Ag NMs have also been reported to cause substantial changes in antioxidant markers viz., enhanced lipid 
peroxidation and thereby, substantially decreased expression of CAT, SOD and GSH (Taju et al. 2014). 
Further, short-term exposure to CuO NMs in fish resulted in distorted morphology and cellular damage 
(Gupta et al. 2016). The CuO- NMs have been found to amass in mussel gills and trigger severe effects 
on biochemical, organelles, cells and tissues resulting in overproduction of ROS and therefore, disrupt 
internal homeostasis (Gupta et al. 2016). The NMs of cerium dioxide (CeO2) have been demonstrated 
to trigger alterations in lysosome membrane stability, phagocytic potential and extracellular reactive 
oxygen species in Mytilus galloprovincialis hemocytes. These NMs often contribute to the downregula-
tion of the immune system as illustrated by the failure of lysosome membrane stability and a significant 
decline in phagocytosis ability. The widely used carbon-based NMs, such as nC60 also lead to oxidative 
stress and lipid peroxidation in the brain of fish and significantly reduces glutathione (GSH) enzymes 
(Oberdorster 2004). Other findings indicated that the exposure to graphene oxide (GO) induced greater 
levels of malondialdehyde, SOD, CAT, and decreased levels of GST, all highlighting oxidative stress 
(Chen et al. 2016). Because of their photocatalytic activity, the NMs are ready to interact with many 
other materials that can even create new noxious substances that indirectly lead to environmental haz-
ards. Carbon nanotubes along with other NMs trigger markers of oxidative stress and thereby induce 
damage to the DNA. Furthermore, CNTs may bind to macromolecules such as proteins and results in 
remnant metabolite formation. The exposure of fish to metal ions may alter their physiological roles 
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which include acid-base balancing, respiratory activity, variations in osmoregulation, epithelial edema 
and mucus secretions. Histological alterations in the epithelium of gills result in the blood loss circulation 
with the ensuing collapse of cardiovascular and eventually fatality (Shaw and Handy 2011; BrazMota 
et al. 2018; Shaw and Handy 2011; Souza et al. 2018).

EFFECTS ON SOIL ENVIRONMENT:

As a result of anthropogenic practices like continual release through water and soil decontamination 
methods, use in agricultural production (pesticides/fertilizers) and accidental releases through air-water, 
sewage, and sludges, NMs gain entry and therefore accumulate in the soil. They can be highly resistant 
to degradation and can stay long in the soil (Tourinho et al. 2012; Maurer-Jones et al. 2013; Shandilya et 
al. 2015; Coll et al. 2016). The concentration of NMs in the soil is higher than in air or water (Klaine et 
al. 2008). Considering the availability of NMs in soils, the assessment of their effects on soil biodiversity 
is imperative (Bondarenko et al. 2013). The existence of these NMs discharged into the soil is greatly 
affected by chemical and physical attributes of NMs and their ability to interact with natural colloidal 
components and soil characteristics (Boxall et al. 2007). Copious NMs aggregates may be immobilized 
in smaller pores by staining, filtration, and sedimentation processes. On the other hand, NMs can move 
farther than their bulkier counterparts (surface runoff) as their unique smaller design (size and shape) 
enables them to freely migrate between soil particles across the pre spaces.

