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Preface

Health care requests for patients with tissue loss or end-stage organ failure are in-
creasing due to the worldwide population aging and the development of pathologies
related to organ functions. Transplantation represents the gold standard of lifesav-
ing but is limited by the scarce availability of donor organs, and as a consequence,
there has been a growing demand for biological substitutes that are able to restore or
to maintain temporarily or improve organ functions. In the last decades advances in
biomaterials have generated a range of materials and devices for use either outside
the body or through implantation to replace or assist functions which may have been
lost through disease or injury, providing a bridge to recovery or transplantation. Mem-
brane processes play a pivotal role in the replacement therapy for acute and chronic
organ failure diseases. In fact, all current extracorporeal blood purification and oxy-
genation methods employ membranes. In these devices membranes act as selective
barriers for the removal of endogenous and exogenous toxins from the patient’s blood
(hemodialysis, hemofiltration, etc.) or for gas exchange with blood (blood oxygena-
tion). Membrane technology offers new, interesting opportunities for the design of
bioartificial organs such as the bioartificial liver, pancreas, kidney, or lung. The use
of polymeric membranes with different physico-chemical and transport properties
is appealing in the creation of a bioartificial organ since these and biomembranes
share similarities such as the selective transport of molecules, resistances, and pro-
tection. Furthermore, synthetic membranes can easily be mass produced, modulating
their morphological and physico-chemical properties for a specific organ or tissue.
Membranes must be designed to replicate the properties of the extracellular matrix
providing structural support to the cells, which are the functional elements of any
tissue or organ. In this context the bioreactor technology represents a promising ap-
proach for the regeneration and the production of individualized biological implants.
The bioreactor, through the fluid dynamics modulation, may simulate the in vivo com-
plex physiological environment ensuring an adequate mass transfer of nutrients and
metabolites and the molecular and mechanical regulatory signals. This technology
leads to the fabrication of bioartificial organs that are functionally matched to human
organs and can be used for clinical organ transplantation.

Membrane Systems: For Bioartificial Organs and Regenerative Medicine reviews
the latest developments in membranes and investigates how they can be used to im-
prove the quality and efficiency of bio/artificial organs. The book highlights the design
and development of membranes to be used in bio/artificial organs starting from the
polymers to the preparation, characterization, and sterilization procedures to be used.
Basic issues in membrane separation for biomedical devices such as membrane trans-
port, concentration polarization, and fouling phenomena are specifically discussed.
The bioengineering principles, the different strategies pursued for the development
of membrane bio/artificial organs including important issues related to blood- and

DOI10.1515/9783110268010-001
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cell-membrane interactions are described with the aim of opening new and exciting
frontiers in the next decades. The use of membrane processes and devices can be excit-
ing in helping to find nature’s substitutes and to solve the pathogenesis of important
human diseases while proposing new and fascinating medical therapies.
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1 Natural and synthetic membranes

1.1 Biomedical polymers used for membranes

Several compounds can be used for preparing membranes. They can be classified
on the basis of: (i) the source of natural or synthetic materials, if they are from
nature or synthesized in the laboratory, respectively; (ii) the chemical nature as
organic, inorganic, and composite; (iii) degradation properties as biodegradable
and nonbiodegradable. The most widely-used compounds are organic polymers
or macromolecules. Synthetic polymers have a wide variety of properties and uses
and are produced commercially. In particular, biodegradable synthetic polymers
have become increasingly popular for use in biomedical applications. Man-made
polymers that react to their surroundings are known as smart polymers, or stimulus-
responsive polymers, and can also be applied for a variety of purposes in technology
and biomedicine.

The first and most important attribute of a polymer is the identity of the monomer
residues (repeat units), on which depends the nomenclature. Polymers that contain
only a single type of repeat unit are known as homopolymers, while polymers con-
taining a mixture of repeat units are known as copolymers [1]. An example of a ho-
mopolymer is poly(styrene), which is composed only of styrene monomer residues,
whereas ethylene-vinyl acetate that contains more than one variety of repeat units is
a copolymer. Some biological polymers such as polynucleotides (e.g., DNA) are com-
posed of a variety of nucleotide subunits, which are different but structurally related
to monomer residues.

In a polymer the number of monomers determines the molecular weight: the
larger the number of monomers, the larger the molecular weight. A common means of
expressing the length of a chain is the degree of polymerization, which quantifies the
number of monomers incorporated into the chain [2, 3]. Synthetic methods include
step-growth polymerization, chain-growth polymerization, and plasma polymeriza-
tion. In chain growth polymerization, monomers are added to the chain one at a time
only (e.g., polyethylene), whereas in step-growth polymerization chains of monomers
may combine with one another directly (e.g., polyester) [4]. In plasma polymerization
monomers are activated by a gas discharge generated by plasma sources in order
to initiate polymerization. Synthetic polymerization reactions may be carried out
with or without a catalyst. Since synthetic polymerization techniques typically yield
a polymer product in a range of molecular weights, the weight is often expressed
statistically to describe the distribution of chain lengths present. Common examples
are the number average molecular weight and weight average molecular weight. The
ratio of these two values is the polydispersity index, commonly used to express the
“width” of the molecular weight distribution [5].

DOI110.1515/9783110268010-002
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The physical properties of a polymer are strongly dependent on the size or length
of the polymer chains. For example, as chain length is increased, melting and boil-
ing temperatures increase quickly [6]. Impact resistance also tends to increase with
chain length, as does the viscosity, or resistance to flow, of the polymer in its melt
state. Chain length is related to melt viscosity: a tenfold increase in polymer chain
length results in a viscosity increase of over 1000 times. The increase of chain length
decreases chain mobility and increases strength, toughness, and the glass transition
temperature (T;) as a result of the increase in chain interactions such as van der Waals
attractions and entanglements. These interactions tend to fix the individual chains
more strongly in position and resist deformations.

The microstructure of a polymer (sometimes called configuration) relates to the
physical arrangement of monomer residues along the backbone of the chain. These are
the elements of polymer structure that require the breaking of a covalent bond in order
to change. Structure has a strong influence on the other properties of a polymer. For
example, two samples of natural rubber may exhibit different durability, even though
their molecules comprise the same monomers.

An important microstructural feature of a polymer is its architecture; the polymer
can be either linear or branched [3]. A branched polymer molecule is composed of a
main chain with one or more substituent side chains or branches. A polymer’s archi-
tecture affects many of its physical properties including, but not limited to, solution
viscosity, melt viscosity, solubility in various solvents, glass transition temperature,
and the size of individual polymer coils in solution.

The typical states of polymers are the glassy, rubbery, and semicrystalline state.
The threshold temperature below the polymer is glassy (hard and brittle) and above
the polymer becomes rubbery (elastic and flexible) is the glass transition temperature
or T,. In the glassy state the mobility of the polymeric chains is very restricted since
the segment cannot rotate freely around the main chain bonds. In the rubbery state the
segment can rotate freely along the main chain bonds, implying a high degree of chain
mobility. The state of the polymer is important for its mechanical, chemical, thermal,
and permeation properties. In the case of porous membranes the choice of polymer
has an effect on chemical and thermal stability, on wettability as well as on the sur-
face characteristics of adsorption and interactions. In the case of dense nonporous
membranes the state of polymer has a strong effect on the permeability of gases and
vapors through the membrane. The permeability is generally much lower in the glassy
state than in the rubbery state [7].

Semicrystalline materials such as polyamides do not exhibit a clear Tg or “rub-
bery” region. For these polymers the main transition occurs at Ty, when the crystalline
regions break down. Some chain rotation in the amorphous regions will occur be-
low Ty, giving some impact resistance at these temperatures. Values of Ty and T
for a number of polymers are given in Table 1.1. T values are affected by the chemi-
cal structure of polymers. For example polymers with a main chain characterized by
—~C-C- bond are more flexible and have low T with respect to those having -C-0-
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bond. The presence of aromatic groups or unsaturated bonds in the main chain in-
creases the Ty values. In the case of polymers that contains alternating unsaturated
and saturated bonds the T, value does not change significantly, since the rotation
around the saturated bonds —C-C- compensates the stiffness of unsaturated bonds
-C=C-.

The free volume of the polymer Vi, which is the volume of the polymer mass not
actually occupied by the molecules, affects the T value. V¢ = V — Vs, where V is the
specific volume, and Vg is the volume of solidly packed molecules. The higher the
V%, the more room the molecules will have in which to move around and the lower is
the T,.

The degree of crystallinity, defined as the volume fraction of crystalline regions in
a polymer, also affects the state of a polymer. The polymers that have regular structure
units are able to crystallize, while the polymers that are irregular do not crystallize. In
the case of unsaturated polymers the crystallisation occurs when all chains have the
same conformation. The degree of crystallization affects the optical, thermal, and me-
chanical properties of a polymer. Semicrystalline polymers are opaque - light is not
transmitted through the polymer — and have a definite melting point range at which
the crystalline volume is destroyed. On the contrary, amorphous polymers are clear:
visible light can pass through them, and they do not have a defined melting range
because they are already without any crystallinity. Concerning the mechanical proper-
ties, as a polymer’s crystallinity increases, the stiffness (elastic modulus) and strength
of the polymer increase, while ductility declines as crystallinity increases [4].

The physical structure of the chain is also an important factor that influences the
polymer properties. Based on the stereoregularity, which defines the configuration
of polymer chains, distinct structures can be obtained: isotactic, in which all sub-
stituents are on the same side of the polymer chain; syndiotactic, in which there are
alternating groups; and atactic, characterized by arandom combination of the groups.

Therefore many polymers are available, but the choice of membrane polymer in
biomedical applications is not a trivial task. A polymer must have appropriate char-
acteristics for the intended application. The polymer must be biocompatible, which
means that it must avoid host undesirable local or systemic effects for patients. It
has to be compatible with the chosen membrane fabrication technology. The poly-
mer has to be a suitable membrane former in terms of its chain rigidity, chain in-
teractions, stereoregularity, and polarity of its functional groups. The polymers can
form amorphous and semicrystalline structures affecting the membrane performance
characteristics. The polymer has to be obtainable and reasonably priced in order to
comply with the low cost criteria of the membrane separation process. Many mem-
brane polymers are grafted, custom-modified, or produced as copolymers to improve
their properties.
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1.2 Synthetic polymers

The most common polymers used in membrane synthesis for biomedical appli-
cations are cellulose acetate (CA), nitrocellulose (CN), and cellulose esters (CE),
polysulfone (PSf), polyethersulfone (PES), polyacrilonitrile (PAN), polyethylene (PE),
polyetheretherketone (PEEK-WC), and polypropylene (PP), polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF), polyvinylchloride (PVC), ethylenevinyil-
alcohol (EVAL), polyetherimide (PEI), and polymethylmethacrylate (PMMA) [8].

Cellulose acetate (CA) is the acetate ester of cellulose, a polysaccharide consist-
ing of a linear chain of § (1 4) linked D-glucose units. The hydroxyl groups (—-OH)
of cellulose can be partially or fully reacted with various reagents in order to obtain
derivatives with useful properties, like mainly cellulose esters (e.g., cellulose acetate,
cellulose nitrate) and cellulose ethers (—OR). Several type of cellulose acetate are com-
mercially available which differ in their degree of hydroxyl substitution (e.g., cellulose
diacetate, cellulose triacetate).

Polysulfone (PSf) and polyethersulfone (PES) are thermoplastic polymers that
are known for their toughness and stability at high temperatures. They are character-
ized by —-SO,- linkages and chain rigidity derived from the relatively inflexible and
immobile phenyl sulphone groups, and toughness from the connecting ether oxygen.
Both have excellent high-temperature properties and chemical inertness. Polysulfone
has a glass transition temperature of 185 °C and is highly resistant in pH ranging from
2 to 13 and to oxidizing agents. Mechanically, polysulfone has high compaction re-
sistance and is also stable in aqueous acids and bases and many nonpolar solvents;
however it is soluble in dichloromethane and methylpyrrolidone [9].

Polyacrylonitrile (PAN) is a semicrystalline polymer with the linear formula
(C3H3N), that is prepared by the polimerization of acrylonitrile. This polymer has a
T 0f 120 °C and degrades before melting. Almost all polyacrylonitrile are copolymers
in which acrylonitrile is the main component.

Polyethylene (PE) consists of long hydrocarbon chains in which the monomer
is ethylene. Polyethylene is classified into different categories on the basis of its den-
sity and branching. The mechanical properties of the polymer are dependent of the
extension and type of branching, as well as of the crystal structure and the molecu-
lar weight. The melting point and glass transition varies strongly on the basis of the
crystallinity and molecular weight. For the medium- and high-density polyethylene
the melting point ranges from 120 to 130 °C, whereas the melting point for low-density
polyethylene is around 105-115 °C.

Polyetheretherketone (PEEK) is polymerized by the dialkylation of bispheno-
late salts. It has excellent mechanical properties with a Young’s module of 3.6 GPa,
and outstanding thermal properties and chemical resistance. The polymer is partially
crystalline and melts around 350 °C [10], and it has a glass transition temperature of
around 143 °C. PEEK is characterized by low solubility in common organic solvents.
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Modified polyetheretherketone (PEEK-WC) exhibits chemical stability and ex-
cellent thermal and mechanical resistance similarly to traditional PEEKs. Differently
from PEEKs, PEEK-WC is soluble in various solvents, owing to a lack of crystallinity for
the introduction of isobenzofurane-1,3-dihydro-1-oxo-group into the polymer chain,
which is responsible for its amorphous character and solubility in common solvents
[11, 12].

Polypropylene (PP) is made from the monomer propylene. It is a hydrophobic
polymer. It is mostly isotactic and has an intermediate level of crystallinity. Isotactic
PP has a melting point that ranges from 160 to 166 °C, whereas syndiotactic polymer
with a crystallinity of 30 % has a melting point of 130 °C. Polypropylene is normally
tough and flexible, especially when copolymerized with ethylene. It has high resis-
tance temperature and excellent mechanical properties.

Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer with high-molecu-
lar-weight consisting wholly of carbon and fluorine. PTFE is hydrophobic as it demon-
strates mitigated London dispersion forces due to the high electronegativity of fluo-
rine. PTFE is characterised by high melting point (327 °C) and resistance to attack by
almost all chemicals. These characteristics are due to the aggregate effect of carbon-
fluorine bonds.

Polyvinylidene fluoride (PVDF) is produced by the polymerization of vinylidene
difluoride (CH,=CF,). PVDF has a glass transition temperature (Tg) of about -35 °Cand
is typically 50-60 % crystalline. Compared to other fluoropolymers, it has a relatively
low melting point of around 171 °C, which makes melting processes easier.

Polyvinylchloride (PVC) is produced by polymerization of vinyl chloride mono-
mers, which are mainly arranged head-to-tail. In the linear polymer chain there are
chlorides on alternating carbon centers, which are responsible for the very different
properties of the polymer with respect to the polyethylene. PVC has high hardness and
mechanical properties, expressed by Young’s module of 3.4 GPa. Heat stability of PVC
is very poor; in fact its melting temperature is 160 °C.

Ethylenevinylalcohol (EVAL) is a copolymer of ethylene and vinyl alcohol. It has
Tg of about 69 °C and a melting point of 181°C. The structure of EVOH copolymers
affects the material’s ability to limit gas or hydrocarbon diffusion, thus resulting in an
excellent barrier against gases and hydrocarbons [13]. It has a hydrophilic character
due to the presence of the hydroxyl side groups in the polymer chain. The polymer has
a good mechanical strength.

Polymethylmethacrylate (PMMA) is synthesised by polymerization of methyl
methacrylate. It can be atactic, syndiotactic, and isiotactic, although the molecular
chains are mostly syndiotactic meaning the molecular chain’s substituents alternate
uniformly. This uncrystallized polymer shows remarkable transparency (92 % light
transmission). The glass transition temperature (Tg) of atactic PMMA is 105 °C. The
polymer, at ambient temperature, is hard, rigid, and brittle with little elongation.
PMMA swells and dissolves in many organic solvents; it also has poor resistance to
many other chemicals on account of its easily hydrolyzed ester groups.

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



1 Natural and synthetic membranes

6

ST 11 qE- 4dAd
S0 149 (014 1i1d
ST 09¢ 7T Sid
19°C 00¢ S81 iSd
71 (1124 €9 ND
H 10 02°HD™Y
UOHD
SN OH 71 01¢ 08 YD
H d0
40 H 4OHD
ainpnis [ed9] smnpow Sunox [20] “1 Dol &1 Jawhjod

‘uoljeledald sueiquaw Joj pasn siawAhjod a)qepeiSapoiq-uou jo sajadold 1T "qel

Al use subject to https://ww.ebsco.conlterns-of-use

EBSCChost - printed on 2/10/2023 5:10 PMvia .



1.2 Synthetic polymers

X3 05€ €l >33d
0
TH H
11 L0 131 89- ad
b
W
/O
w7
olw _ﬂ e YA 011 YWWd
]
‘W H
= 71-8 443 0zt NVd
—+H)—H)+
W €1 S/t 01~ dd
“FH)—H+
! 0 0
0
N z N $TI-€T zeT-10¢ 81z 3d
(0]
0 0
aInpnis [edo] smnpow Sunoj Dol “1 Dol 21 1awAjod

(PanuNU02) :T°T “qeL

Al use subject to https://ww.ebsco.conlterns-of-use

EBSCChost - printed on 2/10/2023 5:10 PMvia .



EBSCChost -

8 = 1 Natural and synthetic membranes

Tab. 1.1: (continued)

Young modulus [GPa] Structure

Tm [°C]

Tg [°C]

Polymer

400

225

PEEK-WC

3.4

160

65

PVC

1

_TH
OH

*ﬁCHZ

70 225 0.6

PVA

—ECHZ—CHZHCHZ

3.1

48.0-72.0 156-195

EVAL
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Polyimide (PI) is a polymer consisting of imide monomers. According to the compo-
sition of their main chain, polyimides can be aliphatic (linear polyimides), semiaro-
matic, or aromatic. The latter are the most used polyimides because of their thermosta-
bility. They have also good chemical resistance and excellent mechanical properties.

Linear and matrix smart polymers exist with a variety of properties depend-
ing on reactive functional groups and side chains. These groups might be respon-
sive to pH, temperature, ionic strength, electric or magnetic fields, and light [14, 15].
Some polymers are reversibly cross-linked by noncovalent bonds that can break and
reform depending on the external conditions [16]. Nanotechnology has been funda-
mental in the development of certain polymeric nanoparticles such as dendrimers
and fullerenes that have been applied to drug delivery. Traditional drug encapsula-
tion has been done using lactic acid polymers. More recent developments have seen
the formation of lattice-like matrices that hold the drug of interest integrated or en-
trapped between the polymer strands [17].

Smart polymer matrices release drugs by a chemical or physiological structure-
altering reaction, often a hydrolysis reaction resulting in cleavage of bonds and re-
lease of the drug as the matrix breaks down into biodegradable components. The
use of natural polymers has given way to artificially synthesized polymers such
as polyanhydrides, polyesters, polyacrylic acids, poly(methyl methacrylates), and
polyurethanes. Hydrophilic, amorphous, low-molecular-weight polymers containing
heteroatoms (i.e., atoms other than carbon) have been found to degrade the fastest.
Scientists control the rate of drug delivery by varying these properties, thus adjusting
the rate of degradation.

1.3 Biodegradable polymers

Biodegradable polymers are very interesting for making membranes used in tissue en-
gineering and regenerative processes, because these membranes are able to be broken
down and excreted or resorbed without removal. Natural polymers such as compo-
nents of extracellular matrix (e.g., collagen) have been widely used for many years; the
synthesis of these polymers started about 50 years ago. In the design of biodegradable
polymers, important issues must be addressed: (i) they must not evoke an inflam-
matory response; (ii) they possess a degradation time coinciding with their function;
(iii) they have appropriate mechanical properties; (iv) they produce nontoxic degrada-
tion products that can be readily resorbed or excreted; and (v) they include appropri-
ate processability for biomedical membranes. These properties are dependent on ma-
terial chemistry, molecular weight, hydrophobicity, surface charge, water adsorption,
degradation, and erosion mechanisms [18]. Polymers undergo hydrolytical degrada-
tion due to the presence of hydrolytically unstable bonds, hydrophilic enough for the
water access. Hydrolytically degradable polymers possess bonds that are susceptible
to hydrolysis including esters, anhydrides, acetals, carbonates, amides, urethanes,
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and phosphates [19]. Enzymatically degradable polymers possess bonds that require
enzymatic reactions to undergo significant degradation under physiological condi-
tions. Most of these polymers contain ether or amide bonds, which have very low
hydrolytic degradation rates. The most common hydrolytically biodegradable poly-
mers are poly(a-esters), which contain aliphatic ester bond in their backbone, which
is responsible of their hydrolytic degradation.

Polyglycolide or poly(glycolic acid) (PGA) One of the polyesters widely used is
the polyglycolide or poly(glycolic acid) (PGA) prepared starting from glycolic acid. This
polymer has a glass transition temperature between 35-40 °C and a melting point in
the range of 225-230 °C [20]. It has rapid degradation and insolubility in many com-
mon solvents. The rapid degradation leads to the loss of mechanical strength and
significant local production of glycolic acid, which can create an undesired inflam-
matory response. This drawback limits its application.

Polylacide (PLA) is more hydrophobic than PGA and stable against hydrolysis be-
cause of the presence of methyl groups. The polymer exists in four forms: poly(L-lactic
acid) (PLLA), poly(D-lactic acid) (PDLA), poly(D,L-lactic acid) (PDLLA) — a racemic
mixture of PLLA and PDLA, and mesopoly(lactic acid). Only PLLA and PDLLA have
shown to be promising in tissue engineering applications and have been extensively
studied. PLLA is produced by polymerization of L,L-lactide. It has a T, of 60-65 °C,
a melting temperature around 175 °C and a mechanical strength of 4.8 GPa [21]. High
molecular weight PLLA has been shown to have a slow degradation time. For this rea-
son PLLA is modified or blended or copolymerized with other degradable polymers.
An interesting modification technique of PLLA consists of the use of radiation which
induces branching and crosslinking and thus causing a decrease in crystallinity. In
PDLLA the random positions of its two isomeric monomers within the polymer chain
yields a slightly lower T, of 55-60 °C and lower mechanical strength of 1.9 GPa [20].
PDLLA degradation is faster than that of PLLA but it still takes over a year to properly
disappear.

Poly(lactic-co-glycolic acid) (PLGA) is synthesized by means of the copolymer-
ization of glycolic acid and lactic acid, which are linked together by ester linkages,
thus yielding a linear, aliphatic polyester as a product. Depending on the ratio of lac-
tide to glycolide used for the polymerization, different forms of PLGA can be obtained,
and consequently it is possible to modulate the degradation times from 1-2 months for
50:50 PLGA, to 5-6 months for 75 : 25 PLGA, or 4-5 months for 85: 15 PLGA [22]. All
PLGAs are amorphous rather than crystalline and show a glass transition temperature
in the range of 40-60 °C. Unlike the homopolymers of lactic acid (polylactide) and gly-
colic acid (polyglycolide), which show poor solubilities, PLGA can be dissolved by a
wide range of common solvents.
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Polycaprolactone (PCL) is synthesised by ring opening polymerization of &-
caprolactone. The polymer is semicrystalline with great organic solvent solubility;
it has a melting temperature of 55-60 °C and a Ty of —54 °C [23]. PCL has a very low
in vivo degradation rate and moderate wettability. It has also a low tensile strength
(0.023 GPa), but very high elongation at breakage (4700 %), making it a very good
elastic biomaterial.

Polycarbonate (PC) are characterized by the presence of carbonate groups
(-0-(C=0)-0-). Although this bond is hydrolytically stable, the observed in vivo
degradation is due to enzymatic degradation. The polymer has a glass transition
temperature of about 147 °C and a melting point of 155 °C. It has low tensile strength
(55-75MPa).! The most extensively studied polycarbonate is poly(trimethylene car-
bonate) (PTMC), which is an elastomeric aliphatic polymer with great flexibility and
slow degradation profile, but poor mechanical strength. Other polycarbonates are
tyrosine-derived polycarbonates, which are variations of poly(amino acids) in which
amino acid-like backbones are connected by carbonate bonds such as poly(desamino-
tyrosyl-tyrosine alkyl ester carbonates) (PDTEs). PDTEs have a variable pendant alkyl
chain allowing for modulation of their thermal and mechanical properties.

Polyurethanes (PU) are produced by reaction of isocyanate with polyol in the
presence of a catalyst. As a result the polymer is constituted by a combination of
monomers with isocyanate (R-N=C=0) and hydroxyl (—OH) functional groups. The
properties of a polyurethane are greatly influenced by the types of isocyanates and
polyols used to make it. The polymer has a mechanical strength of about 40-60 MPa
[24, 25]. Polyurethanes are composed of hard and soft segments and can undergo mi-
crophase separation allowing for these polymers to handle physical stress very well.
Ty and Ty, vary with the variation of the percentage of soft and hard segments. Hard
and soft segments are high T, and low T, portions, respectively.

Polyphosphazenes (PZ) are hybrid inorganic-organic polymers in which the
backbone is completely inorganic consisting of phosphorous and nitrogen bonded
linearly through alternating single and double bonds. They contain two organic or
organometallic side groups attached to each phosphorus atom. Side groups affect
the degradation rate and physical properties of the polymer. Thermal and mechanical
properties can vary with T from -10 to 35 °C and tensile strength 2.4-7.6 MPa [26]. Side
groups also affect properties such as hydrophobicity, hydrophilicity, biodegradation,
or ion transport properties [27].

Polyamide (PA) is an organic polymer constituted of monomers of amides joined
by peptide bonds. They can be produced naturally (e.g. polypeptides) and artificially
(e.g. nylons, aramids, and sodium poly(aspartate)). According to the composition of
their main chain, polyamides are classified as aliphatic, semiaromatic, or aromatic.
On the basis of the number of repeating unit types, polyamides can be homopolymers

1 City Plastics Polycarbonate, www.cityplastics.com.au/materials- polycarbonate/
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or copolymers. Polyamides can be semicrystalline or amorphous. Polyamides contain
the same amide bond as in polypeptides, but form polypeptides differently and have
strong chain interactions and a low rate of biodegradation. Enzymes and microor-
ganisms can degrade low molecular weight oligomers [28]. Biodegradation may be
improved by the introduction of various side groups, such as benzyl, hydroxyl, and
methyl groups. For example copolymers with amide and ester groups are found to be
more easily degradable [29].