The main soil characteristics like the presence of organic matter, morphology, pH, etc affect the 
microbial population of soil, hence play a fundamental role in the toxic implications of NMs (Fierer 
and Jackson 2006; Simonin and Richaume 2015). The toxicity of these NMs is adversely affecting the 
plants and microbial communities (bacteria and fungi). Research findings have shown that the NMs 
are toxic to certain species of bacteria including Bacillus subtilis, Vibrio fischeri and Escherichia coli 
(Jiling et al., 2016). In these bacterial species, the toxicity is stimulated by different mechanisms like 
membrane dysfunctionality, ROS and photocatalytic oxidation associated with a surface coating. NMs 
of CuO can also destabilize the membrane of E. coli by K+ leakage (Zhao et al., 2013). The plate counts 
and enzymatic activities of Azobacter, P and K solubilizing bacteria were severely affected by CeO2 and 
ZnO(Chai et al., 2015). Nanomaterials such as TiO2and CuO greatly reduces the frequency of functional 
soil bacteria and enzymatic activity, impacting their population dynamics in inundated agricultural soils 
(Xu et al., 2015). The toxicity of these NMs may not only directly impact crop quality as well the yield, 
but also the microbial diversity and their environment (in the endosphere and rhizosphere). Another 
negative impact on soils induced by NMs is the effect on the rate of self-cleansing and nutrient levels 
which is the baseline for controlling plant nutrient processes and increasing fertility of the soil (Janvier 
et al. 2007; Suresh et al. 2013). The earlier studies showed the build-up of toxicity on earthworms due to 
different nanotubes (Peterson et al. 2008). Other NMs such as Al2O3, CeO2, TiO2 and ZnO are also found 
to exert adverse effects on the rate of reproduction, growth, altered gene expression and mortality in soil 
nematodes like Eisenia fetida (earthworms) and Caenorhabditis elegans(Hu et al., 2010; Lahive et al. 
2014; Roh et al., 2009; Lahive et al. 2014). The impact of NMs on the physiological and morphological 
nature of plants evaluated by different toxicity tests is apparent from numerous several studies (Ma et 
al., 2015; Faisal et al., 2016). Metal-based NMs were shown to influence the variation in chlorophyll 
content several crop plants, such as wheat, tomato, green peas (chlorophyll content is¯) whereas beans, 
cucumber, mustard(where chlorophyll content is  ) (Rastogi et al., 2017). Many studies have shown lipid 

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



399

Toxicity and Risk Assessment of Nanomaterials
 

peroxidation, genotoxic effects, DNA damage upon exposure with NMs (ZnO, NiO, nAg, CeO2, TiO2) 
on crop plants like cucumber, tomato, rice, maize, onions, broad beans, etc. (Pokhrel& Dubey, 2013; 
Zhao et al., 2013; Patlolla et al., 2012; Faisal et al., 2013; Dimpka et al., 2012; Rico et al., 2013;).

EFFECT OF NANOPARTICLES AND HUMAN HEALTH

Nanomaterials have the same dimensions as protein-like biological molecules. At present, exposure 
to NMs is growing, and due to uncertainties over their toxicity, serious issues have emerged that these 
substances pose new risks to human health (Handy and shaw, 2007). The toxic effects of the chemicals/
materials depend on their ability to enter the body, or rather tissues or cells with the human body. All 
the materials including NMs have three different ways of getting into the human body:

EXPOSURE THROUGH SKIN

The importance of subcutaneous exposure to toxic substances continuously rises (Mackevica and Hansen, 
2016). The exposure of human skin to NMs can happen through deliberate as well as unintended ways. 
Intentional exposures of NMs may occur from the application of cosmetics such as lotions, creams, etc. 
that contain ZnO and TiO2 coated nanoparticles. Unintentional exposure occurs directly during the pro-
cess of synthesis, emission, and recycling NM-based products, environmental pollution, occupational 
activities (Oberdörster et al., 2005, Zimmer et al., 2002). There are two potential mechanisms of NM 
adsorptions into the skin: trans-epidermal intracellular pathway or hair follicle diffusion and sweat ducts 
intercellular trans-epidermal pathway or diffusion through the hair follicle, and sweat ducts (Monteiro-
riviere and Inman, 2006). Human skin is an excellent deterrent to NMs or other hazardous materials, but, 
hair follicles and sweat glands render it vulnerable (Teow et al. 2011). The NMs are typically visualized 
least via viable skin, as more penetration occurs in hair follicles when the protective layer of the skin is 
damaged or removed (Mavon et al. 2007). The TiO2 surface coating can indirectly affect the skin thereby 
allowing NMs to penetrate. The antimicrobial potential of Ag NPs has made these NMs most widely used 
in cosmetic products (Miethling-graff et al. 2014). The toxicity of AgNPs is triggered by the initiation 
of oxidative stress associated with reduced viability, loss of mitochondrial function and apoptosis and 
cell death (Foldbjerg et al. 2009). Nanomaterials have also been shown to trigger injury-responses that 
lead to inflammation inside the skin. These materials can denature proteins, unmask epitopes, and even 
damage DNA and cells (Barlow et al. 2005). NMs administered to the skin can cause photocatalytic 
activity in the subcutaneous layers, resulting in the generation of ROS, degrading DNA, and upsetting 
normal cellular functions (Crosera et al., 2009). Quantum dots (QDs) applied on the skin can migrate 
to local lymph nodes, probably via Langerhans cells and skin macrophages, therefore, increasing pos-
sible immunomodulation concerns (Kim et al., 2004). It has been further reported that the NMs such as 
QDs, SWCNTs, MWCNTs with titanium surface coating have deleterious consequences on epidermal 
keratinocytes and fibroblasts and are capable to alter their gene as well as protein expression (Haliullin 
et al., 2015).
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EXPOSURE THROUGH DIGESTIVE SYSTEM