Chitosan (CHT) is a linear polysaccharide composed of randomly distributed B-(1-
4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated
unit). It is the N-deacetylated derivative of chitin and is naturally degraded by body
enzymes. The chitosan degradation rate is dependent on the degree of acetylation and
crystallinity. Chitosan with lower acetylation percentages has been shown to last in
vivo up to several months [30]. The polymer has reactive amino groups and hydroxyl
groups and chelates many transitional metals. It has poor solubility in some solvents.
As chitosan by itself is mechanically weak, it is often crosslinked or combined with
other degradable polymers such as PLA, PLGA, PEG, collagen, and alginate.

Hyaluronic acid (HA) is a linear anionic polysaccharide consisting of alternating
units of N-acetyl-D-glucosamine and glucuronic acid. HA homopolymer is mechani-
cally weak, but its mechanical properties can be improved by crosslinking with ethyl
esters or benzyl esters. Depending on the extent of esterification, the degradation
rate can be varied from 1-2 weeks to 4-5 months [31]. Hydrolytic degradation causes
scission of the ester bond, converting it back to HA, which is degraded in vivo by
hyaluronase enzymes.

Poly(p-dioxanone) (PDO) is prepared by ring opening polymerization of p-
dioxanone. PDO is semicrystalline, with a low glass transition temperature in the
range from -10 to 0°C and a Ty, of 115°C. An increase in the molecular weight can
increase the tensile strength and modulus and improve the thermal stability of PDO.
Its biodegradation is due to the ester bonds in the polymer chains. PDO has a slow
degradation rate (6-12 months for complete mass loss) and a low modulus (1.5 GPa)
but good flexibility and strength maintenance [20].

Collagen is a long, fibrous structural protein composed of a triple helix consisting
of two identical chains (a1) and an additional chain that differs slightly in its chem-
ical composition (02). The amino acid sequence of collagen is glycine-proline-X and
glycine-X-hydroxyproline, where X is any amino acid other than glycine, proline, or
hydroxyproline. It is used to prepare membranes especially for use in dental surgical
procedures as a resorbable material for placement in the area of dental implants, bone
defects, or ridge reconstruction [21].
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1.4 Preparation of membranes

1.4.1 Thermodynamic principles

Phase inversion processes allow the production of membranes which dissolve one
or more polymers in a unique solvent (polymer/solvent system). In order to ensure
a perfect combination of membrane structure and chemical-physical properties, the
polymeric solution must be thermodynamically stable, which means that at the stan-
dard condition (constant temperature and pressure), in the system all the chemical
components should be in a perfect equilibrium state in a sole phase and should not
subject to the de-mixing process. In fact two or more reagents in solution can originate
a liquid phase perfectly homogeneous or can re-arrange in phases immiscible with
each other in which all the components are shared differently. Knowing the charac-
teristics of the elements and the proper condition that serves the complete control of
the reaction provides the understanding of the thermodynamics information about
how to blend together different elements. Although for a pure substance the ther-
modynamic properties of the system are directly functions of two parameters only,
temperature and pressure, for a mixture all variables in the composition, number of
moles of the components, intermolecular forces (dispersion forces, polar forces, hy-
drogen bonding, etc.), activity, and the chemical potential of the polymer are really
important. Binary and/or a ternary polymeric systems spontaneously turn into a state
of minimum energy called Gibbs free energy of mixing AG,, which describes the equi-
librium properties of the solution [32]. Knowing the parameters and the independent
variables which AGy, is dependent on, the thermodynamic properties of the system
can be derived. At constant temperature and pressure AGp, is defined by the expres-
sion

AGm =G - niGY, (11)

1

where n; is the number of moles of the component i and G? refers to the Gibbs molar
function of the pure component; but it can be expressed as the result of the entropic
(ASy,) and the enthalpic (AHy,) contribution in the system:

AGy = AHp — TASp, (1.2)

where AHy, is the enthalpy of mixing and AS,, is the entropy of mixing. Two compo-
nents will spontaneously blend together if the Gibbs free energy of mixing is negative
(AGy, < 0), as a consequence of the complete dissolution of the solute in the sol-
vent. For a polymer/solvent solution the effect of the entropy of mixing on the system
is much smaller than the free enthalpy of mixing determined by the AHy, only. The
enthalpy of a system is defined as the sum of the internal/external motion liberty de-
gree and the intermolecular forces contribution, the latter being considered the main
important parameter for the determination of the enthalpy of mixing of an ideal sys-
tem. In terms of energy, those forces are due to the movement of all the electrons in
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the molecules that originate the fluctuations of the dipoles in all the chemicals and
consequentially the coordination of the charges in the system that causes an energy
decrease. When the dispersion and repulsion forces between the positive and the neg-
ative charge of the dipoles are balanced, the energy of the system reaches a state of
minimal value defining the so-called energy of interaction &, namely the level of en-
ergy requested to separate the molecules of a component in a given volume of liquid,
which is expressed in terms of cohesive energy density e as a function of the enthalpy
of vaporization (AHy,p) of the component involved:

AHyap — RT
e= ———

7 , (1.3)

where V; is the molar volume of the liquid. Considering a binary system, the enthalpy
of mixing is done by the Hildebrand expression

AHpix = V[(e1)%® - (e2)°° 12 p1¢b>. (1.4)

Since the square root of the cohesive energy density is the solubility parameter § of a
molecule, the expression (1.4) can be simplified as

AHmix = Vin (81 - 82)* @162, (1.5)

where Vy, is the molar volume of the solution, ¢ are the volume fraction and 6 are the
solubility parameters of the solvent and the polymer referred with number 1 and 2,
respectively. When 6; = §,, the value of AHy,, approaches zero, then the compo-
nents are miscible (because ASy, is always positive). In reality except when particular
interactions are involved, the polymers are usually soluble just in a few organic sol-
vents because of their heavy chains and volume; in fact, with respect to the low
molecular weight molecules they cannot freely move in the system, and just a few re-
arrangements in space are possible when they are mixed with other components. This
concept is well explained by the Flory-Huggins theory of the lattice model (Figure 1.1).

In a binary system where A (solvent) and B (solute) are the components with small
molecular weight, each molecule of A can be imagined to be surrounded by z particles
of A or B, where z is the coordination number of the reticule, and the particle motion
depends on the translation, rotation, and vibration liberty in the system AB. Three dif-
ferent kind of interactions are possible: A-A , B-B, and/or A-B. For each one of them
a specific energy of interaction € can be calculated, and the enthalpy of the system is
the results of their coordination:

AHy = H - Hp - Hg, (1.6)

where H is the contact energy for the solution and the components, respectively. As-
suming a homogeneous molecules surface and knowing the total number of moles N
in the system, the probability for a molecule of A to contact with B depends on the mo-
lar fraction of B; but when it is a polymer to be dissolved in a solvent, the probability
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Fig. 1.1: Flory—Huggins lattice model: molecular distribution in a binary system of (a) monomers and
(b) polymers in a low-molar-mass solvent.

that a portion of space is occupied by a segment of the macromolecule is higher the
more concentrated and heavier the polymer is (Figure 1.1 (b)), then the equation of the
enthalpy of mixing has to be expressed as a function of the volume fraction, i.e.

AHm = n1¢>2NaVz Aelz = RTnl(l)zXlz, (17)

where the numbers 1 ad 2 refer to the solvent and the polymer, n is the number of
moles, Ny is the Avogadro’s number, and X1, is the Flory—Huggins interaction pa-
rameter of the system. For ideal solutions, AHy, = 0 and the AGy, is determined by the
ASp only. As said earlier, in a binary system AB, each molecule of A is surrounded
by z particles, where z is the coordination number of the reticule, and the ability of
A to move in the system is linked to the parameters that define an entropic degree of
disorder: translation, rotation, and vibration liberty. Assuming again an ideal system,
the entropy of mixing is due to the molecular disposition of the component in space,
thus the only entropic contribution is the entropy of configuration (S)

S=KlnWw, (1.8)

where K is the Boltzmann constant and W, depending on how the molecules of A (Np)
can arrange with respect to B, is the number of all the microscopic states possible.
Expressing the number of molecules N as a function of both the molar fraction of the
particles and the number of moles n of the components, the expression of the entropy
of configuration (equation (1.8)) becomes

S =-R(nalnxu + nglnxg). (1.9)

When the solute is a macromolecule, the degree of motion of the particles is strongly
lower due to the dimension and the concentration of the molecule in the solution,
then assuming that the polymer is linear and composed by o segments, the entropy
is expressed again in terms of volume fraction ¢ and refers directly to the mixing pro-
cess [33]. For a total number of sites equal to

ng =ni +0ony, (1.10)
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where o is the number of segments in the chain of polymer, the volume fraction for a
system polymer/solvent is

b1 = ﬁ (1.11)
and oy
¢ = m; (112)
where 1 and 2 are the solvent and the polymer. Then the equation of ASy, is
ASym = -R(n11n g1 + ny In ). (1.13)

When two polymers are mixed together the equation is rearranged considering

n = <(£—11) ne (1.14)

and

n, = <E> ng. (1.15)
02
For a polymer/solvent system the Gibbs free energy of mixing resultant is
AGm = RT(nyIn¢p1 + ny In gy + n1¢p2X1). (1.16)

For a pure component i, the molar partial Gibbs function is the expression of the chem-
ical potential y? of the component

K = a—ni, (1.17)

this means that the activity coincides with the molar fraction of the chemicals in the
system
ui— 1Y = RTInx;. (1.18)

Expressing the Gibbs free energy of mixing as function of equation (1.18), we obtain
AGp = RT(n1Inxq + ny Inx,), (1.19)

where the molar fraction x will be substituted by the volume fraction ¢ when a binary
polymer/solvent system is considered [34].

In Figure 1.2 we see the Gibbs free energy of mixing of binary solutions as a func-
tion of the volume fraction (¢) of the solute: the low molecular components are shown
in green, the polymer/solvent system in red, and the polymer/polymer systems in blue.
It is clear that the simpler the system is, in terms of nature and size of the components,
the lower are the values of the AGy,. The trend of the three curves is symmetric, and
this means that in ideal conditions the miscibility of the elements is certain for all the
compositions possible.
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Fig. 1.2: Diagram of the Gibbs free energy of
mixing AGn, for (a) a polymer/polymer system,
Q) (b) a polymer/solvent system, and (c) low molecu-
lar components.

As explained earlier, when polymers are in solution, the effect of the entropy of mixing
on the system is very small, and then the Gibbs free energy of mixing is determined
by the sole enthalpy (AHy,); even the slightest change in the temperature of the sys-
tem can determine the occurrence of the phases separation, and the solution will
eventually demix. Analyzing the same polymer/solvent system (equation (1.19)) at two
different temperature T; and T, (Figure 1.3), where T; > T,, the thermodynamic be-
havior of the system followed a different trend with respect to what is described for
ideal solutions. When the components are blended at high temperature (T; near the
melting point of the polymer), negative values of AGy, are obtained. Even if the curve

AG,,
RT,

AG,
RT
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Fig. 1.3: Diagram of AG, for a polymer/

H, solvent system at two different tempera-
tures 71 and T, as a function of the volume
fraction of the components.
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is not symmetric, at all the points of the graph it is possible to draw a tangent, and all
the points have the same derivative:

_ 0AGn
Ap; = on;

Since the intercept at the axes meet the value of y; for the components the solute
results miscible in the solvent over the whole composition range. When a lower tem-
perature is used (T) in the graph, two points of minima and two points of inflections
are recognizable where the curve shifts its convexity/concavity. The points of the min-
ima lie on the same tangent, unique for the graph, and the intercept crosses the axes at
specific values of chemical potentials for the components. At every temperature a new
tangent can be drawn, and eventually the points intercepted on the components axes
will coincide defining the so-called critical point, i.e. the temperature up to which the
system is stable at all the compositions.

The points of minima and inflections described earlier are important to under-
stand the stability of the system when a membrane has to be obtained from a poly-
meric solution. They are derived when the first and the second derivate of the AG, are
both equal to zero (Figure 1.4).

Specific regions and ranges of concentrations are bounded, and different trends
of the curves are defined. For compositions where the solvent concentration is higher
than the polymer, i.e. 0 > ¢ < ¢;, the values of AGy, are descendent, and the solution in
this volume fractions range is thermodynamically stable, due to the perfect miscibility
of the components.

With increasing polymer concentration, the miscibility starts to decrease, as ex-
plained by the Flory—Huggins theory, and the Gibbs free energy of mixing rises, leav-
ing a point of minimum (¢;) and reaching the first point of inflection at a volume
fraction equal to ¢b;. From this point the highest values of AGy, are recorded, and the
solution for volume fractions included between ¢, and ¢, is thermodynamically in-
stable and incurs in demixing. When the concentration of the polymer exceeds ¢, a
phase rich in solute is formed and the system results in stability again. The plots of the
first (in blue) and the second derivate (in green) underlined what was stated above. In
particular for volume fraction ¢ included between ¢, and ¢, the second derivate (low-
est part of Figure 1.4) is negative, implying that the solution is instable, and demixing
incurs spontaneously. Plotting the points of minima and the points of inflection for a
polymeric solution, the binodal and the spinodal curves can be depicted as a function
of the volume fraction, and a temperature/composition diagram can be obtained (Fig-
ure 1.5). Referring to the Flory—Huggins theory the less wide system is more complex
and the binodal and the spinodal curves are symmetric, and the critical point shifts
towards the left of the graph near the solvent axis.

The point where the binodal and spinodal coincide is the critical point, as the
temperature up to which the system is stable at all the compositions. In fact for all the
temperature higher than T, every single ratio between the polymer and the solvent in
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Fig. 1.4: Diagrams of AGn, first and the second derivatives for a polymer/solvent system as a func-
tion of the volume fraction of the components.

the system allow us to obtain a homogeneous solution, and as described in Figure 1.3,
the Gibbs free energy of mixing is always negative. When a lower temperature is used
(T), with the increase of the polymer concentration the binodal curve is reached (¢y),
and the stability of the system starts to be reduced. At that point, for all the compo-
sition included in the range ¢;—¢1, the phenomenon called nucleation occurs, and
the solution is characterized by the presence of little drops of polymer dispersed in
the solvent. Those drops are in equilibrium, and then the system is stable due to the
absence of driving forces that can destabilize it. The same is valid for the ratio included
in therange ¢1—¢,, where in the polymeric phase little drops of solvent are dispersed.
Those two regions are called metastable, and they are particularly important for the
membrane preparation with a phase inversion process: when a polymer/solvent solu-
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tion with composition included in the subscribed ranges is used, if the droplets in the
solution coalesce before the polymer solidifies following the precipitation process, an
open porous system will result. But when the composition is in the region bounded by
¢1 — ¢ under the spinodal curve, demixing is incurred due to the growth of the dis-
persed drops: two different phases, onerich in solvent and one in polymer, are formed,
and the energy of the system decreases in order to stabilize the system. Therefore, the
demixing process is due to the destabilization of the system further to variation in the
nature and complexity of the components, the temperature, and the final composi-
tion. Adding a third element in the system is another important cause of demixing:
the stability of a ternary system then depends not only on the polymer/solvent ratio,
but also on this third element, the nonsolvent, used in few phase inversion methods
[35]. From the Flory—Huggins theory discussed earlier (equation (1.16)), a Gibbs free
energy of mixing expression for three elements can be derived:

AGp = RT(n1 In ¢1 + Ny In ¢2 + ns In ¢3 + n1¢2X12 + nq ¢3X13 + n2¢3X23). (1.20)

Then new diagrams and plots may be depicted, but in that case the system de-
pends on three parameters and the temperature/composition graph assumes a three-
dimensional conformation. As a function of the temperature, three axes referring
to the volume fraction of polymer, solvent and nonsolvent build the diagram for a
ternary system, as represented in Figure 1.6.

It is clear that even in that case where the two curves binodal (blue) and spinodal
(green) coincide, the critical point is determined, and at all the temperatures higher
than T, all compositions between the elements are possible, whereas when lower T are
used the demixing area is reached and the phase separation occurs. Crossing the dia-
gram transversely, a bidimensional representation of the binodal and spinodal curves
is obtained, and the thermodynamic trend of the system can be analyzed at a deter-
mined temperature (isothermal system). The corners of the triangle depicted refer to
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Polymer |

Solvent Non-solvent

Fig. 1.6: 3D-diagram of the binodal and the spinodal curves for a ternary system
polymer/solvent/nonsolvent as function of the temperature.
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Fig. 1.7: Isothermal graph of a ternary system.

the three components at their maximum concentration (100 %), and consequently
each point on the sides of the diagram represents a specific composition of the so-
lution and a determined ratio (¢) between the two components placed on the ends of
the same side, whereas all the points in the triangle area ascribe to a specific compo-
sition of the three elements together (Figure 1.7).

As described for the binary system, the metastable regions bounded by the bi-
nodal and the spinodal curves contain the volume fractions values that refer to the
solution in which the nucleation occurs, and two separated liquid phases are cre-
ated. Droplets of solvent and nonsolvent in the polymer-rich phase and vice-versa are
formed and start to grow and coalesce, leaving a porous structure after the solidifi-
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cation of the continuous phase: then a porous membrane is obtained with a ternary
metastable system as with a binary one. When the volume fractions are included un-
der the spinodal curves, demixing will occur. When a point is placed under the bin-
odal, on the curve itself two points can be located referring to the phase composition
in equilibrium, which generate a tie line if linked together. For each ternary phase
diagram a set of tie lines is depicted, and as soon as the top of the binodal is reached,
they narrow to a point called the plait point, where the composition of the two phases
coincide (Figure 1.8).

Tie lines

Solvent Non-solvent

Fig. 1.8: Tie lines for an isothermal graph of a ternary system: two points (A and B) are identified on
the binodal curve for a specific composition of the solution considerate (point in blue).

The characteristics and structure of a membrane are functions of the composition of

the polymeric solution as much as the nature and the affinity between the elements

of the system. Using the phase diagram the process for a membrane production from

a ternary system foresees four steps (Figure 1.9):

1. preparation of a homogeneous polymeric solution (red point in the graph);

2. adding of the nonsolvent: the rate of the exchange between the solvent and the
nonsolvent depends on their affinity. The higher the affinity is, the faster is the
exchange;

3. crossing of the binodal region and beginning of the demixing process. This can
be instantaneous when the solvent/nonsolvent affinity is high and the diffusion
process followed by the exchange is quick, or it can be retarded otherwise;

4. final composition (A) of the ternary system with two phases in equilibrium: one
rich in solvent (A’) and one rich in polymer (A”). Their composition in terms of
volume fraction lies on the tie line.
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Polymer

Solvent Non-Solvent

Fig. 1.9: Graphic representation of the four steps (1-4) involved in non-solvent induced membrane
preparation. The rate of exchange between solvent and nonsolvent is marked with lower case letters
aand b on the arrows.

The choice of the proper solvent and nonsolvent depends on the nature of the polymer
requested for the membrane preparation, and they not only have to be similar but must
be completely miscible with each other. In that way the exchange process will occur,
and a membrane with a specific structure can be obtained. Generally the quicker the
exchange rate is, the higher is the final porosity of the membrane, but it is possible
to control the process by adding small quantity of one of the liquids: more solvent
in the system moves the equilibrium of the reaction, decreasing the rate of exchange
and raising the density of the final membrane, whereas small amounts of nonsolvent
achieve the opposite effect, and a porous membranes is obtained.

1.4.2 Techniques of membrane preparation

Natural or synthetic, organic or inorganic, electrically charged or neutral materials
may be used for the preparation of membranes. Polymers, ceramics, glass, metals,
and liquids with their chemical-physical characteristics and properties determine the
chemical stability and the mechanical properties of the final membrane, and depend-
ing on the application for which a membrane is designed, a suitable preparation tech-
nique must be selected in order to achieve a proper structure and conformation (flat,
tubular, hollow fiber, etc.), function and transport properties. Several techniques can
be used for processing a starting material and obtaining a membrane. Changing or
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modifying the working parameters like temperature, humidity, solvent evaporation
rate, pH, and the supports used for the moulding and choosing the materials con-
cerning their distinctiveness (molecular weight, solubility, density, etc.) allow us to
produce a variety of different membranes, classified as porous, dense, symmetric or
asymmetric, integral or composite [35]. Polymeric membranes are nowadays the most
widely used for industrial chemical and biomedical applications, and they can be ob-
tained with a few different techniques depending on the starting material involved
(Figure 1.10).

Polvmer |
1 Polymer
Fused
polymer -
Polymeric
solution
Extrusion) [Sintering]
xtrusion Phase
inversion

Evaporation Tips

[Dry NIPS|  [Wet NIPS]

Dense
membrane asymmetric

Porous

Dense

Porous
symmetric
membrane

asymmetric

Track
etching

Stretching

Fig. 1.10: Scheme of membrane preparation techniques.

Nowadays the most popular and widely used technique for the preparation of poly-
meric membranes is the phase inversion technique. Starting from almost any poly-
mer (natural or synthetic) and dissolving it in a proper solvent, films or plates with
specific thickness and structure can be obtained through a precipitation process. A few
different procedures are available, but independently from them, each phase inver-
sion technique causes the separation of the polymeric solution in two distinct phases:
the polymeric solid film that originates the final membrane, and a liquid phase due to
the solvent that can be removed. Changing the polymer, its concentration, the solvent,
and the precipitation conditions, different kinds of membranes are obtained with sym-
metric or asymmetric structure and a pore size in the range of 0.1-20 pm. Generally the
precipitation of the polymer from the starting solution is due to the film treatment with
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anonsolvent as soon as the membrane is moulded. The nonsolvent substitutes the ini-
tial solvent in the structure, allowing the formation of the pores, which size and shape
are dependent on the time and the rate of the nonsolvent treatment; the technique is
then called nonsolvent diffusion induced phase separation (DIPS or NIPS) (Fig-
ure 1.11 (a)). When the separation of the two phases and the precipitation of the film are
due to a change in the temperature, the method is defined as temperature induced
phase separation (TIPS) (Figure 1.11 (b)).

NIPS S
NS

| —| e |
(@ (b)

(©

Evaporating solvent

TIPS é 3 g
(d) (e ®

Fig. 1.11: Schematic representation of the nonsolvent diffusion induced phase separation (NIPS) and
temperature induced phase separation (TIPS). S: solvent; NS: nonsolvent.

The starting solution is prepared by dissolving a polymer at high temperature in a
solvent that evaporates as soon as the solution is spread as a film. Homogeneous
pore sizes and distributions are obtained [32, 36]. Although DIPS and TIPS are the
most widely used phase inversion techniques, membranes can also be created by con-
trolled evaporation. In this case the precipitation is simply due to the solvent evap-
oration that controls the structural characteristics of the film obtained from a two-
component (polymer/solvent) or a three-component solution (polymer/precipitant/
solvent). Therefore the methods are called precipitation by solvent evaporation
process. These methods allow us to produce membranes with a low degree of poros-
ity and a dense structure in which pores can be defined with a size generally in the
nanometers range (Figure 1.2 (a)), but depending on the polymer characteristics and
properties, the formation of a gelation phase may occur. The polymer freezes into a
three-dimensional network as result of chemical or physical crosslinking, and further
removal of solvent may result in a porous structure.

One or more of the techniques described earlier are used for the preparation of
asymmetric and composite membranes. Asymmetric membranes are formed of a poly-
meric porous layer on which a homogeneous thin film is placed, usually dense and se-
lectively permeable, which allows the separation process. An asymmetric membrane
is also obtained, precipitating a polymeric solution in the form of a continuous solid
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Fig. 1.12: Scanning electron micrographs of (a) modified polyetheretherketone prepared by non-
solvent diffusion induced phase separation (NIPS); (b) polypropylene membranes prepared by
stretching; (c) polyester membrane prepared by track-etching.

phase through the cooling process, solvent evaporation, or addition of a nonsolvent.
All of these processes lead the liquid phase formation that originates the membrane
pores, and both the polymeric support and the thin film are made from the same
polymer. When the film is deposited on a different porous support, the results is a
composite membrane. Their advantage is due to the chance of using different mate-
rials together combining their properties, particularly when a polymer is not usable
for a specific membrane process if used alone. Four different methods are available
for the composite membrane preparation: (1) casting of the barrier (film) and lamina-
tion on the porous support film; (2) coating of the support by a polymer followed by
heat treatment or radiation; (3) gas phase deposition of the thin layer on the support;
(4) interfacial polymerization of reactive monomers on the support [37]. Membranes
for gas separation, pervaporation, and osmosis processes are obtained through them.

The liquid membranes consist of material with low vapor pressure, immiscible
with aqueous solutions that ensures long-term stability. They can be obtained fill-
ing the pores of a specific support with a liquid material or stabilizing the liquid in
form of a sol-gel system obtained through an emulsion process with a surfactant (Fig-
ure 1.13) [38].

Heavy metals, polluting organics, are generally separated from a matrix or a
stream by these membranes. The support used must be hydrophobic and highly
porous with a pore size dimension which is homogeneous and particularly wide;

& &
&®

Fig. 1.13: Drawing of the preparation method of an emulsion-type liquid membrane.
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but it is possible to obtain the liquid membranes even without it by means a double
emulsion system: an aqueous solution is dispersed in an oily one, forming drops
that are eventually dispersed in a further aqueous solution. The oil drops constitute
the separating membrane. Ion-exchange membranes consist of gels, highly swollen,
carrying an electrical charge. As suggested by their names, these membranes are able
to separate ions in a mixture or a matrix, substituting them with the charged particles
present on it. A membrane is defined as cation exchange if there is a negative charge
fixed on it, and consequentially an anion exchange in the other case. To be perfectly
functional these membranes have to be highly permselective, with low electrical
resistance and high chemical and mechanical stability; then the nature of the charge
fixed, their distribution, and their position in the membrane (as a cross-linked sys-
tem) must be carefully designed. A ion-exchange membrane is obtained by mixing
a resin electrically charged with a binder polymer, which are extruded as a film at
a temperature higher than the melting point of the polymer; but is even possible to
polymerize charged monomers and insert them in a proper polymeric solution or a
preformed film obtaining membranes without resins. The ion exchange level is due
to the final concentration of the ions fixed thanks to the resin. N*H,R, NR*, S*R, and
S03, COO7, and PO3 are just some of the functional groups used as charging sources
for the membranes. The flat configuration is not the only one available for a polymeric
membrane. Tubular membranes, capillaries, and hollow fibers have wide applica-
tions in industrial, chemical, and biomedical processes. They are generally classified
by dimension: the tubular membranes have the largest diameter (d > 5 mm); the cap-
illary membranes are included in a diameter range of 0.5-5 mm, whereas the hollow
fibers have a diameter < 0.5 mm. Since the structures of this kind of membranes are
so different from the equivalent flat ones, even the preparation technique is different.
Depending on the final results desired, specific methods and proper conditions are
used. The extrusion methods presented earlier for the flat membrane preparation is
one of the techniques available to obtain that kind of membrane. The method is called
in this case melt spinning, because hollow fibers are obtained by it and the protocol
used is exactly the same (Figure 1.14).

The polymer is melted at a temperature just lower than the melting point until it
is fused in an extruder and is pushed out at high pressure through an annular open-
ing. Since the final product can collapse on itself, an inert gas or air is introduced
often through the inner ring of the extruder in order to support the structure. Another
method for producing hollow fibers is the dry-wet spinning method, and this can
be considered as a colliding form of both the NIPS and the extrusion process (Fig-
ure 1.15) [32].

It foresees that in place of air or an inert gas in the annular opening of the spin-
neret a fluid consisting of a nonsolvent is pumped. A viscous polymeric solution and
the bore fluid are pushed at determined pressure in the tube of the spinneret and left
for a short period of time in the air, in order to induce polymer precipitation and fiber
formation. After this short period (the dry step) the fibers are immersed in a nonsol-
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Fig. 1.14: Melt spinning processes for the preparation of capillary and hollow fiber membranes.
The polymer is presented in blue, whereas inert gas or air introduced in order to support the struc-
ture are depicted in green and pink. High pressure and speed can induce the increase of the final
fiber diameter, eventually fixed through a coagulation bath.
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l Fig. 1.15: Tubular membrane

preparation.
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vent coagulation bath and then collected. When the bath is not used the technique
is called dry spinning. Although the wet-dry method allows us to produce fiber with
specific dimension and diameter fixed after the coagulation bath, in the extrusion or
the melt spinning techniques the dimension can be manipulated by changing the rate
of the process and the collection, as mentioned earlier, and by the power used to push
the air in the annular opening. One of the main characteristics of a hollow fiber or a
capillary is that they are self-supporting; then their dimension is important and small
and stable fibers can be prepared. The tubular membranes, on the contrary, are not
self-supporting, and their preparation foresees the casting of the polymeric solution
on a tubular support. The device (Figure 1.15) used consists of a reservoir in which
the polymeric solution is contained, and a hollow tube, the central part of the system,
containing at the end a “casting bob” with porous walls. Thanks to the proper pres-
sure applied on the reservoir, the solution is pumped in the tube and forced through
the holes of the bob, which is moved vertically mechanically or by gravitation until
it is completely out of the system. This movement produces the casting of the poly-
meric solution on the walls of the tube and after a coagulation bath the tubular fiber
is obtained (Figure 1.16).

Mag Sig  VacMode HFW

HV WD
15.0 kV/10.0 mm 286x SE High vacuum/0.95 mm

Fig. 1.16: SEM image of polyacrylonitrile membrane prepared by the dry-wet spinning process.

Starting from the polymer the extrusion method is the one which allows us to use
the polymer powder without dissolving it in a solvent [33]. It is considered to be the
simpler and the fastest way to prepare a dense membrane (Figure 1.17).
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Elongation shear

VZ
Collection speed

—V; Fig. 1.17: Schematic representation
Extrution speed of the extrusion method.

The polymer is melted at a temperature just lower than the melting point until it fused
in an extruder and pushed out at high pressure through a thin opening in order to
obtain a flat membrane. The rate of the process is very high (V > 1000 m/min) and
the collection speed of the membranes affects the final thickness: the faster the col-
lection is, the thinner is the membrane produced; moreover, selective membranes are
produced due to the elongation shear that induces the orientation of the polymeric
chain, obliging them to assume a liner disposition instead of a chaotic one.

The sintering method is one of the most widely used technique to obtain porous
membranes from organic or inorganic materials selected according to the application
of the final membrane. The methods involve pressing a powder consisting of particles
of a given size into a film or a plate and then sintered just below the melting point of
the starting material (Figure 1.18). The pore size of the membrane depends on the size
of the particles that are in the range of 0.2-20 um and on the size particle distribution.
The process produces membranes with low porosity ranging from 10 to 40 % and with
a pore size of 0.1-10 pm. Only with metal is it possible to obtain a porosity of 80 %.
Polymers such as polyethylene, polytetrafluoethylene, and polypropylene can be used
for preparing a membrane by this technique [32].

Heat

Fig. 1.18: Schematic representation
of the sintering method.

When a polymeric film of partial crystallinity is obtained extruding a hydrophobic
polymer powder at a temperature close to the melting point, a rapid drawdown of
the porous polymeric film takes place, and in order to increase the porosity of the sys-
tem changes in its structure are made through stretching (Figure 1.19). In that case the
procedure is always coupled with a rapid drawdown of the porous polymeric film, and
then it is stretched perpendicularly to the direction of the drawing in order to obtain
a uniform pore shape and distribution, with a final membrane highly permeable to
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Fig. 1.19: Schematic representation of the stretching method.

gases and vapors but, below a specific hydrostatic pressure, impermeable to aqueous
solutions. For this reason the membranes are usable for oxygenation and removal of
carbon dioxide and sterile filtration. This technique allows preparing membranes with
pore sizes ranging from 0.1 to 3 um (Figure 1.12).

Nearly perfect porous membranes are obtained by the track-etching technique
(Figure 1.20), even if they show a low porosity degree (10 %) and pore size of 0.2-10 pm
(Figure 1.12(c)). The polymeric film is exposed to collimated beam of high energy
charged particles irradiated perpendicularly to the film [32, 36]. Passing through
the film, the particles weaken the chemical bonds between the atoms damaging the
polymer backbone. The film is then placed in an etching bath (acid or alkaline) and all
the hit-sensitized areas leave tracks that originate uniform cylindrical pores. The pore
density and diameters are determined by the resident time of the film in the irradiator
and the time in the etching bath, respectively.

Radiation source

P11
|

@ (b) © (d)

— — - - —

Fig. 1.20: Schematic representation of the track-etching method.

Microlithography and template leaching are two other methods for obtaining
porous membranes usable for microfiltration processes, in particular from glass,
ceramics, and metals. The procedure foresees two different starting materials mixed
together, of which one type is completely dissolved, leaving a template or a network
in the structure of the remaining undissolved material. The minimum pore size ob-
tainable with this technique is 0.05 pm and silica membranes are the main examples.

The electrospinning method is another preparation method of fibrous mats from
a liquid or a polymeric solution. The advantages of the electrospinning technique are
the production of very thin fibers, on the order of few nanometers or micrometers,
with a large specific surface areas and superior mechanical properties. The process
does not require the use of coagulation agents or high temperatures to produce solid
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threads from solutions. This makes the process particularly suited to the production of
fibers using large and complex molecules. A high electric field is applied to the droplet
of a fluid which may be a melt or solution coming out from the tip of a die, which acts
as one of the electrodes (Figure 1.21). This leads to droplet deformation and finally to
the ejection of a charged jet from the tip of the accelerating cone towards the counter
electrode leading to the formation of continuous fibers [39, 40].

Polymer solution

Fibre Mat

Fibre
- formation

Voltage source

Fig. 1.21: Scheme of electrospinning process (adapted from [39]).

The standard laboratory setup for electrospinning consists of a spinneret (typically
a hypodermic syringe needle) connected to a high voltage (5-50kV) direct current
power supply, a syringe pump, and a grounded collector. A polymer solution, sol-gel,
particulate suspension, or melt is loaded into the syringe, and this liquid is extruded
from the needle tip at a constant rate by a syringe pump. Alternatively, the droplet at
the tip of the spinneret can be replenished by feeding from a header tank providing
a constant feed pressure. Specifically electrospinning occurs when the electric forces
at the surface of a polymer solution or melt overcome the surface tension and cause
an electrically charged jet to be ejected. Modification of the spinneret and/or the type
of solution can support the creation of fibers with unique structures and properties:
a coaxial setup for example, uses a multiple solution feed system which allows for
the injection of one solution into another at the tip of the spinneret; emulsions can be
used to create core shell or composite fibers without modification of the spinneret by
simply adding surfactants. Electrospinning of polymer melts eliminates the need for
volatile solvents in solution electrospinning, and even polymers generally immiscible
with each can be processed with this technique by using a very similar setup to that
employed in conventional electrospinning processes.
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1.5 Membrane characterization

When a membrane is developed or when it has to be chosen for a specific application,
knowing the characteristics in terms of chemical-physical and mechanical proper-
ties is essential. Membranes can show different performances if prepared following
diverse processing methods even if made with the same polymer. Then different tech-
niques are required for a characterization, depending on the kind of membrane con-
sidered. Permeability and selectivity are the parameters to be investigated for each
kind of membrane, but specifically porous membranes are characterized in terms of
flux, pore size and distribution, and molecular weight cut-off. A dense and homoge-
neous membrane is investigated in terms of diffusion rate, rejection coefficient, and
separation coefficient, whereas the characterization of a ion-exchange membrane is
focused on the hydraulic permeability determination, the fixed charged density, the
ion exchange capacity, and the electrical resistance, then all properties directly related
to its preparation and structure.

1.5.1 Characterization of structural properties

Regardless of the membrane being considered, the starting point of a characteriza-
tion is the structure analysis by means of microscopic techniques such as scanning
electron microscopy, field emission electron microscopy, transmission electron mi-
croscopy, and atomic force microscopy. Each sample (surface or a cross section) before
the analysis must be treated specifically; then they have to be stored in the perfect con-
dition for not damaging them. Each technique gives a specific analysis, and even the
determination of the pore size is possible: scanning electron microscopy can visual-
ize pores of 5 nm, whereas the field and the transmission electron have a resolution of
0.6-0.7 nm and 0.4-0.5 nm, respectively. The pure water flux, or “pure water perme-
ability”, is another important investigation for a membrane, particularly when used
for micro- or ultrafiltration processes. The flux J through pores is dependent on the
driving force involved, the hydrostatic pressure, and following Darcy’s law is inversely
proportional to the solvent viscosity. Prior to measuring the flux the membrane must
be washed in order to eliminate preservatives and residuals, and then pressurized by
filtration of pure water at higher pressure than the operating conditions to stabilize
the system before analysis. The equation used is
_ LpAP

J ) (1.21)
n

where Lj is the hydrodynamic solvent permeability, P is the pressure, and 7 is the
viscosity of the solution passing through the pores of the membrane being investi-
gated. The separation properties of various components is another parameter always
analyzed in addition to the permeability. It is based on a sieving mechanism by which
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particles smaller than the pore sizes are allowed to pass through the membrane. This
is valid for filtration tests and for determining molecular weight cut-off. The relation
between the particle size and the pore size for the retention properties of a membrane
is described by the Ferry equation for the rejection [37]

. [1_( _f_p)zr, 1.22)

where rp, is the radius of the pores and r; is the radius of particles if considered as
spheres. The sharpness of the cutoff of a membrane is determined by measuring the re-
tention of the membrane for components with different molecular weights and shapes
(dextrans and proteins) and plotting the retention versus one of them. In that case the
retention of the particles is expressed as a percentage:

R= (1 - C_p) x 100, (1.23)
Ct

where c is the concentration, and suffix p and f indicate permeate and feed solution.
The obtained profile (Figure 1.22) is dependent on the pore distribution in the mem-
brane, and since the molecular weight cutoff (MWCO) measurement is sensitive to the
experimental condition it is very important to run the analysis at the standard param-
eters (transmembrane pressure of 100 kPa, solution concentration of 0.1%, and test
temperature 25 °C). In addition to the structural and filtration tests the determination
of the pore size and pore size distribution in the membrane are also important.

Diffuse cut-off

Retention [%]

Fig. 1.22: Comparison of rejection
characteristics between membranes
with a sharp cutoff and a diffuse
cutoff.

Molecular weight [Da]

Several techniques are available: mercury porosimetry, gas-liquid displacement,
liquid-liquid displacement, etc.; but the bubble-point test and the perm-porometry
are the most widely used. The bubble-point test is a structure related characterization
methodology which makes available the classification of the maximum pore size in
a membrane. It is based on the capillary effect due to surface tension forces. The
membrane is placed on a filter and immersed in a liquid (e.g. water) which fills all
its pores. From the bottom side of the same filter, air or nitrogen gas is introduced
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at increasing pressure. At a specific pressure value, the air replaces the liquid in the
largest pores, permeates the membrane, and a bubble rising from the surface can be
detected. The relationship between the pressure and the pore size (radius) is done by
the Laplace equation

rp = i—; cos 6, (1.24)
where r, is the radius of a capillary shape pore, y is the surface tension at the liquid/air
interface, and 0 is the contact angle of the bubble observed. Other techniques to de-
termine the pore size distribution are also used based on the same principle of the
bubble-point test, and they cover different pore size ranges when different pressure
ranges are applied. Perm-porometry is one of these techniques. Perm-porometry is
based on the principles of capillary condensation as adsorption-desorption hysteresis.
The adsorption and the desorption isotherm of an inert gas is determined as a function
of the relative pressure. The adsorption isotherm starts at a low relative pressure. At
a certain minimum pressure the smallest pores will be filled with the gas used, and
as the pressure increases, the largest pores are also filled. Near the saturation pres-
sure all the pores are blocked. In perm-porometry the blockage of pores by means of
a condensable gas is linked with the simultaneous measurement of gas flux through
the membrane, and the method proceeds recording not only the dried flow-through
described above, but also the wet flow, in which a starting membrane filled with a
liquid, is subjected to a reduction of the pressure. In this case, the condensed vapor is
removed from the largest pores, and the diffusive gas flow through these open pores is
measured. On reducing the relative pressure still further, smaller pores become avail-
able for gas diffusion, and when it is reduced to zero, all the pores are open, and gas
permeate through all them [32, 37] (Figure 1.23).

Minimum pore
size flow

Gas flow

Wet membrane flow

Mean pore size flow

Bubble point Pressure
(max. pore size)

Fig. 1.23: Gas flow as a function of pressure with a dry and a liquid filled membrane.
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Because a certain pore radius (Kelvin radius ry) is related to a specific pressure, a
measurement of the gas flow provides information about the number of these spe-
cific pores. The chemical-physical characteristics of the polymer used to prepare a
membrane affect not only the structure and its perm-selectivity, but also the mechan-
ical stability and swelling behavior. They are both dependent on the crystallinity and
the cross-linking of the polymer matrix and are related to each other. The mechani-
cal characterization concerns the elastic or plastic properties and deformation of the
membrane, and it is obtained plotting the level of stress applied to the sample versus
the strain. Generally the tensile strength test is run and defined in terms of a Young
modulus and elongation parameter. Young’s modulus is a measure of the stiffness of
a material. It is defined as the ratio of the uniaxial stress over the uniaxial strain in the
range of stress in which Hooke’s law holds, predicting how much a material sample
extends under tension or shortens under compression, and its values are normally
indirectly proportional to elongation parameter values (Figure 1.24).

Stress

Break point

~

Fig. 1.24: Typical stress/strain diagram indicating the break point.

Strain

Since the water content in a membrane greatly affects the mechanical properties, for
this analysis dried samples must always be used. The water sorption of a membrane
is dependent on a few parameters — the nature of the polymer, cross-linking density,
ions and their concentration, etc. — and is often determined by osmotic processes. The
total water uptake, in weight percent, is defined in terms of weight differences between
a membrane in its wet and dry state according to the equation

Wwet - Wdry %

wt% swelling = 100, (1.25)

wet
where W refers to the weight in the dry and wet state of the sample. Last but not the
least important, the dissolution behavior, better defined as degradability, is another
very important parameter which allows us to understand how long in time the stability
of a membrane is under chemical stress conditions: the weight loss after treatment
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with salted solutions, acids or alkali, or biochemicals and enzymes is defined by the

equation

Wo — W,
W

where W, refers to the sample weight in the dry state at the beginning of the test, and

Wy is the weight recorded at the time point during the analysis.

wt% degradation = x 100, (1.26)

1.5.2 Characterization of physico-chemical properties

The physicochemical surface properties (i.e. wettability) of the membranes are respon-
sible for the interfacial interactions between the membrane surface and molecules of
the solution contacting membrane. These interactions are mainly controlled by the
interfacial tension between liquid and solid. The wettability of the membranes plays
an important role in many processes, especially in biocompatibility and fouling. Con-
sequently the characterization of the surface properties and especially the surface free
energy components of the solids are recognized as the key to understanding the mech-
anism of surface-based phenomena. The surface free energy (y) is the measurement
of the cohesive (excess) energy present at a gas/liquid interface. The molecules of a
liquid attract each other. The interactions of a molecule in the bulk of a liquid are
balanced by an equally attracting force in all directions [41]. Molecules on the surface
of a liquid experience an imbalance of forces. The net effect of this situation is the
presence of free energy at the surface. The excess energy is called surface free energy
and can be quantified as a measurement of energy/area. The surface free energy has
an apolar (y*V) and a polar component (y*B):

y =y + AR 1.27)

At present the most accurate method for determing the interactions between a liquid
and surface is the contact angle. Young’s equation can be used to determine the con-
tact angles and is based on the surface energies of the three interfaces. At equilibrium
three interfacial tensions corresponding to solid/gas (y5°), solid/liquid (y5"), and lig-
uid/gas (y'9) interfaces are counterbalanced (Figure 1.25).

yLG
Drop
ySG
Solid  Fig- 1.25: Schematic representation
of the contact angle formed between
Y'oc0osH = y*o-y* a liquid droplet and a solid surface.
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Hence the contact angle (0) can be evaluated from Young’s equation [42], which is
given as
6 cos @ = y56 -y, (1.28)

Young’s equation assumes that the surface is completely smooth, homogeneous, and
rigid. The surface must be also physically and chemically inert with respect to the
liquid used. This corresponds to an ideal surface, but the membranes are real surfaces
with roughness and porosity, and therefore the actual contact angle deviates from the
estimated contact angle obtained from Young’s equation.

The contact angle depends on the molecular forces that exist within the liquid
(cohesive) and between a liquid and solid (adhesive). Thus, if the molecular adhesion
between a solid and a liquid is greater than the cohesion between the molecules of
the liquid, the liquid drop spreads over the solid surface, and the contact angle will
be close to 0°. On the contrary, if the cohesive force is greater than the energy of ad-
hesion between a liquid and a solid, the liquid drop tends to give a finite (nonzero)
contact angle.

Figure 1.26 illustrates membrane surfaces with different wettability. Generally, a
surface is considered to be hydrophilic if the water contact angle is less than 90°, while
it is considered to be hydrophobic if the water contact angle is greater than 90°. Sev-
eral methods can be used to measure the contact angle static sessile drop: the pendant
drop method, and the dynamic sessile drop method. The sessile drop contact angle is
measured with a goniometer using high resolution cameras and software to capture
the profile of a pure liquid on a solid substrate. Angles measured in such a way are
often quite close to the advancing contact angles. The pendant drop method is much
more complicated than for sessile drops, due to the inherent unstable nature of in-
verted drops. This method allows for the deposition of multiple microdrops on the
underside of a textured substrate, which can be imaged using a high resolution CCD
camera. An automated system allows for tilting the substrate and analyzing the images
for calculating the advancing and receding contact angles.

Surface with increasing wettability

Fig. 1.26: Water drop on surfaces with increasing wettability.
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The dynamic sessile drop is similar to the static sessile drop, but requires the drop to be
modified by adding volume and removing dynamically. The maximum angle formed
by adding liquid is the advancing angle (6,). Then the volume is removed to produce
the smallest possible angle, the receding angle (6;). In general, 8, is used as a measure
of apolar domains of surface (low surface energy sites), while 6; of its polar domains
(high surface energy sites), as 0, is always larger than 6,. The difference between the
advancing and receding angle is the contact angle hysteresis A0 = 8, — 6;. The hys-
teresis is usually attributed to chemical and morphological heterogeneity of surface,
roughness, swelling, rearrangement, interdiffusion, and/or surface deformation [41].
For an ideal surface the values of 8, and 6, should be very close.

1.6 Sterilization procedures

All membranes and devices which are developed for biomedical applications and clin-
ical use have to be sterilized before use.

Sterilization involves physical or chemical procedures to destroy all microbial life,
including highly resistant bacterial spores [43]. The Association for the Advancement
of Medical Instrumentation (AAMI) defines sterilization as:

A process designed to remove or destroy all viable forms of microbial life, including bacterial
spores, to achieve an acceptable sterility assurance level.

Sterilization methods can be classified as (a) high temperature/pressure sterilization
(autoclave), (b) chemical sterilization, and (c) radiation sterilization. These methods
are based on the use of sterilizing agents such as saturated steam, ethylene oxide gas,
irradiation y e B, hydrogen peroxide gas plasma, and liquid chemicals [44, 45]. A new
sterilizing agent, ozone, has recently become available for use in the US.

1.6.1 Steam sterilization

Saturated steam under pressure is the oldest, safest, and most cost-effective and
reliable method of sterilization available. The steam sterilizer consists of a pressur-
ized chamber, in which the temperature reaches values around 120 °C. The sterilizing
chamber and all its content must be free of any air entrapment to ensure direct contact
of the steam to all surfaces to be sterilized. Steam sterilizers are designed to eliminate
all air from the chamber during the conditioning phase in the sterilization cycle. Steam
is vaporized water and serves as the conduit to rapidly permeate packaging, delivering
high temperature moist heat to all contents and destroying microorganisms. Steam
kills microorganisms through heat denaturation of cell walls and proteins. The es-
sential conditions for steam sterilization are temperature, saturated steam, time, and
pressure.
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The sterilization period is dependent on the temperature and size of the load and
can range from 10 to 60 min. Normally temperatures around 120 °C and times of about
20-30 min are used for sterilization of materials. As temperature is increased, the time
may be decreased.

Usually thermal sterilization is considered to be the best sterilization method
because it avoids all risks of chemical residues and changes of the material due
to chemical treatment or irradiation. In the case of polymeric biodegradable mem-
branes, which are sensible to the high temperature, this method of sterilization cannot
be applied.

1.6.2 Dry heat

In dry heat sterilization higher temperatures (e.g., 180 °C) and/or times are necessary,
although this method is not commonly employed in medical devices. Dry heat ster-
ilization is accomplished by conduction, where heat is transferred from molecule to
molecule or from the exterior surface of an item to its internal parts. The destruction
of organisms occurs by oxidation, which is a slow burning process of coagulating the
cell protein. This sterilization process is long, because unlike steam sterilization there
is no moisture present, which speeds up heat penetration, and for this reason materi-
als require more time to reach the appropriate temperatures. Variations in times and
temperatures are based on volume, density, packaging, and sterilization apparatus.
Usually the sterilization process may vary from 30 min at 180 °C to 6 h at 120 °C.

1.6.3 Ethylene oxide

Ethylene oxide (EtO) is a low-temperature sterilization method which can be used
for membranes and devices that cannot tolerate the high temperatures and moisture
associated with steam sterilization. EtO is a gas that destroys microorganisms by alky-
lation of sulphur-containing proteins. The EtO penetrates the cell membranes and
reacts with the nuclear material, rendering it unable to metabolize and reproduce.

The sterilization procedure using EtO requires a relatively long sterilization cy-
cle and there is a need for aeration for a specified amount of time. Membranes and
devices sterilized by this process must be packaged with wraps and be aerated. The
aeration time may be long and is needed to make sterilized items safe for handling
and patient use.

EtO is extremely flammable in its pure form and requires special precautions for
storage and use. Furthermore, EtO is also a known carcinogen.

Important parameters for sterilization with EtO are gas concentration, humidity,
temperature, and time. Exposure time varies with the size of the sterilizer and the load
of the materials to be sterilized. The exposure time also varies with the temperature,

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

1.6 Sterilization procedures = 43

since the higher the temperature the faster is the diffusion of EtO. Operating temper-
atures range from 21 to 65.5°C. By increasing the temperature it is also possible to
reduce the gas concentration. For example the sterilization of dialyzers is achieved
with 10 % EtO and 90 % CO, for 4 h at 40 °C at 40 % humidity.

Disadvantages of EtO gas are that it can leave toxic residues on sterilized items,
and it possesses several physical and health hazards to personnel and patients, which
merits special attention.

1.6.4 Hydrogen peroxide plasma

Plasma is a low temperature sterilization alternative suitable for heat- and moisture-
sensitive or moisture-stable medical devices. Plasma is ionized gas made up of ions
and electrons and is distinguishable from solid, liquid, or gas. In this process, hydro-
gen peroxide is activated to create a reactive plasma or vapor. Unlike EO sterilization,
plasma sterilization does not have the disadvantages with regard to toxic residues and
patient safety. For this reason medical devices are ready for use directly following
sterilization without any need for aeration. Plasma is also less expensive, and the
total cycle times are significantly less than EtO. This method disperses a hydrogen
peroxide solution in a vacuum chamber, creating a plasma cloud; reactive species are
generated from the hydrogen peroxide, which is reactive with microorganisms. Plasma
sterilizes by oxidizing key cellular components of microorganisms, which inactivates
and destroys them. There are some restrictions on lumen devices validated for steril-
ization by this method based on the gauge and length of the device. Gas plasma is not
compatible with highly porous absorbers such as cellulose and paper products, and
cannot be utilized to process liquids. Temperature range varies but is maintained be-
tween 40-55 °C. Total cycle time ranges between 28-75 min depending on the sterilizer
model and size.

1.6.5 Liquid chemical sterilization

Liquid chemical sterilization is utilized for the sterilization of heat-sensitive materials
and devices which are immersed in the liquid. This method employs the use of a ger-
micidal solution and requires the complete immersion of items in the solution for a
prescribed period of time to kill microorganisms.