Inhalation of NMs is a significant mode of exposure to the human body (Foldbjerg and Autrup, 2013). 
Nanomaterials that are used directly or indirectly in packaged foods and pharmaceuticals are orally con-
sumed and absorbed by the gastrointestinal tract (GI), through which they gain entry into the lymphatic 
tissues (Teow et al. 2011). Based on their nature, these NMs are either eliminated from body if unstable, 
or clumped by physical and chemical changes, resulting in GI tract obstruction and subsequently death 
(Wang et al., 2006). Once internalized, these NMs interfere with different cellular organs and macro-
molecules, leading to genotoxic and cell inhibitory and effects which ultimately result in death due to 
membrane lipid peroxidation, energy depletion, organelle destruction and changes in interconnected 
signaling pathways (Jin et al., 2007; Bhabra et al., 2009; Pereira et al., 2011). These effects are the re-
sult of oxidative stress caused by a disequilibrium among ROS and antioxidant mechanisms.It has been 
reported that NMs interfere with proteins, either by chaperone-like interaction or by altering protein 
structure, results in protein misfolding (Wagner et al., 2010). The toxicity caused by the ingested TiO2 
results in impairment of the cellular membrane of the digestive gland through oxidative stress (Valant et 
al., 2012). Upon entering hepatic circulation, NMs behave differently. They can be hepatoxic or detritus 
in the biliary system which can block hepatic ducts or cause progressive fibrosis. Furthermore, this can 
affect the gastrointestinal lining’s perviousness and therefore, can lead to ulcers, epithelium weakening, 
metaplasia or dysplasia, nutrient malabsorption, or extreme causes chronic bleeding.

EXPOSURE THROUGH THE RESPIRATORY TRACT

The respiratory tract is a relevant target for NMs exposure both from an occupational and consumer 
perspective. The pathogenic implications and pathology of inhaled NMs are attracting the interest of 
researches over the years. Accumulation of NMs in the pulmonary system varies greatly depending on 
the granulometry of NMs and their airborne performance (Ma et al. 2015). The particle granulometry 
has a major influence on the respiratory deposition location (Ma et al., 2015). In many NMs synthesis 
methods, granulometry can also differ considerably corresponding stages of synthesis. Such variations 
in the distribution of nanoparticles in the lungs might have significant implications for the health impacts 
of NMs inhaled and the process of removal involved (Zhang et al. 2005; Ma et al., 2015). Diffusion 
plays a prominent role in the penetration of NMs deeper into the respiratory system as they hit with air 
molecules due to displacement (Borm et al. 2006). In case of inhalation, the toxic effects of CNTs are 
more fatal, give rise to severe inflammatory response as compared to oral or dermal exposures (Fold-
vari and Bagonluri 2008). Once inhaled, these CNTs encounter proteins and other cell components and 
retain their structure or metabolize according to their physicochemical attributes, and then translocate 
through blood circulation to different body parts. (Pichardo et al. 2012; Sharifi et al. 2012). Also, NMs 
could even induce nasal pathology. In such cases, nasal epithelial cells are hurt, and mucous membranes 
start rupturing which leads to reduced odor sensation and nasal humidification. The intensity of effects 
becomes more pronounced as the scale of NMs decreases. Since the particles are so small, eliminating 
these particles gets difficult and eventually eroding the nasal air passage defense. Due to the sensitive 
nature of NMs, they trigger damage to epithelial cells and macrophages lead to inflammation of lungs 
(Donaldson and MacNee, 1998).

 EBSCOhost - printed on 2/11/2023 1:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



401

Toxicity and Risk Assessment of Nanomaterials
 

RISK ASSESSMENT OF NANOMATERIALS

Nanotechnology as a cutting-edge technology for the production and execution of new NMs and has 
prompted the need for a lot of risk assessment. Much attention has been paid in recent years to how certain 
objects can be measured alongside each other. It is believed that a multifold boom in particular research 
publications and patents follow the growth of nanotechnology. The current application of classical and 
modern NMs is explored in the sense of regulatory requirements and standardization of chemicals, and 
other consumer products. Nano based industries specifically emphasize the best problem- solving capa-
bility and cost-effective theme, rather restricting the introduction of novel products for the need of time. 
However, nano-based consumer goods are highly demanded in the medical field for health and strength, 
home and garden, followed by food and beverage and coatings of articles (Vance et al. 2015). Because 
of their modest size and large volume area, the physicochemical characteristics of NMs attract further 
attention owing to their prospect in the biological applications. These NMs are have considered having 
tremendous biomedical potential as novel drug transporters with increased cellular engagement and 
better permeation ability through biological membranes. Nevertheless, these innovative features NMs, 
elevate the concept of toxicity as a side effect for human life and their concerned properties. Nowadays, 
a plethora of reports on NMs is directed towards adjusting the toxic effect of the NMs to explore the 
biological side effects to make them compatible and suitable for use in daily routine life. Setting a high 
standard of characterization are the foundation elements of NM risk assessment. Reporting of continu-
ing debates in the field of scientific communities and the relevant information of the given concept will 
provide an accurate basis for the risk assessment of impending toxicities.

BASIC PRINCIPLES OF RISK ASSESSMENT

Risk assessment is a process or activity ineffective administration of workplace health and safety to 
evaluate the exposure, hazard, and dose-response data to distinguish risk in human resources. Risk 
estimations deliver information and data to maintain the establishment of occupational exposure limits, 
which should be conducted particularly when changes in tools, drafts or procedures occur in a work area.

Fundamentally, the process of risk assessment involves the six steps as follows:

Step 1: Identification of hazardous material (source of risk or danger)
Step 2: Analysis of consequences (property damage, potential injury)
Step 3: Assessment of risk (probability/chance, the magnitude of risk and frequency)
Step 4: Determination of the mode of action (mitigating risk or completely removal)
Step 5: Application of controls (remodel, removal, new techniques)
Step 6: Appraisal of Controls (audit or proportional evaluation)

The comprehensive bookmarks of risk assessment paces (NRC, 2009) include the following:
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1. PROBLEM FORMULATION

It is a preliminary assessment of the essence of the threat, the exposure management alternatives and 
the data required to decide among several viable options.

2. RISK ASSESSMENT

Risk evaluation makes it more effective to define, at the beginning of the process, the most important 
knowledge necessary for decision-making in which the subdivisions are classified as:

1.  Hazard assessment: Hazard evaluation is an assessment of the extent and magnitude of biological 
impacts usually associated with toxicology studies.

2.  Exposure assessment: Exposure assessment involves measuring or estimating the exposures of 
workers, by the task or by complete shift.

3.  Dose-response assessment: Dose-response assessment provides information on the approximate 
dosage or model (e.g. in animal studies) and the biological responses considered significant to 
human health.

4.  Risk characterization: Risk characterization sums up the findings from exposure, hazard and 
dose-response evaluations to provide figures or data for proper decision-making and risk com-
munication in risk management.

RISK MANAGEMENT AND RISK COMMUNICATION

Risk management focuses mainly on identifying and implementing appropriate risk control mechanisms 
and reducing public exposure to hazardous substances (Marchant et al., 2008). Risk communication is 
an open method of sharing thoughts or information and a continuing part of the exercise of risk analysis. 
The kind of communication apprises all the stakeholders of the practice at every step of the risk assess-
ment which helps them to understand the risk.