Peracetic acid is a chemical sterilant used in conjunction with a self-contained au-
tomated processor designed for this method of sterilization. The process is achieved
at temperatures of 50-56 °C. The sterilization time is about 30 min. Peracetic acid, by
itself, is an oxidant and disinfecting agent for liquid immersion. It maintains its ef-
fectiveness when high levels of organic debris are present. It is an acetic acid plus an
extra oxygen atom that reacts with most cellular components to destroy cells.
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Glutaraldehyde is also a liquid chemical sterilant when used according to the
manufacturer’s directions for sterilization; however, it is usually used as a high-level
disinfectant. There are several disadvantages of using glutaraldehyde as a sterilant.
These include toxic fumes, long exposure time, and potential for contamination
of sterile devices during rinsing and transfer to the area of use, and there is no
method to biologically monitor the sterilization process. Glutaraldehyde requires
10 h of exposure.

1.6.6 Radiation sterilization

Membranes and devices can be sterilized through exposure to beta and gamma rays.
High energy rays ionize atoms of the material, and free radicals are formed. The
free radicals made inside a cell’s nucleus can cause damage to the DNA structure
(the radiation may also directly cause ionizing breaks in the DNA’s chemical chain).
Microorganisms are killed by disruption of the DNA molecule, which prevents cell
division and propagation of biologic life. The product to be sterilized is exposed to
radiation for 1020 h, depending on the strength of the source. The highest tem-
peratures reached in gamma sterilization are usually 30-40 °C. Gamma radiation is
popular for sterilizing before shipment, and it can be done through the packaging.
Both beta and gamma rays are suitable for sterilization, but they have difference in
depths of material penetration and dose rates. Beta rays have a high dose rate and
limited penetration depth, while gamma rays have high penetration capability and
relatively low dose rates. Beta radiation is a stream of high energy electrons that are
generated by electrical energy and accelerated by an accelerator. These electrons
penetrate into matter before being stopped by collisions with other atoms, and their
usefulness in sterilizing an object is therefore limited by the density, thickness of the
object, and by the energy of the electrons. These free electrons produce their effect by
ionizing the atoms they hit, producing secondary electrons that kill microorganisms.
Gamma rays are electromagnetic waves that travel with the speed of light; they must
pass through a thickness measuring several feet before making sufficient collisions
to lose all of their energy. For this reason they have the ability to penetrate a much
greater distance than beta rays before losing their energy from collision. Cobalt 60
is the radioactive isotope source most commonly used for irradiation sterilization.
Usually the material to be sterilized is placed close to the radiation source for a time
lasting a few seconds for beta radiation and minutes to hours for gamma radia-
tion.

Radiation sterilization is thus the only process that enables products, including
their packaging, to be sterilized without any appreciable increase in temperature —
and without the use of chemicals, which always brings in the problem of residues.
Even the contaminated inner surfaces of closed packages, or components with com-
plex geometrical shapes, are safely and reliably sterilized by high-energy radiation.
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These benefits make radiation sterilization a simple, effective, and environmentally
friendly alternative to other methods.

Radiation can change the properties of materials, including polymeric mem-
branes. Literature data shows that gamma radiation induces cross-linking in the case
of PA, PE, and silicone, and chain scission in the case of cellulose, PMMA, and PVC.

1.6.7 Ozone

Ozone sterilization is a new low-temperature sterilization method, recently introduced
in US. Ozone sterilizes by oxidation, a process that destroys organic and inorganic
matter. In this process, oxygen is converted in ozone by means of a generator. Ozone
is formed by applying electrical energy to oxygen molecules, which splits some portion
of those oxygen molecules in halfinto singlets of O. Therefore 0zone molecules contain
three atoms of oxygen and are unstable. Ozone penetration is controlled by vacuum
pressure or by adding humidity. The cycle time may be up to 60 min, depending on
the size of the chamber or the number of items to be sterilized. Ozone is inexpensive,
nontoxic, and environmentally friendly. Due to ozone gas being corrosive and it being
able to damage moisture sensitive equipment, there has not been much use of it in the
medical industry. The cycle time is approximately 4.5 h, at a temperature of 85-94 °F.
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2 Basic issues in membrane separation
for biomedical devices

2.1 Transport in membranes

A membrane is a phase (solid or liquid) interposed between two systems that allows
the selective transport of matter and energy. The transport is generally promoted by
a difference in chemical potential (or, more generally, electrochemical potential) be-
tween two systems; in a passive transport, the direction of the transmembrane flux is
from the high-potential to the low-potential system (Figure 2.1).

77 i
mo>

. Fig. 2.1: Passive transport of i-th component under an electro-
' chemical potential gradient.
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A general expression for the electrochemical potential is given by
#i = Ui + ziF i, (2.1)

where subscript i refers to the i-th species, j; is the electrochemical potential, y; is
the chemical potential, z is the charge, F the Faraday constant, and ¢ the electro-
static potential. The transmembrane flux of the i-th species (J;) is usually related to
the electrochemical potential difference Aji; as
Ji-A AT" 2.2)
In equation (2.2), A is a proportionality constant and & is the membrane thickness.
However, the use of such a general relationship is not useful in practical applications.
A potential gradient between two systems arises from differences in pressure, con-
centration, temperature, electrical potential; as a result, membranologists commonly
identify a specific variation responsible for the transmembrane transport as “driving
force”. For applications in artificial organs, the role of electric potential is — so far —
limited; therefore, the following discussion is restricted to chemical potential.
By definition, the chemical potential y; of the i-th species in a multicomponent
system is defined as the Gibbs free energy increase per mole of the i-th substance
added to a system at constant temperature (T), pressure (P), and numbers of moles
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of other substances (njx;) present in the system

oG )
= = . (2.3)
Hi <a“i TP

For liquid or gaseous mixtures of ideal solutions
ui =+ RTInx;, (24)

where y? is the chemical potential of the i-th pure substance at 1 atmosphere, and x;

the mole fraction of the i-th substance in solution. Specifically:

- forideal gaseous mixtures (the behavior of gases used in cell cultures applications
well approaches ideality), x; is the mole fraction indicated in the Dalton law of
partial pressures:

pi = Px;, (2.5)

where p; is the partial pressure of the i-th gaseous component in a mixture having
total pressure P;
— for ideal liquid solutions, x; is the mole fraction indicated in the Raoult law of
vapour pressures:
pi = pixi, (2.6)

where p; is the vapor pressure of the i-th component in solution, and p? the vapor
pressure of the pure i-th substance.

Liquid solutions usually diverge from ideality; in order to take into account for such
deviations, an activity coefficient (y;) is introduced in equation (2.4):

i = 1Y + RT In xzy;. (2.7)

The term x;y; is known as the “activity” of the i-th component, and for diluted solu-
tions (x; — 0): y; — 1.

For a system in chemical equilibrium, the chemical potentials of the substance in
all phases must be equal. In membrane technology, a prominent importance is given
to osmotic pressure (IT), defined as the pressure required to maintain equilibrium be-
tween a solute(s)-solvent mixture (system I) and the pure solvent (system II) across a
semi-permeable membrane through which the solvent, but not the solute, can diffuse.
The osmotic pressure is determined from the chemical potential at equilibrium. For the
solvent, on both sides of the membrane:

uN(T, P+ 11, x) = p'\(T, P). (2.8)
From equation (2.7), assuming a diluted solution,

T, P+ I,x) = u°(T, P + IT) + RT In x;,

2.
u'(T, P) = p°(T, P). )
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Therefore,
u°(T, P+ I) + RTInx; = u°(T, P). (2.10)

On the basis of the Gibbs—Duhem equation adapted to an isothermal system (dT = 0):
du = Vdp, (2.11)

where ¥ is the volume per mole of i-th substance, and

P+I1

WO(T, P+ ) - pO(T, P) = J 79 dp, 2.12)
P
or, considering equation (2.10),
P+I1
J 79dp + RTlnx; = 0. (2.13)
P

For liquid solutions, the solvent can be assumed to be incompressible, so that the mo-
lar volume V° remains constant. Under this assumption, a simple expression for IT
arises by integrating equation (2.13):

RTInx;

II= —
1 7AY

(2.14)

Considering diluted solution in which a single solute 2 is dissolved in a solvent 1,

Inx; =In(1-x3)=x; = —%, (2.15)

where n, is the number of moles of solvent and n the total number of moles. Substi-
tuting equation (2.15) into equation (2.14),
- anT _

T~ —>— = CRT, (2.16)
nvo

where c is the solute concentration.

2.2 Membrane transport and nonequilibrium thermodynamics

Nonequilibrium thermodynamics provides the most general description of solute
transport through a membrane; the mathematical approach does not require any
information, neither on the nature of the membrane nor on the specific separation
mechanism. Assuming that the flux J; of the i-th species is linearly related to the
driving force Xj, the following equation applies:

Ji= ZLin]', (2.17)
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where L;; are proportionality coefficients. For the simple case of two-components

transport,
J1=L11 X1 + L12X>,

Jo =Ly X1 +LpX>.

(2.18)

Coupling coefficients L1, and L,; are equal according to Onsager reciprocal rela-
tions [1]; therefore, three phenomenological coefficients need to be considered: L1,
Lz 2, and le.

Nonequilibrium thermodynamics is applied to membrane processes treating di-
luted solute-solvent solutions in the form of Kedem—Katchalsky-Spiegler equations
[2]. The set of equations for the volumetric flux J, and the solute flux Js through a
membrane is

_ dpP dc
Jo=Tii= —lp<a “’RTE>’

(2.19)

dc
Is = _kdd_ +c(1-0)]y,
X

where J; is the transmembrane flux of the i-th species, V; is the corresponding partial
molar volume, [}, is the local hydraulic permeability of the membrane, P is the hydro-
static pressure gradient, x is the direction perpendicular to the membrane surface,
o the Staverman reflection coefficient, R the gas constant, T the absolute temper-
ature, c is the solute concentration, and kq the local diffusive permeability of the
membrane. For a homogeneous membrane, parameters I, kp, and o are indepen-
dent from x; under this assumption, the integration of equations (2.19), taking into
account equation (2.16), gives

Jv = Ly(AP - o All), (2.20)
Js = KgAc + Cs(1 - o)y, (2.21)

where AP, AII, and Ac are the differences in hydrostatic pressure, osmotic pressure,
and concentration across the membrane, Ly, is the hydraulic permeability coefficient
of the membrane (being L, the ratio between I, and the membrane thickness §), Kq is
the diffusive permeability coefficient of the membrane (being K, the ratio between
kp and the membrane thickness §), and Cs is the mean solute concentration in the
membrane phase.

2.3 Transport of fluids through porous membranes
2.3.1 Microfiltration
In microfiltration (MF), membranes separating a feed solution from the permeate

show a symmetric structure with average pore size between 0.1 and 10 pm. Selec-
tive separation takes place due to size exclusion mechanism: particles with sizes
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larger than the pore diameter are rejected (Figure 2.2). The driving force for the mass
transfer is a pressure gradient imposed across the membrane, usually in the range
of 0.05-0.2MPa, and the prevalent transport mechanism is convection (viscous flow
through the pores).

—

Transmembrane flux

Fig. 2.2: Schematic representation of a microfiltration process.

Since only quite large particles with diameters above hundreds of nanometers are re-
jected, the Stavermann coefficient approaches zero, and the diffusion mechanism and
osmotic pressure differences between feed and permeate become negligible. Under
these reasonable approximations, equation (2.20) reduces to

Jv = LpAP. (2.22)

In order to determine L, the polymeric matrix is considered impermeable, and the
volumetric flux Jy is obtained by the Hagen—Poiseuille’s law.

The Hagen-Poiseuille’s law

The Hagen—Poiseuille’s law is the basic equation for the convective flow through a
porous media, and it is valid for a Newtonian fluid in laminar flow. Let us refer to
Figure 2.3 to illustrate a cylindrical pore of radius R oriented along the z-axis.
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Fig. 2.3: Convective mass transport through a cylindrical pore.

Assuming axial symmetry and steady-state condition, the third equation of Navier—
Stokes gives
10 ( ou;\ 10P
ror (rW> T poz’
where u, is the z-component of the fluid velocity, P is the hydrostatic pressure, and
u the dynamic viscosity of the fluid.

Deriving equation (2.23),

(2.23)

o’u 1ou 1dP

-2 2.24
orz " ¥ or udz (2.24)
with constant pressure drop along the pore. A general solution for the differential

equation (2.24) is reported below:

u=A+Br’+Clnr, (2.25)
with A, B, and C constant.
Therefore,
3—” =2Br+ E,
or § (2.26)
o‘u 2B C
or2 r2
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By substituting (2.26) in (2.24), we get

1 dpP
B=——. 2.27
4 dz 2.27)
In order to avoid the presence of singularity on the z axis (r = 0) it is requested that
% = 0 and C = 0. From the “no-slip” condition on the pore wall (r = R, u = 0),

1 dp
--— _—R%. 2.2
4p dz (2.28)
Therefore 5
1 dP r
= —-— —122 1 - TS5 2'2
! 4u dz ( R2> 2.29)
and dp AP
- — =constant = —, (2.30)
dz 6

where § is the membrane thickness and AP the hydrostatic pressure gradient.
Considering equations (2.29) and (2.30), the parabolic profile of the velocity along

the z axis is

2 AP R?

r .
uZ(r) = Vmax (1 - ﬁ) with Vmax = T @. (2.31)
The volumetric flowrate through a single pore Q; is calculated as
f AP iR*
Q= Juz(r) 2nrdr = 77[, (2.32)
8d6u
0

while the total flowrate Qo through the membrane is Qot = Q1 Npores.- Assuming all
pores to be uniform in size with radius R, and indicating with A the membrane surface

area, and with € the porosity,
Ag

nR2’
When removing the assumption of cylindrical pores by introducing the tortuosity pa-
rameter 7, the volumetric flux J; is

N pores = (2.33)

Qut _ €R* AP

]v=_

TR TR (2.34)

2.3.2 Ultrafiltration

Ultrafiltration (UF) is driven by a hydrostatic pressure gradient applied through an
asymmetric membrane, having pores with smaller diameters (usually between 2 and
10 nm) facing the feed side. Ultrafiltration membranes are typically characterized in
terms of MWCO, defined as the lowest molecular weight solute in which 90 % of the
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solute is retained by the membrane. Typical MWCO of UF membranes ranges between
5and 500 kDa.

The volumetric flux is properly described by equation (2.20); for a diluted feed
solution, the filtration rate J; can be adequately approximated by the flux of solvent.

In UF, the mass transport can be evaluated according to the nonequilibrium ther-
modynamics as described in Section 2.2. When the solute is transported through a
porous membrane, the coefficients Ly, Ky, and o equations (2.20) and (2.21) are eval-
uated on the basis of correlations provided by the so-called “pore model”. The value
of rs is determined by the Stokes—Einstein equation

ksT

S L 2.
6mnDO (2.35)

Ts
where kg is the Boltzmann constant, 7 is the viscosity, and DO the diffusion coefficient
in infinitely diluted solution. The radius rs varies with solute molecular weight and
geometry of the molecule; Table 2.1 reports three experimental correlations between
rs and molecular weight (My) as from tests with dextrans, linear DNA and globular
proteins.

Tab. 2.1: Experimental correlations between Stokes radius (rs)
of different molecules and molecular weight (My,).

Target molecules  Correlation Reference

Globular proteins  rs = 0.0402(My,)°-3%>  [3]
Linear DNA rs = 0.0187(My)°582  [4]
Linear dextrans rs = 0.0251(My,)%489  [5]

The diffusive permeability of the solute, K4, can be calculated by the modified version

of the Renkin equation as

DTf(q)Sp(q)
5
where § is the membrane thickness, DI is the effective diffusion coefficient of the
solute in the membrane, f is the friction coefficient between the pore walls and the
solute, and Sp is the steric hindrance factor at the pore inlet under diffusive motion.
Both f and Sp coefficients depends of the ratio (q) between the solute radius rs — eval-
uated from equation (2.35) — and the pore radius of the membrane rp:

Kq = (2.36)

q-= Is (2.37)

'p
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Specifically [6],
flg) =1-2.104q + 2q> - 0.95¢° (2.38)

and
Sn(g) = (1 - q)>. (2.39)

The term f(q) Sp(q) is also indicated as diffusive effectiveness factor.

The Stavermann reflection coefficient o is a function of the friction coefficient be-
tween water and the solute g(q), and of the steric hindrance factor at the pore inlet
under convective motion Sg(q):

o=1-g(q) Sr(q), (2.40)
where X s
1-0.67¢%-0.20217¢
_ 2.41
8@ 1-0.75857¢5 (241)
and
Sp=2(1-¢g)2-(1-¢q)". (2.42)

The term g(q) Sr(q) is also indicated as the convective effectiveness factor. Factors Sp,
Sk, and o versus g are diagrammed in Figure 2.4.

Free diffusion coefficients in water of some species of interest in cell culture ex-
periments are reported in Table 2.2.

Convective Stavermann
coefficient (o)

0.8 -

0.6 |

Diffusive

0.4 L

Effectiveness factor

0.2 |

Fig. 2.4: Diffusive and convective effectiveness factors, and Stavermann coefficient o, evaluated
according to the pore model as a function of the ratio of solute radius to membrane pore radius.
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Tab. 2.2: Free diffusion coefficients in water [7].

Species Molecular weight  Stokes radius  Diffusion coefficient
[Da] [nm] [cm?2/s]

Oxygen 32 0.28 2.4x107°

Glucose 186 0.35 9.24x 107

Bovine serum albumin 67000 3.61 9.64x 1077

Apotransferrin 81000 3.78 9.52x 1077

1gG 155000 5.13 6.29x 1077

When solution components diffuse through a polymeric membrane or a cellular tis-
sue, free diffusion coefficients need to be corrected, and an effective diffusion coeffi-
cient D is introduced. Realistic evaluation of D.g from theoretical considerations is
a challenging issue; commonly, the following correlation applies:

&€
Deft = Dyater g (2.43)

where Dyater is the free diffusion coefficient of the species in water, and € and 7 are the
porosity and the tortuosity of the medium where diffusion takes place. For molecules
diffusion through membranes, € and 1 are parameters usually provided by the manu-
facturer.

In case of diffusion through interstitials of cellular tissues, the effective diffusion
can be estimated - as a first approximation — by considering cells as uniformly-sized
hard spheres in a close-packing configuration; for this kind of system, the porosity ¢,
defined as the ratio of the interstitial volume to the total volume, is given by
Tl
6
where p is the cell number density and 6 the cell diameter.

For hard spheres, intraparticle tortuosity 7 is predicted by the Maxwell equation

(8]

e=1-—p3, (2.44)

T=1+0.5¢. (2.45)

The volume fraction ¢, i.e. the fraction of space covered by spheres, can be assumed
equal to 11/V18 (= 0.74) if considering the maximal volume fraction attainable for
arrays of spheres in a cubic lattice [9].

Mass transfer is, in general, related to the physico-chemical properties of mem-
branes and molecules. In membrane bioreactors for cell culture purposes, medium-
soluble components span over a wide range of molecular sizes (from tens of Dalton
for oxygen and small electrolytes, to thousands of Dalton in case of large proteins
and macromolecules), while membranes can be manufactured and provided in a large
variety of morphological structures. SEM micrographs of three different hollow fiber
membranes, a microporous polyethersulfone (PES), and ultrafiltration polysulfone
(PSf) and modified poly-etheretherketone (PEEK-WC), are shown in Figure 2.5.
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Fig. 2.5: SEM micrographs of hollow fiber membranes made in (a) poly-ethersulfone (PES), (b) poly-
sulfone (PSF), and (c) modified poly-etheretherketone (PEEK-WC).

From equation (2.20), the hydraulic permeability coefficient of a membrane L, is eval-
uated from filtration flux of pure water (A = 0) at different transmembrane pressures:

Lp _ (]solvent ) . (2.46)
Am=0

AP

The linear trend of hydraulic permeability for PES, PSF, and PEEK-WC hollow fiber
membranes shown in Figure 2.6 is illustrated in Figure 2.7. The microporous structure
of PES is associated to the highest hydraulic permeance (15.21/m? h mbar), while ul-
trafiltration PSF and PEEK-WC membranes show a comparable value of L, (0.97 and
0.76 1/m? h mbar, respectively).

2.3.3 Starling flow

Starling’s equation (2.20), illustrating the importance of the hydrostatic and osmotic
pressures on the volumetric flux across hollow fibers and capillaries membranes, has
a significant impact on clinical filtration.

Due to the pressure drop along a cylindrical porous fiber, in the presence of a sig-
nificantly high reflection coefficient (¢) and osmotic pressure gradient (Arr) far away
from the inlet section of a module, the transmembrane flux reverses its direction if
o Am > AP. This event, called the Starling flow, must be avoided in order to preserve
the proper functionality of the biomedical device (Figure 2.7).

Karode [10] evaluated the pressure drop AP along porous cylindrical tubes with
radius R and length L by modifying the Hagen—Poiseuille solution for impermeable
tube wall. Assuming a constant wall velocity uy,

8uQiz ( 2m Ruwz)
AP = 1- ,
R4 20

where u is the viscosity, z the coordinate denoting the direction of the fluid flow, and
Q; the inlet volumetric flowrate.

(2.47)
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400

@ PES (Pore size: 0.2um)
(Thickness: 100+25um)

HBPSF (MWCO: 90kDa)
(Thickness: 38+0.9um)

300 4 A PEEK- (MWCO: 190kDa)

WC  (Thickness: 51+10pum)

Transmembrane pressure [l/m?h]

0 T T v : r :
0 20 40 60 80
Pressure gradient [mbar]

Fig. 2.6: Hydraulic permeability measurements of different hollow-fiber membranes.

inlet

NN
An } } } } ) 1 } }

Reverse flux

outlet

Fig. 2.7: Schematic representation of the Starling flow, occurring when o Am > AP.

At the exit of the tube (z = L),

SHQiL Qp )
AP = 1- 2.
R4 ( ZQi ’ ( 48)
where Q,, is the permeate flowrate (Qp = 2mRLuy).

For constant wall permeability (wall velocity being proportional to the trans-mem-
brane pressure difference),

B 1 8]101 Az iz . eAZ_e—AZ
= S i@ e+ (Pi- Py (1 > , (2.49)
with
l6u¥
-
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Fig. 2.8: Pressure drop in a tubular channel predicted for constant wall velocity (equation (2.47)) and
constant wall permeability (equation (2.49)). Simulation conditions: R = 250 ym, Q; = 10 ml/min,
Qp = 8ml/min.

In equation (2.49), P; and Pj, are the inlet and permeate side pressure (usually atmo-
spheric), and ¥ the membrane permeability (m/s Pa).

2.4 Concentration polarization

In a membrane process, the progressive withdrawn of solvent and/or specific com-
ponents in the permeate stream causes a gradual raise of the concentration of the
rejected components within the boundary layer of the feed stream. This phenomenon,
known as concentration polarization, can significantly affect the performance of the
membrane process in terms of flux decline. Referring to Figure 2.9, as a consequence of
the concentration gradient generated between the bulk of the solution and the mem-
brane interface, nonpermeating solute molecules will diffuse away from the mem-
brane surface.

Under steady-state conditions, the diffusive flux of solute is balanced by the con-
vective flux through the membrane. Moreover, assuming negligible the concentration
polarization phenomenon at the permeate side,

dc

Di— = —Jy(ci - D).

e (2.50)
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| ¢

Fig. 2.9: Schematic illustration of the concen-
5 tration polarization phenomenon in a cross-flow
zZ-—+ membrane system.

An intrinsic rejection coefficient R is defined as

p
c:
R=1-—-L. (2.51)

m
i

)

Combining equations (2.50) and (2.51), and integrating through the boundary layer
having a thickness 4,

6
J % dz=- [ —S4 d; 2.52)
0

the following solution is obtained:

6 c"R
UL 253)
D; ¢ -c™1-R)
Ultimately, the following equation correlates the concentration of solute in the bulk
(cif) to the concentration of solute at the membrane interface (c{"):

cm .
- exp(Jv6/Di) . (2.54)
¢l R+(1-R)exp(Jy6/Dy)
Assuming an ideally completed rejection (R = 1), equation (2.54) reduces to
cm
? =exp (Jy6/Dy). (2.55)
i

The solute mass transfer coefficient k = D"/ is obtained through the following em-
pirical correlations [11]:
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— laminar flow
] 0.664Re®> %P (dn/L)*», L <0.029dnRe (Grober) 256)
1.86 Re%33 5¢033(dy/L)°33, L >0.029dyRe (Graetz-Leveque)
and
—  turbulent flow

0.023Re®85c%33,  Sc<1 (Chilton-Colburn or Dittus—Boelter)
Sh =1 0.023Re*87°5c%25, 1 <Sc <1000 (Deissler) (2.57)
0.0096 Re®?1 5¢%3%,  Sc > 1000 (Harriott-Hamilton),

with
- _th Y it -2
Sh D Re , Sc D (2.58)

In equations (2.56)—(2.58), Sh is the Sherwood number, Re is the Reynolds number,
Sc is the Schmidt number, dy, is the hydraulic diameter, L is the length (of the mem-
brane fiber), p is the density, u the viscosity, D the diffusion coefficient, and u the fluid
velocity.

2.5 Fouling phenomena

The performance of membrane processes can be severely affected by fouling: due to
its great complexity, fouling is very difficult to describe theoretically and to manage
practically. Fouling intensity depends on many physico-chemical parameters, includ-
ing concentration of specific species, temperature, pH, ionic strength, and specific
intermolecular interactions. Below, some simple and commonly used models are pro-
posed for a preliminary estimate of flux decline in fouled membranes.

2.5.1 Cake layer model

This model assumes that the progressive accumulation of particles at the surface of the
membrane determines a cake layer resulting in an additional resistance R, in series
with respect to the resistance Ry, of the membrane (Figure 2.10).

Following analogies with electric circuits, the Darcy’s law is

AP

]V = ﬁ ’ (2.59)

where the total resistance R is given by

R=Rp +R.
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3¢

Fig. 2.10: Cake layer model for particulate fouling.

The value of R, is provided by the Kozen—-Carmany equation

_180(1 - £)%6c

Rc
d2el

(2.60)
with g. being the porosity of the cake, . its thickness, and ds the diameter of the single
particle forming the cake.

2.5.2 Blocking models

Depending on the way one evaluates R in equation (2.59), four basic mechanistic mod-
els describing the effects of the deposition of particles on the permeability of porous
membranes have been developed [12, 13].

In the standard blocking model, the original cylindrical shape of clean membrane
pores is progressively reduced by the accumulation of solid particles at the pore walls.
The resistance R is expressed as a function of time:

2
R:R%u@) , (2.61)

where Ry is the initial resistance of the membrane and J, the initial transmembrane
flux (virgin membrane). The characteristic constant K (expressed in m™!) is evaluated
by filtration experiments linearly correlating the inverse of volume V to the inverse of
filtration time t¢: K

% = % + ?S (2.62)
In the intermediate and complete blocking models, a portion of the pores becomes
unavailable for flow. In particular, the available membrane area A reduces with the

permeate volume V according to equation (2.63) for the intermediate blocking model,
A KV
- i 2.
TR (2.63)

and to equation (2.64) for complete blocking model,

Zo1-22y (2.64)
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Constants K; and K}, have the dimension of m™ and s, respectively. For constant
transmembrane pressure operations, it is possible to derive the following equations
for permeate volume V versus time t:

1
V = —In(1 + KiJot) for intermediate pore blocking,
K;
J (2.65)
V= % In(1 — e X% for complete pore blocking.
b

In the cake filtration model, the transport resistance is increased by the presence of a
cake layer as previously discussed in Section 2.5.1. The evolution of R in time is

R
Re = \(1 + 2K J20), (2.66)

where the Ry is the initial membrane resistance; the constant K. has units of s/m?.
The permeate volume as a function of time is

1
V=
KcJo

<\/1+2Kc]gt—1). (2.67)

2.6 The transport of gases through porous membranes

Mass transport of a gaseous i-th species through porous media occurs under a par-
tial pressure gradient Vp; (related, through the Dalton’s law, to molar fraction x; and
total pressure P) with additional contribution of surface diffusion. However, surface
diffusion is observed to provide a nonnegligible role only for very specific systems and
operational conditions [14]; furthermore, transport is usually assumed under isother-
mal conditions.

As a result, mass transfer is limited by viscous resistance (resulting from the mo-
mentum transferred to the membrane by transported species), Knudsen diffusion re-
sistance (related to collisions between molecules and pore wall), and ordinary diffu-
sion resistance (due to collisions between molecules); the electrical analogy of the
aforementioned transport resistances is illustrated in Figure 2.11.

Predominance or coexistence between Knudsen and ordinary diffusion is discrim-
inated by the Knudsen number (Kn), defined as the ratio between the free mean path
A of diffusing molecules to the mean pore size of the pores (dp):

A
Kn=—. 2.
n ) (2.68)
The kinetic theory of ideal gases provides the formula for evaluating A:
ksT
L 2.69
P+2mo? (269)
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Knudsen

Ordinary

S s
W\

Viscous

Fig. 2.11: Most frequent typologies of mass transfer resistances in porous media.

Tab. 2.3: Collision diameter (o) and free mean path (A) of gases at 0 °C and 1atm [15].

Gaseous species A[10°m] ¢ [A]

Carbon dioxide 39.0 3.90
Carbon monoxide 58.6 3.71
Chloroform 161.0 5.43
Nitrogen 454 3.75
Nitrous oxide 362 3.88
Oxygen 425 3.54
Sulphur dioxide 300 4.29

where kg is the Boltzmann constant (1.380 x 10723 J/K), T the absolute temperature,
P is the pressure, and o the collision diameter of the molecule. In Table 2.3 collision
diameter and free mean path of different gases are reported.

For small pores, molecule wall interactions are expected to dominate (Kn > 1),
and Knudsen diffusion will be the controlling mechanism; vice versa, in large pores,
the frequency of such collisions is expected to be lower than molecule-molecule col-
lisions, and ordinary (or molecular) diffusion will be predominant (Kn < 1).

In many practical cases, A is comparable to the pore size of microporous mem-
branes, and both diffusional mechanisms need to be considered; in this transition
region, the Bosanquet equation is used to estimate an overall effective diffusion coef-
ficient of the i-th component D5 [16]:

-1
1 1
De:(_+_) , 270)
T\ DG

ij,m

where subscripts m and k refer to molecular and Knudsen mechanism, respectively.
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Specifically,
e _ 2erp |8RT
e 3T M @71)
€
D?j,m = ?PDij,m.

In equations (2.71), € is the porosity, 7 the tortuosity, and M; the molecular weight of
the i-th component.

Diffusion coefficient D? can be used in Fick’s law, the simplest model describing
the diffusional transport of gases through porous media under a partial pressure gra-

dient:
e

Ji = —R—"Tfo, 2.72)

where J; is the flux of the i-th species.
In presence of a viscous flux, Fick’s law is extended by introducing Darcy’s law,
obtaining the following formula:

Jie—( Lopis Bpivp @.73)
| RT pl le > .

where Vp; is the partial pressure gradient, VP is the pressure gradient, B is the mem-
brane permeability, and u the viscosity. Assuming that the membrane has uniform
cylindrical pores with radius rp,

er

TN

B = (2.74)

oo

T

2.7 Transport of gases through dense membranes

Dense polymeric, inorganic, and mixed-matrix membranes are also widely used for
gas separation on the basis of the selective permeability of different molecules from
a gaseous mixture. In dense polymeric membranes, the most commonly used in
biomedical and tissue engineering applications for biocompatibility reasons, the
main transport mechanism is the solution-diffusion that includes three main steps:
sorption of gas molecules at the membrane surface, diffusion through the polymeric
matrix, and desorption on the permeate side. For glassy polymers, the sorption mech-
anism is described by a combination of Henry’s law and Langmuir isotherm kinetics

(“dual mode sorption theory”). Briefly, the penetrant concentration ¢ is mathe-
matically expressed as the sum of two contributions: cp, which is the penetrant
concentration by Henry’s law mode, and cr, which is the penetrant concentration by
Langmuir mode [17]:

c bp
1+bp’
where kp is the Henry’s law dissolution constant, p the (partial) pressure, b the micro-
void affinity constant, and c’L the Langmuir saturation constant.

c=cp+cL=kpp+ (2.75)
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First Fick’s law mathematically describes the transport of a gas through the mem-

brane:
dc

J=-D—, (2.76)

dx
where J is the transmembrane flux of gas, D the diffusion coefficient, c the concentra-
tion, and x the spatial coordinate. Assuming a constant concentration profile within

the membrane, the integration of equation (2.76) gives

Cfeed _ cberm

=D , 2.77
] ) @277)
where 6 is the membrane thickness.

At low pressure, Henry’s law is often adequate to express the concentration of the

gas solubilized in the membrane phase
c=Sp, (2.78)

where S is the solubility constant.
By substituting equation (2.78) in (2.77),

feed _ ,,perm _ pfeed _ ,perm
J=Ds? 6p _p? 6p 2.79)

The permeability P is therefore defined as a product of the diffusivity and solubility
coefficients of the gas species:
P=DS. (2.80)

Gas diffusion through membranes is a thermally activated process, and dependence of
diffusion coefficient D on temperature is described by an Arrhenius-type relationship:

E
D; = Do exp <R_]])"> s (2.81)

where Dy is the preexponential factor and Ep the activation energy to the diffusional
transport.

The dependence of solubility on the temperature is analytically given by the van
’t Hoff relationship

Si = Soexp <— AR};S ) , (2.82)

where S is the preexponential factor and AH, the partial molar enthalpy of sorption.
In comparison to diffusion, solubility is less sensitive to temperature; therefore, per-
meability generally is enhanced at increasing temperature.
Selectivity a is defined as the ratio of individual gas permeabilities:
Py DsSa

a =— = (2.83)
AR Pg  D3gSp
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and is therefore promoted by differences in diffusivity and/or solubility of the two
gases.

Enrichment of oxygen from air (O,/N;), a process of industrial relevance also for
biomedical applications, is generally a diffusivity-based gas separation, taking place
due to the preferential permeation of the smaller - and more mobile — molecule.

2.8 Fluid oxygenation

Blood oxygenators are medical devices used to supplement the respiratory function
of the lung by oxygenating the blood and removing carbon dioxide. Current blood
oxygenators are manufactured in the form of microporous hollow fibers membranes
(outer diameter typically within 200—400 pm, porosity = 50 %). Membranes are made
from hydrophobic polymers in order to prevent that pores be filled by liquid, thus fa-
cilitating the diffusion of the gas across them. They are used both as temporary extra-
corporeal devices to support short-term respiratory failure, and as a cardiopulmonary
bypass during open-heart surgery. In the most common module configuration, oxy-
gen flows in the lumen of the hollow fibers, while blood is fed through the interstitial

spaces of the shell side.
The total molar flux of oxygen J transferred to a fluid is correlated to the gas con-

centration gradient Ac:
J=KAc. (2.84)

From a mass balance over the liquid phase, the overall mass transfer coefficient K is
expressed as

Cout

k=2 J dc (2.85)

A) cr-¢’
Cin

where Q is the fluid flowrate, A is the membrane surface area, cin, Cout, and c* are the
inlet, outlet, and equilibrium concentrations of oxygen. The transport coefficient K
results from the contribution of three individual mass transfer coefficients describing
the transfer of oxygen: (1) from the bulk of the gas phase to the membrane interface
(the concentration boundary layer on the gas side is generally negligible, and null if
pure oxygen is supplied to the system); (2) across the membrane (since the membrane
is hydrophobic, pores are gas-filled and the membrane resistance can be neglected);
and (3) from the membrane interface to the bulk of the liquid phase (liquid-side con-
centration boundary layer is the controlling resistance to mass transport).

The shell-side mass transfer coefficient k depends on both the fluid dynamics and
the physico-chemical parameters. For Newtonian liquids, the following general cor-
relation is usually adopted:

Sh = aRe’Sc*, (2.86)
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where Sh is the Sherwood number, Re is the Reynolds number, and Sc is the Schmidt
number. Values of empirical constants a, b, and c suggested by Wickramasinghe et al.
are 0.8, 0.59, and 0.33, respectively [18].
For blood, exhibiting a non-Newtonian behavior, Hewitt et al. [19] developed the
following correlation:
k = aad; ' D%6v0-3Rel, (2.87)

with: @ = 0.524, b = 0.523 [20], a is the solubility of oxygen in the blood, D its diffu-
sivity, and v is the kinematic viscosity of the blood.

If £ is the fiber bundle porosity, the hydraulic diameter d, is assumed equal to the
diameter of the fiber dy for € > 0.5, while dy, = €do/(1 — €) fore < 0.5.

Some relevant physico-chemical parameters of the bovine blood are reported in
Table 2.4.

Tab. 2.4: Some relevant physico-chemical parameters of the bovine blood.

Bovine blood parameter Value Reference
Density 1050 kg/m?3 [20]
Viscosity 2.9x 1073 kg/ms [20]
Hemoglobin concentration 0.166 m3 Hb/m3 blood [20]
Solubility of oxygen in the blood 3.0 x 107> m3 0,/m3 blood/mmHg  [19]
Diffusion coefficient of oxygen in blood 1.8 x 1079 m?/s [19]

In order to evaluate the pressure drop AP along the hollow fiber module, the following
equation can be adopted:
_ 4fL(1/2pu?)
R R
where f is the friction factor, L is the length of the module, p is the fluid density, and
u is the fluid velocity.

The friction factor f can be estimated by the following experimental correlations
[18]:

AP (2.88)

(2.89)

260Re™ !, 0.1<Re<5,
100Re %3, 5 < Re < 100.

For the oxygen uptake by hemoglobin, blood oxygenation modelling has to take into
account a globular protein composed of four polypeptide chains each containing a
hemo group.

The oxygen-binding curve is empirically described by an equilibrium reaction be-
tween hemoglobin (Hb) and oxygen (0,):

Hb + n0, 5" [Hb(0,),]. (2.90)
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For bovine blood, the value for n (a measure of the cooperativity between haeme units)
is 2.85; for human blood, n = 2.7.
The apparent equilibrium constant K, for reaction (2.90) is defined as

o [HBO]
=% T [EDI0, @59

where k; and k_; are the forward and backward rate constants, and [Hb(0O,),] is the
concentration of the oxygenated hemoglobin in the plasma.

The degree of oxygen saturation S, given by the between oxygenated hemoglobin
concentration and total hemoglobin concentration, is often described by the Hill’s
equation [21]

K.

S= [Hb(02)n] _ (Po,/Pso)" ’ 2.92)
[Hb] + [Hb(02)n] 1+ (Po,/Pso)"
where Po, and Ps are the oxygen partial pressure and the oxygen partial pressure at
50 % hemoglobin saturation. At pH 7.4 and 37 °C, Psq is 3870 and 3550 Pa for bovine
blood and human blood, respectively [22].

Comparison between equations (2.91) and (2.92) gives
1 1
K. ~ (aPso)"’
when considering that at equilibrium [0;] = a.

The reaction between oxygen and hemoglobin leads to an enhancement of the
mass transfer coefficient k'

(2.93)

k' = kE, (2.94)

where k is the mass transfer coefficient in absence of chemical reaction, and E the
enhancement factor. For blood oxygenation, an expression for E was derived by Wick-
ramasinghe and Han [23]:

n n
nDHb(oz)" 1 a - Coz,bulk

E=1+ .
Do, 1+ (Dup(0,),/Dun)Kea™  a — co,,buik

Kecup,bulk, (2.95)

where D is the diffusion coefficient, and co, pbux and cup,puik are the oxygen and
hemoglobin concentrations in the bulk of the liquid phase, respectively.

2.9 Transport through charged membranes

2.9.1 The Donnan equilibrium

If a solution contains charged components (ions) and the membrane contains fixed
charges, the equilibrium between the membrane and the adjacent solution will be
established if the electrochemical potential of all ions in the membrane and in the
solution are equal:

B = pi + ziFd™ = fi§ = y§ + ziFg®, (2.96)
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where z is the valence, F the Faraday constant, and ¢ the electrical potential; super-
scripts m and s refer to membrane and solution, respectively. The electrical potential
difference between membrane and solution is called the “Donnan potential” ¢pon:

1 1 ar .
o = 87~ = -G ) =~ | R S TP -ph | @90
Here, a; is the activity and V; the partial molar volume of the i-th ion. The term (" -
p;) represents the swelling pressure that is the opposite of the osmotic pressure:

_ _ am
Vi - pS) = -V (RTln a—W) , (298)
w
where subscript w refers to water.
According to the principle of electroneutrality, the electrical potentials for cations
and anions of a dissociated electrolyte must be equal, and therefore

(2.99)

RT na? Ve a&]:_RT[I a;: Valn@],
a; V  ay

e nsw falll
vV oa z,F
where V is the total volume (V = }; V;); subscripts a and c refer to anion and cation,
respectively.

Considering that
ZaVa = —ZcVc, (2.100)

where v is the stoichiometric coefficient, a rearrangement of equation (2.99) gives

am\Ve [ g\ am veletvala 2 Va
(&) (&) -(&) a0
c a w

For diluted solutions V » v.V. + vaV,, and the right-side term of equation (2.101)
reduces to 1.
The activity of an ion can be expressed as the product of concentration and activity
coefficient y,:
a; = CiY+. (2.102)

For a concentration below 0.1 M, y. can be estimated by the Debye—Huckel theory.
For monovalent salts such as NaCl, v, = v. = 1, and
(e
cm = st (2.103)
Cfix

Here the term ¢ with subscripts “co”, “salt”, and “fix” refer to the concentration of
co-ions in the membrane, the concentration of electrolyte in solution, and the con-
centration of fixed charges in the membrane, respectively.
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Fig. 2.12: Schematic drawing of an anion exchange membrane.

2.9.2 Nanofiltration

Nanofiltration (NF) is usually classified as a pressure-driven membrane process be-
tween ultrafiltration (UF) and reverse osmosis (RO). The main driving force to the
selective transport of species is represented, in fact, by a hydrostatic pressure (about
one order of magnitude higher than in UF) applied at the feed side. The main difference
between UF and NF is that, while UF membranes exhibit a molecular weight cutoff
roughly spanning between 103 and 10® Da with pores having a diameter in the interval
of 2-10 nm, NF membranes have a molecular weight cutoff of about 400 + 100 Da and
pore size between 0.5 and 2 nm. Consequently, while in NF there is assumed a sieving-
type filtration mechanism, in RO the selective permeation through dense membranes
takes place according to a solution-diffusion mechanism.

An additional difference comes from the surface chemistry of membranes: while
both UF and RO membranes are neutral, NF membranes often carry positive or nega-
tive fixed charges, thus affecting the permeability of dissociated electrolytes by Don-
nan exclusion mechanism.

In NF the total volumetric transmembrane flux J; is given by the sum of the molar
fluxes of each individual i-th component (J;) multiplied by its partial molar volume
(V):

Jo =) JiVi. (2.104)
1
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In general, the total volumetric flux is largely attributed to the flux of the solvent Jy;
under this assumption,
Jo=Tw= VWLWE(VWp +RTInay) + Lvd—p. (2.105)
dx dx

Here L,, is a phenomenological coefficient related to the diffusion of the solvent
through the membrane pores, Ly is the hydraulic permeability of the membrane
related to the viscous flow through pores, ay is the activity of the solvent, x the
coordinate, and p the pressure.

Expressing the term related to the activity as a function of osmotic pressure Arr
(see equation (2.14)), then equation (2.105), after integration over the pore length Ax,
becomes

_ [ DuVy Ap DV Am
Jv= ( RT V) Ax RT Ax’ (2:106)
having expressed the coefficient L, as
D
Ly=—-——. (2.107)
VwRT

As previously mentioned, the Donnan potential arising from a nanofiltration mem-
brane with fixed charges affects the separation. Since the concentration of species at
the feed and permeate sides are different, an electrical potential is established across
the membrane, which influences the flux J; of a charged i-th component:

Vikic; d dc; ziFkic; d d
Ji =DM [( ;{} ! d—i +kid—x‘) + ‘mi ! ﬁ‘)’("“] +ka,-c,~d—i, (2.108)

where D™ is the diffusion coefficient within the membrane phase, V is the partial
molar volume, k is the partition coefficient (depending on both size exclusion and
Donnan exclusion), ¢ the concentration in solution, p the pressure, F the Faraday
constant, z; the valence of the ion, ¢poy the Donnan potential, and x the spatial coor-
dinate.

The Donnan potential between an ion-exchange membrane and a diluted elec-
trolytic solution is given, to a first approximation, by

1 Ci
-y = RTln—], 2.109
boon ;iF[ e (2109)
where ™¢; is the concentration if the i-th ion in the membrane (Donnan exclusion).

The typical trend of rejection, solute, and solvent fluxes as a function of the driving
force (Ap — Am) is shown in Figure 2.13 for NF operations carried out at constant feed
concentration.
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Fig. 2.13: Qualitative trends of rejection and trans-
Ap - Am membrane fluxes through a charged NF membrane.

2.10 Hemodialysis

With more than two million patients affected by end-stage kidney disease, hemodial-
ysis is a huge medical treatment that reached the industrial level.

Mathematical models used to predict and optimize this membrane operation span
in a wide range of sophistication. As a first step, nonequilibrium thermodynamics
(Section 2.2) is the most widely used approach to describe the phenomenological be-
havior of fluid and solute transport phenomena within membranes.

In hemodialysis, blood flows through an extracorporeal circuit and is cleaned in
dialyzers made of polymeric permselective membrane that separates blood from dial-
ysis fluid.

The clearance (K), a key parameter describing the solute removal from the body,
is a proportionality constant that relates the rate of extraction of the solute from the
blood and the concentration of solute in the blood at the outlet of the dialyzer. K is
fixed by the design criteria of the hemodialyzer and operative conditions. Ultrafiltra-
tion enhances the clearance of the hemodialyzer by adding a convective transport to
solute diffusion.

A simple two-compartment model is shown in Figure 2.14. The body and its flu-
ids are represented by the block labelled “1”, while blood is represented by compart-
ment “2” recirculated through box “1” at constant volumetric flow rate Q. Both com-
partments are assumed perfectly mixed, so that solute concentration within compart-
ments “1” and “2” are uniformly set at ¢; and c,, respectively. Within the body, the
solute is being formed at constant rate G, while it is extracted from the blood by the
dialyzer at rate Kc,.

Despite its simplicity, the model is able to describe both the decay of solute (typ-
ically urea and creatinine) concentration during dialysis, as well as the phenomenon
of solute rebound (i.e. the rapid increase of solute concentration after dialysis).

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

76 —— 2 Basicissuesin membrane separation for biomedical devices

G
G Compartment “1”
Body
Q Q
Compartment “2” ¢
Blood
K
— Dialyzer — Fig. 2.14: Simplified two-compartments representa-
tion of the hemodialysis process.

Mass balance of solute within compartments “1” and “2” gives the following set of
ordinary differential equations:

d
Vlg = —Q(c1 - ) + G,

de (2.110)
Vzd—f = Q(c1 - ¢2) - Kc.

Adding equations (2.110) and solving for the time derivative of c1,

dC1 G KC2 V2 dCz

@V TV T -1
By deriving equation (2.111) with respect to time,
d? (op) dcq dc;
V,o 2 _ S g+ )22 2.112
2 dtz Q dt (Q + ) dt ) ( )
and finally, combining equations (2.111) and (2.112),
d?c, Q Q K\ dc; QK QG
_dt2 +<71+72+72>W+—V1V2C2——V1V2. (2.113)

The following initial conditions are required to solve equation (2.113):

dc Kc
att=0, cy=cy and —2=--2

it 7, [from equation (2.110)]

For recovery period after dialysis, the clearance K is 0 assuming that the patient com-
pletely lost his/her kidney function, and equation (2.113) reduces to

(2.114)

dzC’2+ <V1+V2>d_c’2_ QG
de? ViVy ) dt - Vo'
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Bird et al. [24] provided a mathematical solution to the time evolution of creatinine
for the following specific parameter values: V; = 431, V, = 4.541, Q = 5.41/min,
K = 0.31/min, G = 0.0024 g/min, ¢y = 0.140 g/1. The time-variant profile of creati-
nine for a hemodialysis operation protracted for 50 min and a recovery period of 2h is
shown in Figure 2.15.

0.16
K#0 K=0

% 0.14
=
2
<
=
[}
S 0.12
S
(]
(=
£
©
£ 0.14
()

0.08 T T T T T T T T Fig. 2.15: Model prediction of crea-
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Time [min] and after hemodialysis operation.

One important aspect in hemodialysis is the regulation of ion content in the body and
the control of hydration in order to limit adverse reactions in patients such as nausea,
muscle cramps, headache, arterial hypertension, dialysis-associated hypotension,
etc. [25]. Since sodium is a prominent osmotic regulator of water distribution within
the body, a special attention is paid to its modelling.

In general, for a system that includes a membrane without fixed ions and a solu-
tion with one or more electrolytes, the balance of charges requires

Y Jzalca =) zece. (2.115)

Here z is the valence and c the concentration; subscripts a and c refer to anion and
cation, respectively. For NaCl dissociating in Na* and Cl™, z, = -1 and z. = +1.
The concentration of the single ion is related to the concentration of the salt cs by

Ca = 1VaCs, (2.116)
Cc = 1VcCs, '

where i is the van ’t Hoff coefficient, defining the degree of dissociation of the salt (for
NaCl, i = 1), and v is the stoichiometric coefficient (NaCl — Na* + Cl7, vy = 1, v = 1).
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If there is no electrical current, the conservation of charge requires that the flux
of ions will occur in the same direction:

Za|za|]a = ZC zcJe. (2.117)

When transported in solution, the different diffusivities of cations and anions will
cause a local charge imbalance and, ultimately, an electrical potential gradient. Al-
though it might be small, this diffusion potential will be able to slow down the fast
diffusion ion and speed up the slower ion, so that all ions of the dissociated electrolyte
will diffuse with the same rate:

dc - dc - dc
Js=Ja=Jc= —Ds_s = —Da|Za|_a = —Dc|Zc|_C» (2.118)
dx dx dx

where J is the flux (subscript s refers to salt), ¢ the concentration, D the diffusion coeffi-
cient, D an average diffusion coefficient, z the valence of the ion, and x the coordinate.

The diffusion coefficient of the salt Dg can be expressed as a function of the aver-
age diffusion coefficients of cations and anions:

D, = M _ (2.119)
Dalza| + Dezc

If the solution contains more than one electrolyte, and if the membrane is charged, the
complexity of the system increases due to the possibility that certain ions are trans-
ported against their concentration gradient (uphill transport).
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3 Artificial organs

3.1 Membrane artificial organs

A membrane artificial organ is an artificial membrane device designed to replace the
organ functions. The growing need for these technologies is substantial. Improved
health care has resulted in an increased life span for the general population and, when
coupled with a growing shortage of donor organs, it is thus clear that organ assistance
and substitution devices will play a larger role in managing patients with end-stage
diseases by providing a bridge to recovery or transplantation. In US the annual need
for organ replacement therapies increases by about 10 percent per year.

These devices can be extracorporeally connected to the patient body through
blood circulation or implanted inside the body. They generally are used to tem-
porarily support patients until the recovery of a failing organ, or as bridge until
transplantation. There are few cases in which the membrane device permanently
supports the patient. In artificial organs membranes act as a selective barrier for
removal of endogenous and exogenous toxins from the blood of a patient with renal
disease (e.g. hemodialysis, hemofiltration, hemodiafiltration) or with hematological
or autoimmune disorders (e.g. plasmapheresis, plasmatherapy). Membrane-based
processes are also used for gas exchange with blood, allowing oxygenation of the
blood and removal of CO, [1, 2]. All these therapeutic membrane processes simulate
the function of organ in vivo thanks to the highly selective properties of separation
and interaction. Thus, the types of membranes, devices, and processs are designed
on the basis of the organ functions to be replaced. Scientists make membranes and
membrane devices which imitate nature in order to realize the same in vivo organ
functions.