RISK ASSESSMENT PERSPECTIVE

Life Cycle of Nanomaterials

It is known that during their life cycle, the physicochemical properties of NMs that are applicable for 
their possible risk are subject to change (Grieger et al., 2012). The life cycle of all existing materials 
like chemicals, NMs are being produced, used, and disposed of are termed as cycled but assessing the 
risk of certain chemicals is a complex route. Many NMs are used in numerous products to strengthen or 
make them more effective to the target but the life cycle consideration even more challenging to destroy 
or complete removal of the part of NMs. For instant, some NMs are incorporated into a milieu of plastic 
which in turn may impact the possibility of exposure and therefore the potential risk. Some NMs end up 
in the environment depending on their structure and properties by dissolving, transformation, combining 
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with the relevant components, and therefore ultimately can sediment or be transported further away from 
the healed portion. A risk assessment of NMs throughout its life cycle should also be able to distinguish 
between risks to different populations such as workers and consumers. The risk assessment of NMs 
covers an estimation of their indirect exposure through the environment such as from groundwater or 
crop production following uptake of substances through the soil.

INHALATION OF NANOMATERIALS

The most pertinent route of exposure to NMs is breathing them in through respiration in animal bodies. 
Sometimes NMs can reach deeper and deeper via the lungs, where uptake into the bloodstream is more 
likely and particles may form a lining on lungs fluid or they may cross the pulmonary epithelium to reach 
the underlying tissues or may flow into the systematic circulation. Whether sometimes when the NMs 
are inhaled, they are entrapped into the mucous cells and effective clearance processes may be started 
by the macrophage in the deep lungs. If the particles are taken up, the process of translocation started 
to transport the particles into the other organs of the body through the blood flow. The translocation of 
the particle depends on their physical properties and may influence by the size, volume, or any surface 
treatments made with the particles. Some NMs also irritate at their point of entry by inhalation. Irrita-
tion is a sign that the lungs’ defense system works, resulting in activation of the body’s natural clearing 
process, causing the lining of the lung to create phlegm that helps push particles up and out of the lungs. 
The inhalation of nanoparticles through air pollution pointed out a link for illnesses such as chronic 
bronchitis, asthma, emphysema, lung cancer, cardiovascular problems, and heart associated diseases 
(Landsiedel et al., 2014). Primarily lung diseases (e.g. pneumoconiosis) are an especially important issue 
to consider when assessing risks for workers such as miners, bakers and diesel exhaust fume inhalers 
which may cause acute and chronic health issues.

DERMAL PENETRATION

The absorption of the NMs through the skin is also possible when it comes to the existing contact of 
dermal pores. Due to smaller size, they may penetrate the skin in a greater range than larger particles. 
Ultimately the size of the nanoparticles at most priorities for absorption but some other parameters such 
as the composition, solubility and surface chemistry are also considered in dermal toxicity causing fac-
tors (Landsiedel et al., 2014).

ENVIRONMENTAL EFFECTS

Nanomaterials can affect organisms in the surroundings and their physical compartments such as ground, 
atmosphere, soil surface, sediments, and groundwater. The assessment of the environmental impact of 
NMs is challenging because nanoscale particles can interact with the surrounding compartments (Taghavi 
et al., 2013). Both the direct and indirect effects have to be considered to assess the true environmental 
impact of NMs. Indirect effects are mainly related to the transformation and interactions of nanoparticles 
with the environment, and further to the transformed state of organisms. It is difficult to differentiate 
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the indirect effects of the nanoparticles from direct effects. Indirect organism toxicity means modifica-
tions of the particles which do not occur in their original makeup. Nanomaterials can be dispersed in 
the aqueous medium, degraded into another type of particle with texture differences or attached to other 
substances creating difficulties in quantifying or measuring the relevant concentrations of NMs to which 
organisms are exposed in the environment. Due to this phenomenon, the transformed NMs may have a 
more or less severe impact than the original NMs by changing their existence in a natural environment.

SUMMARY AND CONCLUSION

In this chapter, we tried to lay out an encyclopedic perspective of the toxic nature of NMs along with 
several other details. There are several research works present which give a crystal-clear view of NMs 
cytotoxicity and its collision in the existence of human. The physicochemical characteristic is the 
main responsible factor for the toxic nature of NMs. The figure of toxicity will change if there is any 
remodeling found in physicochemical characteristics. There is shortfall of interconnection in various 
nanomaterials between in vivo, in vitro, and in-silico statistics. A database of toxicity is required due to 
the increase in the toxic nature of NMs in the recent era. A combination of different toxicity-indicating 
techniques is required to decrease the toxic nature of NMs and it is also utilized to assume toxicity of 
newly synthesized NMs.
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