3.2 Hemodialysis
3.2.1 Kidney functions: What hemodialysis must replace

The kidney performs several functions, including excretion of wastes, acid-base
homeostasis, osmolality regulation, blood pressure regulation, and hormone se-
cretion. The kidney functions are based on mechanisms of filtration, reabsorption,
and secretion which take place in the nephron. The nephron is the structural and
functional unit of the kidney, which consists of a long tubule (about 30-55 mm), the
Bowman’s capsule, which encloses a cluster of microscopic blood vessels — capil-
laries — that form the glomerulus (Figure 3.1). Blood flows into and away from the
glomerulus through the inner wall of the capsule and into the nephron tubule. The
glomerular filter is freely permeable to water, mineral ions (Na*, K*, Ca**), and small
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Bowman’s

Glomerulus

Fig. 3.1: Structural and functional unit of the kidney.

organic molecules such as glucose. A substantial fraction of high molecular weight
proteins (with MW up to 20 000 Da) are also filtered, but proteins with MW greater than
40 000 Da are filtered only in trace amounts. Glomerular capillaries are about 10 times
more permeable than other capillaries in the body. As the filtrate passes through the
tubule, its composition is altered by the secretion of certain substances and by the
selective reabsorption of water and other constituents. The filtration process produces
an ultrafiltrate that becomes urine, which is conveyed through the collecting tubules
into the renal pelvis. 1.2 million nephrons per kidney are involved in the filtration and
removal of wastes as well as in the reabsorption of water, proteins, other essentials
into the blood. About 180 liters of blood enter the kidneys every day while reabsorb-
ing a large percentage, allowing for the generation of only approximately two liters of
urine.

The kidneys eliminate a variety of waste products produced by metabolism, in-
cluding urea derived from protein catabolism, as well as uric acid, from nucleic acid
metabolism (Table 3.1). These nitrogenous wastes are eliminated through the forma-
tion of urine, which occurs by a counter-current multiplication system. This requires
water and ion permeability in the descending limb of the loop, water impermeability
in the ascending loop, and active ion transport out of most of the ascending loop of
the tubules. The kidneys contribute to maintaining acid-base homeostasis, which is
the maintenance of pH around a relatively stable value. This function is performed by
reabsorbing bicarbonate from urine and excreting hydrogen ions into urine.

The kidney performs water reabsorption and creates an increase in urine concen-
tration, maintaining plasma osmolality to its normal levels. An increase in osmolality
causes the secretion of antidiuretic hormone (ADH), which binds to the principal cells
in the collecting duct that translocate aquaporin to the membrane, allowing water to
leave the normally impermeable membrane and be reabsorbed into the body, thus
increasing the plasma volume of the body.
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Tab. 3.1: Molecules excreted, secreted and reabsorbed by kidneys.

Excreted molecules Secreted substances Reabsorbed substances
Urea 30g/day — Hydroxybenzoates - Glucose
Creatinine 2 g/day — Hippurates - Amino acids
Salt 15 g/day — Neutrotransmitters — Phosphate
Uric acid 0.7 g/day (dopamine) — Sulfate
Water 1500 ml/day - Bile pigments - Lactate
— Uric acid - Succinate
— Antibiotics - Citrate
— Morphine
— Saccharin

Kidneys are also involved in the long-term regulation of blood pressure. This primar-
ily occurs through the maintenance of the extracellular fluid compartment, the size
of which depends on the plasma sodium concentration. Renin is the first chemical
messenger that makes up the renin-angiotensin system. Changes in renin ultimately
principally alter the hormones angiotensin II and aldosterone, which both increase
the kidney’s absorption of sodium chloride, thereby expanding the extracellular fluid
compartment and raising blood pressure. Elevated levels of renin produce an increase
of angiotensin II and aldosterone concentrations, leading to increased sodium chlo-
ride reabsorption, expansion of the extracellular fluid compartment, which increases
the blood pressure. On the other hand, low renin levels produce a decrease of an-
giotensin I and aldosterone levels, resulting in a decrease of blood pressure. A variety
of hormones are secreted by the kidneys, including erythropoietin and the enzyme
renin. When levels of oxygen at the tissue level are low, erythropoietin is released in
response to hypoxia in the renal circulation. It stimulates the production of red blood
cells in the bone marrow.

When kidneys fail, it is necessary to replace the kidney functions with a dialy-
sis treatment that involves the diffusion of solutes through a membrane driven by a
concentration gradient. For the treatment of uremic patients an artificial membrane
(hemodialysis) or a biological membrane (peritoneal dialysis) can be utilized.

3.2.2 Hemodialysis treatment

The global rate of end-stage renal disease (ESRD) was estimated to be 2786 000 at
the end of 2011 and, with a 67 % growth rate, continues to increase at a significantly
higher rate than the world population. Approximately 2164 000 people were under-
going hemodialysis (HD) or peritoneal dialysis (PD), and around 622 000 people were
living with kidney transplants. Therefore, more than three-quarters of all ESRD pa-
tients were treated by dialysis.
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If we look at the global geographical distribution we can see that most dialysis
patients are in the US (19 %), Europe (15 %), and Japan (14 %). More than 50 % of the
global dialysis patient population is treated in the US, Japan, China, Brazil, and Ger-
many and 38 % in other countries [3] (Figure 3.2).

In hemodialysis, a selective artificial membrane simulates in the dialyzer the
function of nephron. The patient is connected to an extracorporeal circuit by a veno-
arterious shunt. The patient blood flows outside of the body by means of plastic tubes
(blood lines) into a dialyzer. The dialyzer membranes work as an artificial kidney by
separating waste products and excess water from the blood. Arterial blood flows at
200-300 ml/min on one side of a membrane (0.5-2 m? surface area), while a buffered
isotonic dialysate solution flows on the other membrane side in a counter-current
mode. Low MW waste metabolites diffuse across the membrane in response to a
transmembrane concentration difference. The hemodialysis machine pumps blood
and anticoagulants, regulates the purification process, and controls the mixing of
dialysis solution and the rate of its flow through the system.

W us

CJEU

[J)apan

[ China

[l Brazil  Fig. 3.2: Global distribution of ESRD patients
[ Other  treated by dialysis process (data from [3]).

Membrane hollow fibers and glomerular capillaries have many similarities: both em-
ploy a cylindrical cross-section that allows minimization of the perimembrane bound-
ary layers and maximization of transport efficiency; they have the same ratio of wall
thickness to the cross-sectional diameter; they are composed of linear hydrophilic
polymers that rely on van der Waals forces, and islands of cristallinity to retain their
integrity; they allow the passage of small solutes and retain proteins. Differences con-
cern the size: the glomerule has a diameter of 4-8 pm, whereas synthetic hollow fiber
membranes have diameters in the range of 200 pm. Furthermore there are other dif-
ferences regarding the operating time, which in the case of nephron is 168 h/week,
whereas in the case of dialyzer is 12 h/week. The cutoff of the dialysis membrane is
lower than that of the glomerule. Chemical species with a molecular weight between
5000 and 12 000 Da, eliminated by natural kidneys, are not removed by hemodialysis
treatment, and their accumulation might be responsible in some hemodialysis com-
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plications (anemia, bone and joint pain, neuropathy, itching). For these reasons the
development of new dialysis membranes are devoted to realize a “high-flux dialyzer”
and to prepare highly permeable membranes, such as new polymethylmetacrylate
(BK-F) [4] which, compared to the conventional PMMA and cellulose acetate, have
demonstrated a satisfactory dialytic removal of solutes including beta-2 microglob-
ulin, which plays an important role in the complication of dialysis failure.

3.2.3 History of hemodialysis

Dialysis was first described by Thomas Graham in 1854 [5]. He used a membrane cre-
ated from an ox bladder to cover the wide open end of a bell-shaped vessel filled with
urine. Graham suspended the vessel inside a larger container filled with distilled wa-
ter. After several hours, the bell-shaped vessel was removed (Figure 3.3). The larger
container was heated so that the fluid inside boiled to dryness. Graham showed that
the residue in the larger container consisted mainly of sodium chloride and urea, the
principal components of urine. This proved that urea had passed through the mem-
brane.

Ox bladder semi-permeable membrane
Distilled water

Fig. 3.3: Graham dialysis system [5].

In 1914 John Abel et al. developed and tested the first efficient dialysis system, consist-
ing of a filtering device made of cellulose trinitrate (collodion) tubes and an attached
burette containing hirudin solution obtained from leech heads used as the anticoag-
ulant (Figure 3.4) [6].

The first human hemodialysis was performed in a uremic patient by Haas in 1924
by using a tubular device made of collodion. Only in 1937, the first flat hemodialysis
membrane made of cellophane was produced (Figure 3.5) [7].

The first practical artificial kidney was developed by Willem Kolff [8].The Kolff
kidney used a 20 m long tube made of cellophane sausage casing as a dialyzing mem-
brane. The tube was wrapped around a slatted wooden drum (Figure 3.6). Powered
by an electric motor, the drum revolved in a tank filled with dialyzing solution. The
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Fig. 3.5: Haas dialyzer (image from the Institut fiir Geschichte der Medizin, GieBen).

patient’s blood was drawn through the cellophane tubing by gravity as the drum re-
volved. Toxic molecules in the blood diffused through the tubing into the dialyzing
solution. Complete dialysis took about six hours. The Kolff kidney effectively removed
toxins from the blood, but because it operated at low pressure, it was unable to remove
excess fluid from the patient’s blood. Modern dialysis machines are designed to filter
out excess fluid while cleansing the blood of wastes.

Improvement of the membrane geometry led to the development of new hemodi-
alyzers by using tubes, coils (Alwall dialyzer), flat sheets (Kiil dialyzer), and hollow
fiber membranes (Stewart) [9, 10].

A major step forward was the development of the hollow-fiber dialyzer by Richard
Stewart in 1964 [9] (Figure 3.7), who explored the medical applications of cellulose
acetate capillary fibers. His group demonstrated that as in a kidney substances can be
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Fig. 3.7: Hollow-fiber dialyzer by Richard Stewart in 1964 (http://homedialysis.org/home-dialysis-
basics/machines-and-supplies/dialysis-museum).

selectively removed from the blood as well as excess water. This technology replaced
the traditional membranous tubes and flat membranes of the day with a number of
capillary-sized hollow membranes. This procedure allowed the realization of dialyzers
with a surface area large enough to fulfil the demands of efficient dialysis treatment.

The first capillary dialyzer used capillaries that were made of thin-wall (16 mi-
cron) cuprophan fibers (Figure 3.8). The size of dialyzers decreased over time, and the
apparatus utilized for treatment has become less elaborate.
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Fig. 3.8: Cuprophan hollow fiber dialyzer (http://homedialysis.org/home-dialysis-basics/machines-
and-supplies/dialysis-museum).

3.2.4 Concepts of hemodialysis

In dialytic therapy, diffusion and convection have been combined in order to replace
the renal function.

Diffusive transport allows the passage of solutes from one side of the membrane
to the other side according to their concentration gradients. The diffusive transport
(Js) through a membrane depends on the temperature (T), the surface area (4), and it
is inversely proportional to the membrane thickness (6):

Js = DSAT%. (3.1)
As aresult, separation between solutes is obtained as a difference in the diffusion rates
across the membrane arising from differences in molecular size. In hemodialysis the
primary mechanism of solute transport is diffusion, although there is also a convec-
tive contribution. The membrane separates blood from the dialysate and small solutes
diffuse across the membrane from the blood to the dialysate compartment according
to their concentration gradient, passing from the higher to the lower concentration
side [11]. Blood and dialysate flow are in countercurrent mode in order to maintain
optimized concentration gradients over the whole length of the dialyzer (Figure 3.9).
High flux can be obtained using membranes as thin as possible. Considering that
the diffusion coefficient is dependent on the molecular weight of the chemical species,
the performance of the dialysis process is more efficient than ultrafiltration for species
in a wide molecular weight range.
In the convective transport the driving force for the passage of solutes through
a membrane is the transmembrane pressure gradient. Therefore, the convective flux
of a solute (J.) depends on the ultrafiltration rate (Qug), the solute concentration in
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plasma water (cp), and the solute sieving coefficient (S) [12]:
Je = QurcpS. 3.2)

The sieving coefficient is the ratio from solute filtrate concentration c to the respective
solute plasma concentration cp:
s=<. (33)
Cp
From a theoretical point of view the sieving coefficient value can be considered in ideal
conditions as S = 1 — g, where o is the reflection coefficient of the membrane, which is
a measure of the selectivity of a membrane and has a value between 0 (no selectivity)
and 1 (no solute transport). With porous membranes the major contribution for the
retention of a given solute is its molecular size in relation to that of the membrane
pores [11]. Therefore a relationship exists between the reflection coefficient and the
solute sizes. The reflection coefficient increases with increasing solute size, and the
membrane becomes more selective.

The dialyzer performance can be evaluated by (a) the ultrafiltration coefficient or
flux, (b) the ability to remove urea and other molecules with low MW, (c) proficiency
to expel molecules with middle MW, and (d) the capacity to retain albumin and larger
molecules. One of the roles of the dialyzer is the removal of water excess from the
patient, which can be achieved by using a membrane highly permeable to water. The
ultrafiltration coefficient (Kyr) describes the water permeability of the membrane di-
alyzer and depends on the hydraulic permeability (L) and the surface area of the
membrane (A), as reported in equation (3.4):

Kur = LhA. (3.4)
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Thus, at a given transmembrane pressure gradient AP the ultrafiltration rate (Qur) is
dependent of the ultrafiltration coefficient:

Qur = Kyr AP. (3.5)

The dialyzer performance is measured through the clearance, which is the ratio of
removal rate to blood concentration [13]:

cP b P
Clearance = Qp [ 22— | 4 Q¢ 01;“ , (3.6)
Cin in

where 2. and cb, are the inflow and outflow blood concentrations, respectively.

The diffusive term is described in the first part of equation (3.6), whereas the con-
vective term is described by the second part.

Solute clearance increases as the dialyzer blood and dialysate flow rates increase.

The dialysance accounts for the accumulation of solute in the dialysate compart-
ment:

c® —cb b
Dialysance = Q, (%ﬁ“) + Qur (ﬁ) , (3.7)
m m m m

where cﬂl is the inflow concentration of a given solute in the dialysate.

The removal rate can be measured instantaneously by sampling blood on either
side of the dialyzer and multiplying the difference by the inflow rate:
b _ b
Kq = Qbkam , (3.8)

Cin

where Qy, is blood flow, cijn and ¢yt are the inflow and outflow concentration, respec-
tively.

The performance of the whole treatment is best measured from the fall in solute
concentration from before dialysis (co) to after dialysis (c). The clearance is a measure
of a solute’s fractional removal rate, which for convection or diffusion tends to remain
constant, despite the marked decrease in concentration during dialysis [14]. A con-
stant fractional removal rate means that the absolute removal rate is proportional to
the concentration, as illustrated in Figure 3.10.

Generally low molecular weight solutes like urea, creatinine, phosphate, and vi-
tamins are used as marker to evaluate the performance of hemodialysis, which reflects
the removal through a diffusive mechanism. Larger solutes (e.g. inulin, 2 microglob-
ulin, and albumin) can be removed through a convective transport, although the dif-
fusive clearance of these solutes does not provide reliable information. The sieving
coefficient is an important parameter to be considered in this case. The larger solutes
are used as marker molecules in the hemofilters and hemodiafilters. However, the total
clearance (equation (3.6)) provides information concerning the performance of high-
flux dialyzers.
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/

Fig. 3.10: Decrease of solute concentration with time
in hemodialysis, a straight line when plotted on a
logarithmic scale (adapted from [14]).

Time

The clearance of molecules is affected by such factors as the blood flow rate and the
molecular weight of molecules, as depicted in Figure 3.11. For small molecules the
clearance rate increases significantly with increasing blood flow reaching plateau val-
ues. For molecules with middle molecular weight the clearance is affected to a small
extent by the blood flow rate.
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Fig. 3.11: Schematic diagram of the clearance rate of molecules with small and middle MW as a func-
tion of the blood flow rate.

Other factors which influence mainly small solute clearance on the basis of equa-
tion (3.1) are also the membrane thickness and surface area. At a given blood flow
rate small solute clearance increases linearly with surface area up to 1.2-1.4 m? and
then flattens off [13]. The influence of the membrane surface becomes significant with
larger solutes which are removed by convection. The diffusive clearance can be im-
proved by using thinner membranes.
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The maximum clearance achievable for a particular solute at infinite blood and
dialysate flow rates is described by the dialyzer mass transfer area coefficient (KoA)
[15, 16]:

KoA = QbQq In Qa(Qp —Kd)’

Qv—- Q4 Qn(Qa - Ka)
where Kj is the mass transfer coefficient, A is the surface area of the membrane, Qp
and Qq are the blood flow rate and dialysate flow rate, respectively, Kq is the mean of
blood and dialysate side solute clearance.

KpA is directly proportional to the dialyzer membrane surface area, which de-
pends on the length and number of fibers in a hollow-fiber dialyzer. This parameter is
inversely proportional to the diffusion pathway represented by the average length of
the membrane pores.

Therefore, the mass transfer area coefficient is the intrinsic clearance of the di-
alyzer for the measured solute (e.g., urea), which is a property of the solute and of
the dialyzer, and is independent on flow rates and concentrations. For this reason
it is often used to compare different dialyzers and dialyzer models. On the basis of
the Ko A parameter, hemodialyzers are distinguished as low or high efficiency [17, 18].
In Figure 3.12 we can see the comparison of urea clearance rates between low and
high efficiency hemodialysis. At low blood flow the clearance rate is similar in both
hemodialyzers. As blood and dialysate flow rates increase, the clearance increases in
a curvilinear fashion that reaches a plateau (Ko A) which is higher (KgA > 600 ml/min)
for the high efficiency hemodialyzer and low (Ko A < 500 ml/min) for the low efficiency
hemodialyzer [19].

High-flux dialyzers are more effective in removing larger molecules as well as wa-
ter and electrolytes.

(3.9)
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Fig. 3.12: Comparison of urea clearance rates between high and low efficiency hemodialyzers.
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Another property used to evaluate the performance of the hemodialyzer is the per-
meability, which is a measure of the clearance of the middle molecular weight
molecule (e.g. B2-microglobulin). Hemodialyzers that allow f2-microglobulin clear-
ance <10ml/min have been defined as low permeability, whereas hemodialyzers
which allow B2-microglobulin clearance >20 ml/min have been defined as high per-
meability hemodialyzers [19, 20].

Solute removal by hemodialysis is greatly influenced by the molecular size of the
solute and its diffusion in the blood compartment. A decrease in the efficacy of solute
removal could be due to large molecular size, high protein binding, and slow diffusion
of the solutes to the blood compartment.

The physico-chemical properties of membrane (hydrophobic/hydrophilic do-
mains, ionic charges, etc.) and solute (e.g. electrical charge) may affect the diffusion
across the hemodialysis membrane. Associated with the membrane are the layers
at the interface of membrane; depending on the fluid the mixing may change the
concentration at the interface of solutes and consequently the concentration gradient
representing the driving force of the diffusive transport.

The presence of proteins in the blood can affect the diffusive transport of solutes
by binding to proteins or by a Gibbs—Donann effect. Solutes may bind to the blood pro-
teins or other constituents forming complexes which are not permeable to the mem-
brane.

Negatively charged blood proteins are impermeable to the membrane and tend to
accumulate at the membrane surface. Consequently in order to ensure electroneutral-
ity a certain number of cations (e.g. sodium, calcium) must be retained by the blood,
leading to an imbalance in the concentration of ions across the membrane.

3.3 Hemofiltration

Membrane-based therapies for the treatment of patients with acute renal failure are
not limited to dialysis, but also include other modalities. Hemofiltration (HF) has been
developed to overcome the reduced efficacy of diffusion for molecules with middle
and large MW. In hemofiltration, similarly to hemodialysis, the blood passes through
a hemofilter in an extracorporeal circuit. However, the mechanisms by which the
molecules are removed by blood differ markedly. In this process the driving force is a
hydrostatic pressure gradient that induces a large flux of water across the membrane
from the blood side to the filtrate side (Figure 3.13). As a result the rate of solute
removal is proportional to the applied pressure. Because the water flux drags solutes
across the membrane, the selectivity of the process is determined exclusively by the
sieving properties of the membrane [21].
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Fig. 3.13: Solute transport in hemofiltration.

The clearance for a given solute is expressed in terms of its sieving coefficient and the
total water flux:
Clearance = QugS. (3.10)

Factors that influence the effective convection are the hydraulic permeability and ul-
trafiltration coefficient of the membrane, the solute permeability in the useful molec-
ular weight range, and the pressure gradient. Therefore, the convective transport de-
pends strongly on pore size and pore size distribution of the membrane, molecular
shape and geometry of solutes and their molecular weight, as well as on the physico-
chemical properties of membranes and solutes.

As reported above, the solute sieving coefficient (S) is the ratio of the solute fil-
trate concentration cr to the respective solute plasma concentration cp in the absence
of a diffusion gradient. However, in the blood compartment, solute distribution is not
homogeneous: solute tends to accumulate at the blood—membrane interface when fil-
tration increases, thus creating gradients for diffusion towards the bulk region inside
the hollow fiber. As a consequence, a contribution to the solute transport is also given
by diffusion. The sieving coefficient could be overestimated, because the concentra-
tion in the bulk region (which is the measured value) is generally lower than that at
the blood—-membrane interface [11]. The sieving coefficient is also dependent on the
interfacial membrane interactions with plasma proteins. For example the protein ad-
sorption on the membrane surface reduces the sieving coefficient slightly or strongly
depending on the formation of thin or thick protein layer and additional phenomenon
of polarization (Figure 3.14).

The separation properties of membranes used in hemofilters are closer to those
of renal glomerule: membrane pore size ranges from 40 to 50 kDa. In this way, mid-
dle molecular weight toxins can be eliminated, thus avoiding their accumulation in
the blood and consequently complications. In hemofiltration, an excess of water can
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Fig. 3.14: Effects of interactions between the membrane and plasma proteins on solute sieving coef-
ficient.
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Fig. 3.15: Comparison of convective and diffusive transport of solutes with different MW.

be removed, and due to the convective mass transfer, solute transport is indepen-
dent on the molecular size in contrast to the diffusion process, dominant in conven-
tional dialysis, which favors the elimination of small solutes. In fact, uremic middle
molecules are more effectively eliminated during hemofiltration than during dialy-
sis. During hemofiltration, in contrast to hemodialysis, urea, creatinine, and phos-
phate are cleared at lower rates, but convective transport is favorable for larger MW
solutes (Figure 3.15). Overall, the efficacy is reduced for small molecular weight sub-
stances (urea, creatinine, electrolytes) and improved for higher molecular weight so-
lutes (small proteins, mediators, etc.).

Larger molecules, which are cleared from the blood only in negligible quantities
by a dialyzer, are cleared efficiently by the hemofilter. Although the properties of the
membrane in hemofiltration are closer to the those of renal glomerule, in this process
the filtrate is not selectively reabsorbed, as occurs in the kidney. During hemofiltration
the filtrate is discarded, and the patient receives infusions of a substitution solution.
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Substitution fluid, typically a buffered electrolyte solution close to a plasma-water
composition, can be administered pre- or post-filter. For this reason generally this
type of therapy is used for patients who show fluid retention to avoid any fluid sub-
stitution, or for patients with acute renal failure in intensive care units (where most
patients have multiorgan failure) who receive more than 21 of fluid a day, many of
which is nutrition [22-24].

On the other hand, it is recognized that in hemofiltration the use of membranes
with higher cutoff involves a loss of selectivity of the membrane: small solutes are
removed less effectively than during dialysis, thus limiting the reduction of treatment
time. To match HF small MW transport with HD performance, large amounts of ex-
change volume are needed.

However, hemofiltration inevitably leads to an increase in the concentration of
both red cells and plasma protein in the blood of the extracorporeal circuit. The
plasma component of the blood represents the sole source of the salt and water that
are the principal constituents of the filtrate [25]. Therefore, there is thus a tendency
to produce viscous blood. This can be reduced by inducing a filtration rate that is
lower than 30 % of the blood flow rate, or by using as predilution by administering
the replacement fluid proximal to the hemofilter.

Several treatment formats are currently in use, including continuous arterio-
venous hemofiltration (CAVH) and continuous veno-venous hemofiltration (CVVH).

3.4 Hemodiafiltration

Hemodiafiltration (HDF) originated from work done in the late 1970’s by Leber et al.
and is the combination of hemodialysis and hemofiltration processes. The high rate
of ultrafiltration is combined with the efficient diffusion, overcoming the disadvan-
tages related to each single treatment. Due to a combination of convective mass trans-
fer and diffusion, the clearance values of both small and larger molecules are sig-
nificantly higher than during hemofiltration and hemodialysis alone with the same
membrane. Hemodiafiltration allows the removal of middle- and large-size molecules,
which influence the incidence and progress of ESRD complications such as amyloi-
dosis that is due to the accumulation of f2-microglobulin. In contrast to the mem-
branes used in HD, which have a hydraulic permeability of 5-6 ml/h mmHg m?, mem-
branes used in HDF have higher hydraulic permeability of one order of magnitude
(30-40 ml/h mmHg m?). Considering that the ultrafiltration coefficient is related to the
MW of the solutes, the removal of solutes with MW of 5000 Da requires an ultrafiltra-
tion coefficient about 15 ml/h mmHg (Figure 3.16). The ultrafiltration coefficient for
HDF membranes is greater than 10 ml/h mmHg. This process requires volume substi-
tution (pre- or post-filter) and dialysate fluid.

HDF, like HD, is influenced by the blood and dialysate flow rate and red cell con-
centration. The solute transport in the case of HDF is also influenced by the dilution
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mode if the dilution of the blood occurs before to enter in the filter or post filter. The
dilution of blood before entering into the filter ensures better rheological conditions
and higher convective transport of large molecules, but clearances of small MW so-
lutes are slightly reduced because of the decreased concentration gradients across
the membrane. In the post-dilution mode, the efficacy of molecules with small MW
is slightly increased, but clearances of high MW solutes may reach the three-fold level
of HD. For this reason post-dilution is the best compromise between solute removal
and substitution fluid consumption.

Many works have shown the effect of HDF in comparison to HD and HF, underlying
the efficacy of HDF in the removal of high MW solutes (small proteins, mediators, etc.)
and small MW substances (urea, creatinine, electrolytes, buffer base).

If we compare the clearance of low and high MW molecules among HD, HF, and
HDF, we can see that the elimination potential of HDF approaches that of the natural
kidney, ensuring an efficient removal in a wide range of MW (Figure 3.17).
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Fig. 3.17: Comparison of clearances for small and high MW solutes among HD, HF, and HDF processes.
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3.5 Membranes used in hemodialyzers/hemofilters

Membranes used in dialysis are of cellulosic or synthetic nature. The early membranes
used in hemodialysis were manufactured from regenerated cellulose or cellulose ac-
etate by using dry-wet and dry-spinning process. Due to their small thickness, these
hydrophilic membranes exhibited good diffusivity for solutes with small MW and
could be sterilized by the common procedures (e.g. EtO, y-irradiation, steam). One
of the problems of these membranes has been related to their biocompatibility prop-
erties due to the presence of the reactive hydroxyl groups in the polymer, which are
responsible for complement activation. In order to improve the biocompatibility cellu-
lose has been modified by substituting hydroxyl groups with N,N,-diethylaminoethyl
(DEAE) [27]. These DEAE groups create hydrophobic regions in hydrophilic chain
and sterically hinder the interaction with complement factors, thus improving mem-
brane biocompatibility. This membrane has been commercialized under the name
Hemophan® by Membrana. A similar approach consisted in replacing less than 1% of
hydroxyl groups with benzyl groups [28]. The membrane biocompatibility of cellulose
was also improved by grafting the cellulose backbone with polyethylene glycol (PEG),
which creates a layer between the membrane surface and blood hindering the contact
with plasma proteins that lead to complement activation (AM-BIO, Asahi) [29]. With
the attempt to enhance the biocompatibility of the cellulose membranes a coating
with vitamin E has been used. The most common method to modify cellulose was to
substitute the hydroxyl groups with acetyl groups (cellulose acetate) and on the basis
of the number of hydroxyl groups substituted with acetyl groups the polymer becomes
cellulose diacetate or triacetate. These membranes are produced by Gambro, Toyobo,
Baxter, Tejin, and Helbio.

Most of the synthetic polymers used to prepare membranes are hydrophobic in
nature (except EVAL) and have to be made more hydrophilic during their produc-
tion process. PAN is made hydrophilic by copolymerization with sodium methallyl
sulfonate (AN69® Hospal) and with methylmethacrylate and the addition of acrylic
acid (PA, Asahi) [30].

These membranes have high hydraulic permeabilities and are therefore suitable
for high-flux dialysis, hemodiafiltration, and hemofiltration.

In order to overcome problems with anaphylactic reactions, PEI is sprayed onto
the membrane to mask the negatively charged sulfone groups of the AN69®.

PMMA membranes are modified by copolymerization with small amounts of p-
styrene sodium sulfonate. These membranes are commercialized by Toray [31]. In the
polyamide membranes used in hemofilters (Gambro), PA is blended with PVP to make
the membrane more hydrophilic. Membranes of polysulfone/poly(aryl)ethersulfone
family meet most of the requirements made on a membrane. Polysulfone membranes
can be sterilized by all the common methods, are biocompatible, and are of high phys-
ical strength and chemical resistance. Low- and high-flow versions exhibit good per-
formance characteristics. Most of various polysulfone membranes currently available
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on the market differ slightly in their basic polymer. This membrane family is manu-
factured by Fresenius, Asahi Medical, Toray Industries, Saxonia, Membrana, Hospal,
Gambro, Minntech, Nikkisio, and Kimal [13].

3.6 Plasmapheresis

Membrane plasmapheresis exchange therapy (from the Greek “apheresis” - to sup-
press) is a simple method, without side effects, for healing or achieving homeostasis
of the body. The procedure consists of separating the blood from the cellular elements
(red cells, leukocytes, platelets, etc.) from the plasma, the fluid part of the blood which
stores degraded metabolic components, chemical components, drug toxins, environ-
mental components — heavy metals, for example — and immunological components
characteristic of humoral immunity and of its autoimmune informational content. In
summary, all the fractions that cause the disease.

Membrane-based plasma therapy is an important treatment for attending to some
immunologic and dismetabolic diseases due to the accumulation of macromolecules
such as IgG, IgM, cryoglobulins immune complexes, and LDL cholesterol [16]. Pa-
tients with polyneuropathy, neuropathy, systemic glomerulonephritis, and familial
hypercholesterolemia are treated with plasma filters for the removal of specific fac-
tors. In membrane plasmapheresis, blood is pumped through a plasma filter which
consists of a membrane and ultrafiltration solution. The plasma filter separates blood
into a plasma and a cellular component. The cellular component is reinserted into
the blood stream along with the plasma component. Membrane plasmapheresis pro-
cesses work in much the same way as the hemodialysis process. Blood is generally
passed through a number of membranes: usually one but possibly two in more selec-
tive applications. Secondary plasma filtration allows for a more selective elimination
of dangerous macromolecules while retaining important components to be recom-
bined with plasma. The primary membrane is used to separate the cellular and plasma
components. The secondary filter is then used to separate the plasma component into
two solutions, one which is discarded, and another which is recombined, which are
selectively re-added to the cellular component.

Once plasma is separated from the cellular components, it is easy to remove cer-
tain toxic substances. It is possible to selectively substitute molecules at the level of a
few million Daltons molecular weight, e.g. immune complexes, or a few hundred thou-
sand Daltons molecular weight, e.g. gammaglobulin fractions, or below 100 000 Da
molecular weight, e.g. albumin fractions, by using a cascade of membrane technol-
ogy [33] (Figure 3.18).

Thus, this procedure involves the filtration of plasma through membrane filters
with different pore size to remove toxins and retain clotting factors and proteins.
Smaller pore size plasmafilters are used to remove molecules with a molecular weight
> 180 kDa, such as IgG, immune complexes, and cryoglobulins. Larger pore filters are
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Fig. 3.18: Cascade of membrane technology for selective removal of macromolecules
(adapted from [33]).
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able to remove macromolecules with molecular weight =900 kDa, such as IgM and
LDL-cholesterol. In plasmapheresis microfiltration membranes are used (e.g. poly-
sulfone, polypropylene, cellulose diacetate) with pore size ranging from 0.1 to 0.7 pum
and membrane surface area 0.2-0.5 m?. The membranes are available in hollow fiber
and flat configurations and are assembled in devices produced by several companies
(Table 3.2).

Tab. 3.2: Commercial membrane plasma filters (adapted from [32]).

Membrane type Pore size  Surface area  Filter

[um] [m?]
cellulose diacetate  0.20 0.50 Plasmaflo-APO5H (Asahi Medical, Tokyo, Japan)
(hollow fiber) 0.20 0.65 Plasmaflo-AP05 (Asahi Medical)
polypropylene 0.55 0.17 Fenwal CPS-10 (Baxter, Deerfield, IL, USA)
(hollow fiber) 0.20 0.50 Hemaplex-BT900 (Sorin Group Italia srl)

0.65 0.12 Curesis M82 (Organon Teknika, Durham, NC, USA)
polypropylene 0.60 0.13 Centry TPE (Cobe, Lakewood, CO, USA)
(flat plate)
polysulfone 0.20 0.50 Sulflux-FS (Kaneka, New York, NY, USA)

(hollow fiber)

polymethylmeth- 0.50 0.50 Plasmax-PS05 (Toray, Tokyo, Japan)
acrylate (hollow fiber)

The efficacy of plasmafilters in removing toxins is comparable with that of plasma
exchange, but the requirement for albumin is greatly reduced. This procedure is used
in patients with Guillain—Barre syndrome, chronic idiopathic demyelinating polyneu-
ropathy. In this case the use of plasmafilters permits an effective removal of pathogenic
high molecular weight substances.

The plasma treatment with sorbents is an alternative technique used for the re-
moval of toxins from patients’ blood. The application of this technique consists of the
separation of plasma from the whole blood by filtration through microporous mem-
branes, the removal of toxins from the plasma through sorption, and the reinfusion
of the purified plasma into the blood through filters that prevent the passage of the
sorbent. Multisorbent systems contain anion exchange resin and activated charcoal
for the removal of middle molecular weight solutes and molecules.

Other therapeutic apheresis in which membrane devices are also used include ery-
throcytapheresis, which consists of the separation of erythrocytes from whole blood;
the plateletpheresis (thrombopheresis, thrombocytapheresis), consisting of the col-
lection of platelets by apheresis, while returning the red blood cells, white blood cells
and plasma component; leukapheresis consisting of the removal of peripheral mono-
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cytes, basophils, eosinophils for transfusion into patients whose peripheral mono-
cytes are ineffective or where traditional therapy has failed.

The primary physiologic effects of therapeutic apheresis include citrate antico-
agulation, fluid balance, plasma dilution, and a potential for cellular loss. The most
common side effects include vasovagal reaction, citrate toxicity (hypocalcemia), and
transfusion reactions.

3.7 Atrtificial lung
3.7.1 Lung functions

Lungs are a pair of spongy, air-filled organs located on either side of the chest (tho-
rax). The trachea (windpipe) conducts inhaled air into the lungs through its tubular
branches, called bronchi. The bronchi then divide into smaller and smaller branches
(bronchioles), finally becoming microscopic.

The bronchioles eventually end in clusters of microscopic air sacs called alveoli
where the gas exchange of carbon dioxide and oxygen takes place.

In the alveoli, oxygen from the air is absorbed into the blood. Carbon dioxide, a
waste product of metabolism, travels from the blood to the alveoli, where it can be
exhaled. Between the alveoli is a thin layer of cells called the interstitium, which con-
tains blood vessels and cells that help support the alveoli.

Each alveol can be compared to a small sac delimited by a very thin layer of tissue
surrounded by blood capillaries. The thin layer of tissue and the capillaries form the
respiratory membrane which is responsible for gas exchange: the oxygen passes from
the lungs to the blood and carbon dioxide from the blood to the lungs. The oxygen
and carbon dioxide concentrations are different at both sides of the respiratory mem-
brane: the oxygen concentration is higher in the alveoli, whereas the carbon dioxide
concentration is higher on the blood side (Figure 3.19). The transport of both gases is
due to the diffusive mechanism: the oxygen from the alveoli to the blood red cells and
the carbon dioxide from the blood red cells to the alveoli. The thin thickness of the res-
piratory membrane (0.1 micron) ensures a fast diffusion of oxygen and carbon dioxide.
The carbon anhydrase enzyme localized in the endothelium of pulmonary capillaries
facilitates the removal of carbon dioxide from the blood. This enzyme catalyses the
rapid conversion of carbon dioxide to bicarbonate and protons.

In patients with impaired lung functions a membrane oxygenator is able to replace
the lung functions and to support the patient for a limited time as bridge.
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3.7.2 Membrane oxygenator

Membranes are used in blood oxygenation for cardiopulmonary bypass and/or respi-
ratory insufficiency by substituting the lung function for oxygen supply to the blood
and removal of CO, from the blood. Today the extracorporeal membrane oxygenation
system is an accepted technique for temporary lung support.

Acute respiratory failure occurs with an incidence of 80-90 cases/100 000 inhabi-
tants per year [34, 35]. The more severe forms of acute respiratory failure, such as acute
lung injury and acute respiratory distress syndrome (ARDS), occur with incidences of
20-70 [36] and 1.5-13.5/100 000 inhabitants per year [36, 37, 39], respectively. Patients
with ARDS are treated with advanced methods, which include, but are not limited to,
various forms of mechanical ventilation with positive end-expiratory pressure (PEEP)
and permissive hypercapnia, positional manoeuvres, sophisticated fluid regimens,
and inhalational pulmonary vasodilators [40—42]. However, a number of ARDS pa-
tients whose pulmonary gas exchange cannot be sufficiently improved by the above
mentioned methods, and extracorporeal membrane oxygenation (ECMO) represents
an additional therapeutic option during the acute phase. Furthermore, ECMO is widely
used in heart surgery. ECMO is most commonly used to support mature newborn in-
fants with acute respiratory failure. In neonates, quite promising survival rates of 56 %
have been observed since ECMO was introduced, whereas in adults comparable good
survival rates have not been shown. Bartlett et al. [43] attributed the success of ECMO
in newborns to the fact that in neonatal respiratory failure the lungs require only a
short time for recovery, and extracorporeal techniques in the 1970s could be carried
out safely for a few days. In the 1980s, the technology was adapted to pediatric and,
later on, in the 1990s, to adult acute respiratory failure and cardiac failure.
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In the neonate, persistent pulmonary hypertension (PPHN) is the most frequent
cause of acute respiratory failure. The etiology of PPHN can either be idiopathic or a
secondary consequence of a variety of diseases that include, but are not limited to,
sepsis, pneumonia, meconium aspiration, diaphragmatic hernia, and hyaline mem-
brane disease. PPHN is pathophysiologically characterized by the distinct pulmonary
hypertension, pronounced hypoxia, and the extrapulmonary monary right-to-left
shunt across the patent ductus arteriosus and the foramen oval. The course of the dis-
ease may be complicated by the effects of direct lung damage, leading to additional
intrapulmonary right-to-left shunt.

3.7.3 History of ECMO

The first device to oxygenate blood extracorporeally for perfusion of isolated organs
was developed in 1885 by von Frey and Gruber [44]. In this device gas exchange was
achieved by conducting a continuous flow of oxygen through an inclined rotating
cylinder with the inner surface covered with a thin film of blood (Figure 3.20).

In 1937 Gibbon [45] developed the heart-lung machine in order to allow open heart
surgery. In this system anticoagulated blood was directly exposed to oxygen (“film” or
“bubble oxygenators™), but the use of this device was limited to a few hours [46] due
to severe hemolysis, thrombocytopenia, hemorrhage, and organ failure caused by the
direct contact between blood and the gaseous phase (Figure 3.21).

In 1956, Clowes and Neville [47] developed the first membrane artificial lung that
separated the gaseous from the liquid phase by a membrane. They used a teflon mem-
brane with an area of 25m?, but it was bulky and difficult to sterilize. In 1964 a new
disposable oxygenator using silicon-rubber membrane was developed, and only in
1963 hollow-fiber membrane oxygenators were proposed. The membrane oxygenator

HATgTH

Fig. 3.20: Blood oxygenation system developed by von Frey and Gruber [44].
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Fig. 3.21: Heart-lung machine used by
John Gibbon successfully on an 18-year-old
patient [45].

provided faster and more efficient blood oxygenation with fewer complications than
the film or bubble oxygenators, and were practical for cardiopulmonary bypass that
lasted longer than a few hours [48]. In 1972, clinical application of ECMO in respiratory
failure of newborns and adults was attempted. In that year, Hill et al. [49] reported the
survival of a 24 year old patient with ARDS who had been treated with ECMO during
the acute phase of the disease, and four years later, Bartlett et al. [43] reported the first
newborn treated with ECMO who survived.

Bleeding due to complete anticoagulation has been reported as the major com-
plication during extracorporeal respiratory support [50, 51]. In 1983, Larm et al. [52]
developed a technique in which the heparin molecule is covalently attached to syn-
thetic surfaces, which allowed heparinization of all surfaces of the extracorporeal
gas exchange device that come into contact with blood. In 1987, Bindslev et al. [53]
reported the first long-term application of a surface-heparinized extracorporeal cir-
cuit in a 44-year-old woman with severe ARDS. Since that time, nearly all European
ECMO centers have switched to the surface-heparinized extracorporeal circulation
technique, with no or minimal systemic heparinization [41, 54].

3.7.4 Extracorporeal membrane oxygenation (ECMO) system

The term extracorporeal membrane oxygenation (ECMO) was initially used to describe
long-term extracorporeal support that focused on the function of oxygenation. Subse-
quently, in some patients, the emphasis shifted to carbon dioxide removal, and the
term extracorporeal carbon dioxide removal was coined. Extracorporeal support was
later used for postoperative support in patients following cardiac surgery. Other vari-
ations of its capabilities have been tested and used over the last few years, making it
an important tool in the armamentarium of life and organ support measures for clin-
icians. It works as an artificial heart and lung by providing propulsion pressure for
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blood flow through a circuit and an interface for oxygen and carbon dioxide exchange.
ECMO can be categorized according to the organ supported (respiratory, cardiac, or
cardiorespiratory), or according to the circuit used (veno-arterial and veno-venous).
Veno-arterial ECMO provides both gas exchange and circulatory support, while veno-
venous ECMO allows only gas exchange. With all of these uses for extracorporeal cir-
cuitry, a new term, extracorporeal life support (ECLS), has come into vogue to describe
this technology. There are several differences between ECMO and cardiopulmonary
bypass. ECMO is frequently instituted using only cervical cannulation, which can be
performed under local anesthesia; standard cardiopulmonary bypass is usually insti-
tuted by transthoracic cannulation under general anesthesia. Unlike standard cardio-
pulmonary bypass, which is used for short-term support measured in hours, ECMO is
used for longer-term support ranging from 3 to 10 days. The purpose of ECMO is to
allow time for intrinsic recovery of the lungs and heart; a standard cardiopulmonary
bypass provides support during various types of cardiac surgical procedures.

In the ECMO, the blood from a systemic vein (e.g. cava vein) flows by a pump to
the membrane device for oxygenation, and the oxygenated blood comes back to the
aorta branch in systemic circulation (Figure 3.22). In membrane devices for blood oxy-
genation, the membrane is used in order to have a suitably wide surface area (2-10 m?)
to gas exchange between the blood and the oxygen enriched stream. The membranes
used in oxygenators are generally hydrophobic membranes, permeable only to gas
and not to liquids (e.g. polypropylene, teflon, silicone). In this way, the resistance to
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Fig. 3.22: Diagram of extracorporeal membrane oxygenation (www.perfusione.net).
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Fig. 3.23: Comparison between alveoli (a) and synthetic membranes of polypropylene (b) used in
membrane oxygenators.

gas transport through the membrane is reduced, and consequently also the surface of
the membrane necessary to obtain transmembrane sufficient gas flux. The first type
of membranes used in oxygenator was silicone dense membrane. The introduction of
polypropylene porous membranes successfully permitted the reduction of the resis-
tance to oxygen transport.

The performance of the membrane oxygenator closely approximates that of the
natural lung. Synthetic and natural membranes are similar: both the saccular form of
the alveoli and the very thin alveoli septa as well as the polypropylene membrane used
in oxygenators for the massive reticulated surface deployed as fine, porous, open-cell
foams (Figure 3.23).

In the natural lung the blood flows through fine capillaries in the alveoli and ex-
changes O, and CO; across the capillary endothelial cells and a very thin mucopolysac-
caride hydrogel film. In the oxygenator the blood flows on the outside of a large fiber
with diameter of approximately of 300 pm and exchanges respiratory gases across a
meniscus that forms across the membrane pore at the interface of the blood and the
gas. In the natural lung the gas exchange surface (50-100 m?) is one order of magni-
tude greater than artificial lung; therefore to sature the blood a higher residence time
in the device and the use of a gas current more enriched of oxygen [55] are necessary
(Table 3.3).

First, red blood cells pass through pulmonary capillaries, making the distance
for O, diffusion much shorter than in an artificial lung. The rate of oxygen transfer in
natural lungs is not limited by diffusion, except in the case of severe lung disease or
extreme exercise. Indeed, the difference between gas tensions measured in the natural
alveoli and in the blood is mostly due to ventilation-perfusion mismatching. In con-
trast, in artificial lungs operating under normal conditions, a significant difference in
partial pressures occurs between the gas and blood phases.
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Tab. 3.3: Comparison of physical characteristics of a membrane artificial lung and natural lung
(adapted from [56]).

Characteristic Membrane lung  Natural lung
Surface area [m?] 0.5-4 70

Blood path width [um] 200 8

Blood path length [pm] 250000 200
Membrane thickness [pm] 150 0.5
Maximum O, transfer [ml/min]  400-600 2000

A second disadvantage of the artificial lung is the significantly smaller surface area
over which to exchange gases (typically less than 10 % of the natural lung’s area).
Current membrane lungs compensate for these shortcomings by increasing the blood
pathlength (the distance that the blood travels past the gas exchange surface), thereby
increasing the time available for blood exposure to the gas exchange surface. In ad-
dition, secondary flows are induced in artificial lungs to promote mixing and bring
deoxygenated blood closer to the exchange surface. Artificial lungs can be ventilated
with 100 % O, to maximize the driving pressure difference for O, diffusion, without
the toxic effects that would occur in the natural lung, and the artificial lung can be
ventilated with a high flow of fresh gas to keep the CO, fraction in the gas phase low.

A typical membrane oxygenator has a gas surface exchange of 1.7 m? and oper-
ates with a maximum blood flow rate of 800 ml/min, and it uses a priming volume
of 260 ml. Both oxygen and carbon dioxide flow rates increase with increasing blood
flow rate (Figure 3.24) approaching to saturation values at 800 ml/min.

3.7.5 Intravenous membrane oxygenator (IMO)

An intravenous membrane oxygenator (IMO) was developed at the University of Pitts-
burgh in order to provide temporary and portable respiratory support to military and
civilian personnel whose lungs are acutely damaged and impaired [57]. This device
consists of several hundred hollow fiber membranes (HFMs) manifolded to gas sup-
ply lines for O, delivery, CO, removal, and helium supply to a balloon integer located
within the fiber bundle. The IMO device is several feet in length and consists of about
1000 hollow fiber membranes. Oxygen enters these membranes through an external
tube, and flows through the fibers under vacuum pressure. Oxygen within each fiber
diffuses through tiny pores in the fiber wall into the blood, and is exchanged for car-
bon dioxide, which diffuses into the fibers and exits the device through a second tube.
A key element is a central balloon within the bundle of hollow fiber membranes that
pulsates to move the fibers and mix blood (Figure 3.25). The inflation and deflation
of the balloon draws blood directly across the fiber membranes and greatly facilitates
the exchange of oxygen and carbon dioxide. Since the balloon essentially pumps the
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Fig. 3.24: Relationship between gas flow rate and blood flow rate: (a) oxygen and (b) carbon dioxide.

blood over the fibers, the device can be designed to offer little impediment to blood
flow returning to the heart. Rapid pulsation of the balloon generates additional con-
vective flow of blood across the HFMs and enhances the rate of O, delivery and CO,
removal. The IMO prototypes exchanged O, and CO, at rates equal to or exceeding our
design target for gas transfer per fiber surface area. This target is based on attaining
50 % of the normal baseline metabolic requirements for O, supply and CO, removal
with an IMO device of 0.4-0.5m? fiber surface area. The next phase of IMO develop-
ment has already begun and involves scaling up to full-size IMO devices intended for
human implantation [57].

Fig. 3.25: IMO device (www.pitt.edu).
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The IMO is used for patients who have a chance to reverse their respiratory problems.
Because the prolonged use of respirators could eventually cause damage to the pa-
tient’s lungs over a period of days or weeks, the artificial lung may eventually replace
existing mechanical ventilation in patients with respiratory failure.

3.7.6 Gas transfer in a membrane oxygenator

In an oxygenator, gas transfer from the gas to the liquid phase (or the opposite di-
rection) is driven by diffusion according to the partial pressure difference of the gas
on the basis of Fick’s law. The rate of diffusion is proportional to the partial pressure
gradient of the gas in the direction of diffusion (i.e. the change in the partial pressure
of the gas per unit distance). Mathematically, the rate of diffusion per unit area, J§,
along the diffusion path can be described as

(3.11)

where D is the diffusivity constant (a characteristic of the material and gas), and P is
the partial pressure of the gas at any particular location, 8. [58].

Several inferences can be made from this relationship. The rate of total gas trans-
fer can be increased by increasing the partial pressure difference (represented by AP)
or the surface area available for diffusion. The rate of gas transfer can also be increased
by decreasing the distance § through which the gas must diffuse.

The diffusivity, D, is constant for a particular gas and diffusion barrier material
at a constant temperature. Kinetic theory dictates that the diffusivity is related to the
molecular speed of the gas molecules and, according to Graham’s law, is inversely
proportional to the square root of the molecular weight of the gas. The diffusivity of
a gas is related to the solubility of the gas, because increasing solubility enhances
movement of the gas through a solid or liquid. This latter factor complicates the anal-
ysis of gas transfer [59, 60]. Gas diffusion in blood, particularly oxygen diffusion, is
somewhat more complicated than predicted by Fick’s law. In addition to simple dif-
fusion through the blood plasma, the absorption of oxygen by red blood cells must
be considered. It is not difficult to imagine that the O, concentration within a volume
of blood will increase as the exposure time of blood to either a bubble or membrane
interface increases.

The gas exchange of the oxygenator can rapidly be determined using either blood
or gas phase measurements. In the blood phase, gas transfer can be calculated by ap-
plication of conservation of mass (Fick’s principle). This assumes that the transfer of
0, across the membrane or bubble interface causes the difference between the oxygen
content flowing into and emerging from the oxygenator. Thus, the oxygen content of
the arterial and venous perfusion tubes is determined by continuous in-line monitors
or blood gas determinations, and the difference is multiplied by the flow rate of blood
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(pump flow rate) as shown in equation (3.12):
Vo, = Q(ca - ¢v). (3.12)

where Vo, is the oxygen transfer rate, Q is the blood flow rate, and c is the oxygen
content, with a and v representing the arterial and venous values, respectively.

3.7.7 Membrane configuration

Membrane lungs attempt to achieve separation between the blood and gas in a manner
analogous to the natural lung. Membrane lungs provide a complete barrier between
the gas and blood phases, so that gas transfer depends totally on the diffusion of
gas through the membrane material. Most membrane lungs today have micropores,
as for example the Kolobow spiral coil membrane lung [61] (Avecor Cardiovascular,
Inc., Minneapolis, MN). This lung is primarily used in extracorporeal membrane oxy-
genation because of its ability to maintain stable CO, and O, for long periods of time
(weeks) without the decrease in gas transfer that is commonly seen with microporous
membrane lungs. The Kolobow membrane lung consists of a silicone membrane in
the shape of an envelope that is coiled on it. Blood flows through the integral heat
exchanger and then past the membrane (Figure 3.26 (a)). This oxygenator is available
in gas exchange surface area in the range of 0.5-4.5 m? to provide extracorporeal mem-
brane oxygenation to patients ranging from neonates with congenital lung disease to
adults with adult respiratory distress syndrome.

Microporous membranes allow at least transient direct blood-gas interfacing at
the initiation of cardiopulmonary bypass. After a short time, a protein coating of the
membrane and gas interface takes place, and no further direct blood and gas con-
tact exists. Typically, the surface tension of the blood prevents large amounts of fluid
from traversing the small micropores during cardiopulmonary bypass. The micropores
provide conduits through the polypropylene membrane that give sufficient diffusion
capability to the membrane for both oxygen and carbon dioxide exchange.

However, over several hours of use, the functional capacity of microporous mem-
brane oxygenators decreases because of evaporation and subsequent condensation
of serum that leaks through the micropores [62-64]. It has been suggested that this
transfer may be reduced by heating the membrane lung and the gas entering it [62],
the premise being that the condensation within the fibers can be minimized by main-
taining the ventilating gas temperature above blood temperature to minimize conden-
sation. Although currently unconfirmed, the initial results of this approach appear
promising. Blood surface tension prevents gas leakage into the blood (provided ex-
cessive gas compartment pressures do not occur).

Two primary membrane configurations are currently being used: the hollow fiber
design originally described by Bodell et al. [65] and the folded envelope design. Hol-
low fiber membranes of polypropylene with micropores less than 1 pum are required to
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inhibit both gas and serum leakage across the membrane. The widespread current use
of membrane lungs depended on the development of the microporous membrane. Be-
fore this innovation, available materials with the necessary structural integrity (teflon,
cellulose) were incapable of sufficient gas exchange without excess surface areas. The
microporous membrane provides the necessary gas transfer capability via the micro-
pores, where there is a direct blood-gas interface with minimal resistance to diffusion.

Two basic types of hollow fiber membrane lungs have been made (Figure 3.24 (b)
and (c)): those with the blood phase on the inside or on the outside of the fibers. In
the former, blood flows within the lumen of a bundle of parallel connected hollow
fibers typically 200 pum internal diameter and 25 nm wall thickness. Gas flows in the
fiber shell counter current to the blood (Figure 3.24 (b)). The blood side transfer re-
sistance is high, owing to the laminar rectilinear blood flow. This could be reduced
by decreasing the diffusion path length when using smaller fiber bores. However, it
is impractical to reduce the inner diameter, d, below the present level of 200 pm for
several reasons, such as the hydrostatic pressure drop over the bundle and the po-
tential for fiber occlusion by cellular aggregates. Decreased oxygenator function from
thrombosis within the fibers has occurred with the former design [66]. However, satis-
factory clinical performance continues to be achieved with both blood flow patterns.
For oxygenators with blood flow outside the fiber, the blood flows either perpendicular

Core
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Gas flowm \
- /
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Fig. 3.26: Membrane configuration in blood
oxygenators: (a) Kolobow coiled membrane
oxygenator; (b) shell and tube configuration
Gas flow using hollow fibres; (c) cross-flow hollow fiber
(© configuration.
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to the fiber bundle (cross-current) or in the direction of the fibers (Figure 3.24 (c)). In
the latter case, blood usually flows in the opposite direction to the gas flow (counter-
current). Cross-current blood flow offers the advantage of naturally induced secondary
flow generation. The fibers tend to “trip” the flow, inducing eddies downstream of each
fiber. This flow alteration reduces the diffusion boundary layer of downstream fibers,
thereby enhancing gas exchange. Another advantage to routing blood outside the hol-
low fibers is reduced pressure drop across the blood compartment. The generation and
strength of the secondary flows is dependent on the blood velocity and viscosity, the
fiber external diameter, and the inter fiber spacing. For similar O, transfer rates, the
membrane area required for a cross-flow design is about 2-2.5 times smaller than that
for a shell and tube design.

In both parallel plate/screen and cross-flow configurations, the primary blood
flow generates convective mixing in combination with the flow path geometry. The gas
transfer may be greatly enhanced by active mixing units, in which an additional exter-
nal energy input is required, e.g. the rotation of a membrane-lined disc [67]. Although
many active mixing oxygenators have been tested, very few have reached clinical ap-
plication because of their greater complexity, higher production cost, and the need for
ancillary drives. The pulsed vortex design was marketed as the interpulse membrane
oxygenator [68]. In this oxygenator each blood channel is composed of two opposing
sheets of microporous membrane supported over plastic plates to form longitudinal
furrows perpendicular to the blood flow direction. As the blood is pulsed across the
membrane, vortices are cyclically formed within and ejected from the furrows. This
method of mixing is highly effective and reduces by a factor of six the membrane area
needed by a shell and tube unit.

Nowadays membrane oxygenators are extensively used in North America and
Western Europe because of their suitability for long-term perfusion in cardiac surgery,
although they present some problems concerning red cell damage and granulocyte
and platelet activation. However, because technological advances have reduced the
cost difference between membrane and bubble oxygenators, routine use of membrane
oxygenators has become the norm in most developed countries. Benefits may be real-
ized from using membrane oxygenators in long perfusions in adults, and possibly in
all perfusions in infants and small children.
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4 Blood-membrane interactions

4.1 Thrombogenicity of membranes in contact with blood

One of the problems when devices such as hemodialyzers, oxygenators, or artificial
valves contact blood is the thrombosis and thromboembolism [1]. When blood comes
in contact with foreign substances by extracorporeal circulation, a reaction to foreign
bodies takes place in the blood. Thus, to evaluate the safety of the material, a reac-
tion to foreign bodies is used as an indicator of biocompatibility. A biocompatible
membrane is a membrane with more affinity to a living body and which reacts less
to foreign bodies.

Materials in contact with blood often initiate coagulation processes, affect platelet
morphology and function, and cause an immunologic answer of the body. The first
event of a complicated sequence that leads to thrombus formation and immuno-
reactions is protein adsorption, which plays a mediating role in bioaccumulation,
systemic foreign body reactions, and tissue regeneration, and is therefore crucial for
the biocompatibility and performance of medical devices [2]. The protein adsorption
occurs in a few seconds; then platelets adhere within the first minute, followed by
platelet aggregation that leads to blood coagulation and thrombus formation [3]
(Figure 4.1).

Thus, the development of biomedical polymers has to comprise the detailed inves-
tigation of protein adsorption. According to the Vroman effect, proteins adhere with
the sequence albumin, IgG, fibrinogen, fibronectin, factor XII, and high MW kininogen
following an adsorption and desorption process in which the desorption is due to the
arrival of proteins at higher affinity [4]. The adsorption of thrombin may activate the
clotting cascade [5].

The protein adsorption is dependent on physico-chemical properties of both
membranes and proteins, and thus the adsorbed protein layer in terms of compo-
sition and thickness affects the blood-materials interactions. As a consequence this
layer supports the adhesion of platelets that undergo morphological changes, release
factors and aggregate. The coagulation cascade activation can occur through the
adsorption of proteins and release of platelet factors. In Figure 4.2 the interrelations
among the biocompatibility parameters are shown.

There are two main mechanisms by which the blood clotting process is initiated
by blood-surface interactions: platelet activation through protein adhesion and coag-
ulation activation. Both these mechanisms depend on the properties of the substrate
material.

DOI110.1515/9783110268010-005
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4.2 Binding of platelets to the surface

The platelet interactions at the material interface play a major role in contributing to
the thrombogenicity of foreign surfaces.

The surface chemistry (hydrophilicity, hydrophobicity, polarity, contact angle,
critical surface tension) can have a profound impact on platelet reactivity. Platelets
adhere to an artificial surface through interaction with surface adsorbed adhesion
molecules like fibrinogen, von Willebrand factor, immunoglobulins, vitronectin, and
fibronectin. When the adhesion receptors of platelets recognized the adsorbed pro-
teins over the membrane, platelets undergo to the subsequent adhesion, spreading,
and activation process.

For a wide range of surfaces the platelet adhesion is mediated by GPIIb/IIIa re-
ceptors. Once these receptors are activated they go through calcium-dependent con-
formational changes to express binding sites for the adhesive ligands such as fib-
rinogen, von Willebrand factor (VWF), fibronectin, and vitronectin, which support
platelet aggregation and interactions with the subendothelium (Figure 4.2). Fibrino-
gen is the GPIIb/IIIa ligand involved in supporting platelet adhesion to artificial sur-
faces. Its adsorption has correlated well with the ability of many surfaces to promote
platelet adhesion. In particular, fibrinogen has been shown to be the key protein in
the adhesion process [6, 7], whereas fibronectin, VWF and immunoglobulins only
show supporting effects that may be related to platelet activation. Furthermore, the
amount of adsorbed fibrinogen required to facilitate platelet adhesion is extremely
small, = 7 ng/cm?. Platelet adhesion to surface-bound fibrinogen is, however, intrigu-
ing, since the fibrinogen receptor integrin oy, 33 is required to be activated into a high
affinity state by inside-out signalling to effectively bind fibrinogen in solution [8]. This
mechanism is overridden as integrin a3 in its “low affinity” state, evidently is ca-
pable of binding surface adsorbed fibrinogen. It is speculated that this is facilitated by
a change in the conformation of fibrinogen when adsorbed to surfaces.

For the stable adhesion of platelets to the vessel wall or a growing thrombus in
vivo are required integrins, which are noncovalent heterodimeric complexes of a trans-
membrane a- and -chain. These are largely extracellular and contain short cytoplas-
mic tails [9]. The integrins need to be in an active conformation to bind ligand [10, 11].
Integrins on platelets, once activated, interact with several adhesive proteins of the
extracellular matrix such as collagens, elastin, laminin, vitronectin, or in the blood
plasma (VWEF, fibrinogen, fibronectin) [12]. The integrin oy B3 (GPIIb/IIIa) is the most
abundant glycoprotein expressed by platelets (more than 80 000 copies expressed per
platelet) and the most important adhesive receptor for platelet aggregation. In the ac-
tive conformation it binds to several ligands, particularly fibrinogen, VWF, fibronectin,
vitronectin, and CD40L. The activation of integrins occurs through several molecules
that include the soluble agonists ADP, epinephrine, thromboxane A2, and thrombin,
as well as the ligands of adhesive receptors like GPVI (collagen). Once activated the
integrin apB3 also contributes to the platelet activation process.
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The integrin a,B; (GPIa/Ila) is a less abundant platelet integrin, expressed at
1500-4000 copies per platelet [14]. In the active, extended conformation, it binds with
increased affinity to collagens [14, 15]. Integrin a,f; sustains and enhances platelet ad-
hesion via GPIb-V-IX and GPVI [16]. Therefore, platelet adhesion to artificial surfaces
requires fibrinogen receptor (GPIIb/IIIa receptors) expression to bind fibrinogen ad-
sorbed onto surfaces. Integrin a3 (binding vitronectin and fibrinogen), integrin o5,
(binding fibronectin), and integrin agf; (binding laminin) are moderately expressed
on platelets (1000 copies per cell) [13]. They contribute to thrombus formation only in
the absence of other functional integrins a;B; and aypf3 [17]. The glycoprotein CD36
(GPIV, GPIIIb) is abundantly expressed on platelets (10 000-25 000 copies) as well
as on mononuclear cells, macrophages, and endothelial cells. This protein acts as a
receptor for thrombospondin-1, oxidized low-density lipoprotein, and oxidized lipids.
VWF consisting of larger and smaller multimers of disulphide subunits unrolls from a
globular to a filamental conformation, which becomes a high-affinity surface for the
platelet GPIb-V-IX complex. The large multimers contain domains that support the
interactions between platelets, endothelial cells, and subendothelial collagen. VWF
together with specific glycoproteins GPIb/IX (CD42 a—d) expressed by platelets serve
as bridge between the surface and activated platelets (Figure 4.3).

The adherent and activated platelets undergo morphological changes that lead
to the formation of pseudopodia, to which other platelets attach through fibrino-
gen bound to GPIIb (CD41) and GPIIla (CDé61). Activated platelets release adenosine
diphosphate and thromboxane A2 and other substances that accelerate the formation

&Py \/on Willebrand factor
WA\ Fibrinogen
@ Vvitronectin
Fibronectin
Activated ¢ Fibrinogen
platelets %é ® Gpllla
GPIIb
GPIb/IX
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@ § LEN @

Membranes

Fig. 4.3: Platelet activation and aggregation on membranes. The adhesion of platelets is mediated
by vVWF and the platelet receptors GPIb/IX (CD42 a—d).
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of thrombin. The platelet stimulation via adhesive receptors and by soluble agonists
(autocrine substances and coagulation products) is required for thrombus formation.

The kinetics of platelet adhesion to artificial surfaces have been revealed to be
very rapid and initiation may take place in <5 s for hydrophobic surfaces and < 30 s for
hydrophilic surfaces [18, 19].

Hydrophobic surfaces are quickly fouled by fibrinogen adsorption, which causes
the platelet adhesion and ultimately the formation of a clot. Negatively charged sur-
faces result in contact activation, where coagulation signalling factors present in the
blood are activated on the substrate surface. This activation starts a signalling path-
way that leads to the formation of thrombin and ultimately a blood clot. Both of these
pathways are represented in Figure 4.4.

| Blood clot formation

| Fibrin mesh formation |

_/

| Thrombin formation |<—>| Plateletactivation|<—| Platelet adhesion |

| Fibrinogen adsorption |

N\ A\

Negatively charged membrane surfaces Hydrophobic membrane surfaces

Fig. 4.4: Scheme of the two main mechanisms of blood clot formation caused by blood-material
interaction.

4.3 Coagulation activation

The activation of coagulation can occur parallel to the activation of platelets [20]. The
coagulation pathway consists of a series of reactions in which inactive precursors (clot-
ting factors XII, XI, X, IX, VII, and II) are transformed in active proteases (factors XIIa,
XIa, Xa, IXa, VIIa, and IIa). Factors VII, IX, and X and prothrombin require vitamin K
for their synthesis and divalent cations (Ca?*, Mg?*). Factors V and VII are cofactors
which accelerate the catalytic reactions. There are two pathways of activation: intrin-
sic and extrinsic pathway (Figure 4.5).

The extrinsic pathway initiates within seconds by the cell membrane-anchored
tissue factor exposed during damage of the endothelium and activates factor VII.
The intrinsic system is activated within minutes by artificial surfaces such as mem-
branes through factor XII. Platelets express negatively charged phospholipids on

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



124 — 4 Blood-membrane interactions
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Fig. 4.5: Intrinsic and extrinsic pathways of coagulation activation.

their surface, and these either enhance the proteolitic activity of prekallikrein and
high MW kininogen or trigger the clotting cascade by the factor XII. All factors acti-
vating platelets affect coagulation activation. The coagulation process involves three
separate phases: (1) an initiation phase, in which low or of active coagulant factors
are generated; (2) an amplification phase, in which the level of active coagulation
factors is boosted; and (3) a propagation phase, in which coagulation factors bind to
highly procoagulant membranes of activated platelets and fibrin clots are formed.

The initiation phase, classically referred to as the extrinsic pathway of coagula-
tion, starts when the vasculature is disrupted, and subendothelial cells like smooth
muscle cells and fibroblasts become exposed to the bloodstream. These cells expose
a key initiator of the coagulation cascade, tissue factor, which binds coagulation
factor VIL. Tissue factor promotes proteolysis and activation to factor VIla acting as
a cofactor for factor VII. Upon endothelial damage, tissue factor is exposed to the
bloodstream and binds factor VII, which is activated by factor VIIa. This complex en-
ables subsequent activation of factor X and prothrombin, after which small amounts
of thrombin activate the factor XI-IX feedback loop on the platelet surface. Factor IXa
will then activate an additional factor X. Simultaneously, the trace amounts of throm-
bin will then activate factors VIII (cofactor to factor IX) and V (cofactor to factor X),
which dramatically enhances catalytic activity of factors IX and X. Finally, thrombin
(factor IIa) activation leads to fibrin deposition.

In parallel, local polyphosphate (polyP) release by activated platelets may addi-
tionally stimulate activation of factor XII, factor V, and factor XI and inhibit clot lysis.
The intrinsic system is activated within minutes by artificial surfaces trough factor XII.
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The clotting cascade in the case of injury is triggered via both intrinsic and extrinsic
systems. The extrinsic system involves the expression of phospholipoproteins (tissue
factor) from cells and activation of factor VII; on the other hand the intrinsic system
starts with the negative charges of phospholipids expressed at the platelet surface
or in the case of extracorporeal treatment by the charged membrane surfaces. For
the contact phase activation are required: (1) negatively charged surfaces that induce
a conformational change in (2) factor XII that becomes susceptible to the cleavage
of (3) prekallikreinin and high MW kininogen. Activated factor XII triggers factor XI,
which activates factor IX and which together with factor VII and calcium ions form a
tenase complex. This complex also turns on factor X, which can also be activated by
the tissue factor. The activated factor X forms together with factor V and prothrombin,
which will be converted into thrombin. Thrombin is the final enzyme in the coagula-
tion cascade and acts to cleave the plasma protein fibrinogen into fibrin monomers,
which then polymerize and cross-link to form a fibrous mesh [21-23]. Finally erythro-
cytes and platelets are trapped in this fibrin mesh, forming the thrombus.

The membrane surface may also influence blood coagulation modifying the func-
tions of the coagulation factors XII, XI, high-MW-kininogen and pre-kallikrein after
adsorption. It is proposed that the adsorption of coagulation factor XII to negatively
charged surfaces leads to subtle conformational changes in the enzyme that provoke
autoactivation [21-23]. Therefore the density of negative charges on a membrane sur-
face may influence the intensity of factor XII activation via positively charged amino
acids in its heavy chain [23]. Through complexation with high-MW-kininogen, which
binds to surfaces in a similar way, the factors XI and prekallikrein are brought into
close vicinity with factor XII, triggering their reciprocal activation and leading to a
strong amplification of contact activation [21].

4.4 Complement activation

As a component of the body’s defence system, the complement can be activated in
the case of invading microrganisms and when blood comes into contact with artificial
surfaces [24]. In the case of extracorporeal treatments such as hemodialysis the com-
plement activation, depending on the type of membranes, increases, reaching peak
values within the first 15-30 min of treatment. This is due to the adsorption of com-
plement proteins, which produce an acute inflammatory response. This proteolytic
cascade, which consists of about 30 soluble and membrane-bound proteins, can be
activated through three different pathways: (1) the classical pathway activated by the
antigen-antibody complex; (2) the lectin pathway, which is not relevant in interactions
with artificial surfaces; (3) the alternative pathway activated by binding the comple-
ment factor C3b to a foreign surface. The end-point of the classical and alternative
pathways are the C3a, C4a, and C5a.
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The classical pathway is activated when immune complexes (antigen-antibody)
bind to the C1q component of the complement system. Subsequently there is the ac-
tivation of Clr and Cls, both Clg-complexed proteases. Activated Cls cleaves C4 to
form C4a and C4b, which bind to the cell surface; C2 is cleaved into C2a which binds
to C4b to form the C4b2a complex (C3 convertase). C3 convertase cleaves C3 to form
C3b, which binds to C4b2a (C3 convertase) to form C4b2a3b complex (C5 convertase).
C5 convertase in turn cleaves C5 into C5a and C5b, and the latter triggers the forma-
tion of the membrane attack complex (MAC, C5b9), the final step in the complement
cascade that leads to cell lysis. C4b and C3b promote opsonization, while C4a and C5a
are anaphylatoxins with chemotactic properties and inflammatory response.

The activation of the lectin pathway is similar to the activation of the classical
pathway. It is triggered when mannose-binding proteins (MBP) found in complexes of
lectin-binding proteases (MASP) recognize the mannose on the surface of a pathogen.
As these proteins bind to mannose, they are activated to cleave C4 and C2. The rest of
the activation pathway is similar to the classical pathway.

The alternative pathway can be activated in conjunction with the classical and
lectin pathways, but may be constitutively turned on at any time. The hydrolysis of C3
triggers its activation to form C3a and C3b. C3b binds to the cell surface and interacts
with Factor B, which is cleaved by Factor D to generate fragment Bb. Fragment Bb is
capable of binding to other C3b molecules on the cell surface to form C3bBb (C3 conver-
tase). C3 convertase triggers an amplification loop to increase the hydrolysis of C3. The
ensuing surplus of C3b binds to C3 convertase and promotes conversion to C5 conver-
tase (C3b2Bb). C5 convertase then cleaves C5 to form C5a and C5b, and the latter factor
(C5b) leads to the formation of MAC. C3a and C5a are anaphylatoxins.

A system of regulatory proteins, one of them being factor I, acts to prevent uncon-
trolled activation of the alternative pathway by inactivating C3b into C3bi (inactivated
C3b). Factor H, the membrane cofactor protein (MCP, CD46), and thrombomodulin
act as factor I cofactors to inactivate C3b (Figure 4.6). In the event that these reg-
ulatory proteins fail to perform their duties, the alternative complement pathway is
over-activated, causing uncontrolled cell damage.

When membrane C3b coats artificial surface it attracts phagocytes and the ter-
minal complement components C5b-9, which attack membranes and lyse micro-
organisms influencing also cell activation [25]. Although the nonspecific alternative
pathway was long believed to be the relevant pathway in the extracorporeal treat-
ment, immune complexes and the classical pathway are also involved. An important
step of the complement activation is the cleavage of C5 in C5a e C5b. C5b initiates
the assembly of other factors (C6, C7, C8, and C9) to form the complex that attack
the membrane of foreign cells, leading to cell death. In the alternative pathway of
complement activation C3 splits into C3a and C3b (initiation phase). C3b has normally
a half-life and is inactivated, but in the presence of an artificial surface that exposes
carbohydrates, C3b binds hydroxyl groups, or amino groups of the surface, and then
cleaved (amplification phase). C3b attaches to the C3b component of convertase, with
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Fig. 4.6: Complement system activation pathways. IC: immune complexes (antigen-antibody);
MBP: mannose-binding protein; C3bi: C3b inactivated; MCP: membrane cofactor protein;
TM: thrombomodulin; MAC: membrane attack complex; amplification loop (red).

the consequent formation of complex C3b—C3bBb (C5 convertase), which cleaves C5
into C5a and C5b. The latter attaches to the surface, and together with C6 and C9
initiates the formation of the membrane attack complex.

4.5 Biocompatibility of dialysis membranes

Several studies indicate that platelet activation increases in a positively charged mem-
brane and decreases in a membrane having a microdomain structure in which hy-
drophilic and hydrophobic groups coexist randomly as molecules. Also, the comple-
ment activation, which in the case of biomaterials proceeds via an alternative pathway,
is mainly noted with cellulose membranes; free hydroxyl groups on the membrane
surface are bonded with C3b and further with factor B that promotes the activation
[26, 27].

Regenerated cellulose, which in the past was the main membrane material, is a
strong activator of the complement owing to the considerable number of factor C3b
binding sites such as hydroxyl groups that are responsible for activating complement
systems through the alternative pathway [28]. C3 can associate with the adsorbed
proteins, also playing a crucial role in the complement activation. Because the com-
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plement system is activated by the interaction with the —OH groups in cellulose, this
polymer was modified, substituting some —OH groups with less reactive chemical
groups. The first modification was performed replacing some hydroxyl groups with
N,N,-diethylaminoethyl (DEAE) [29]. In the polymer, bulk tertiary amino groups re-
place only 1.5 % of all hydroxyl groups through ether bonds. These groups constitute a
hydrophobic region on a hydrophilic surface and sterically hinder the interaction with
the complement factor. Other modifications consist of the replacement of some hy-
droxyl groups of the glucose monomer (less than 1 %) with hydrophobic benzyl groups
through ether bonds, in order to create hydrophobic domains onto a hydrophilic sur-
face. This membrane named synthetically modified cellulose (SMC®) is produced by
Membrana (Wuppertal, Germany) and is available in several dialyzers (e.g. Polysyn-
thane™ by Baxter and SMC® by Bellco/Sorin, Kawasumi, Braun) [30]. An increase
in biocompatibility was also achieved by grafting the cellulosic backbone with a
polyethylenglycol (AM-BIO membrane, Asahi) [31]. One of the strategies undertaken
to modify a cellulosic membrane was the coating of vitamin E performed by using a
hydrophilic acrylic polymer in order to reduce the oxidative stress [32]. This membrane
is marketed under the name Excebrane® by Terumo. In cellulosic membranes some
hydroxyl groups of the cellulosic glucose monomer were replaced with acetyl groups
developing an acetate cellulose membrane. On the basis of the substitution degree
(grade 2 or 3) cellulose diacetate or triacetate is formed by replacing two and three
hydroxyl groups of glucose monomer, respectively. Cellulose acetate membranes with
different substitution grade (2, 2.4, or 3) are on the market [33]. In addition, different
synthetic polymers were developed for dialysis membranes currently in use. These
polymers include PSf, PES, and polyester polymer alloy (PEPA®), all of which use
PVP as a hydrophilizing agent; PMMA; ethylene-vinylalcohol copolymer (EVAL®);
and acrylonitrile and sodium methallylsulfonate copolymer (AN69®).

However, membranes made from synthetic polymers which are negatively charg-
ed may activate the complement system. The complement components C3a and C5a
[34], inflammatory mediators, and the complement factor D [35], a 24 kDa molecule
needed for complement activation, are adsorbed by these membranes. The cytokines
and the complement factor D are efficiently removed using highly permeable mem-
branes or hemodiafiltration, which also suppress some biological responses resulting
from blood-membrane interactions. Therefore, anionic membranes (e.g. PAN) could
be more thrombogenic than more neutral polymers (e.g. polysulfone). It has been
shown that high factor XII adsorption and activation to factor XIla was observed on
the AN69® membrane. A comparison of different commercial membranes AN69®
(PAN), Cuprophan® (regenerated cellulose), and polysulfone in ex vivo recirculation
shows the higher thrombin-antithrombin III (TAT) complex generation in AN69®
than regenerated cellulose and polysulfone [36] (Figure 4.7). Membranes with hy-
droxyl groups are relatively inert regarding the activation of the intrinsic coagulation
pathway. On the other hand positive surface charges can activate membrane throm-
bogenicity. Hemophan® (DEAE-modified cellulose membrane), which is a low-level
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Fig. 4.7: Formation of TAT after 60 and 120 min of ex vivo recirculation by using commercial mem-
brane dialyzers (adapted from [36]).

platelet activator, favors thrombin-antithrombin III complex generation rather than
polyamide [37]. This is probably due to to the capacity of the DEAE positive groups to
adsorb negatively charged heparin from the blood with the consequent reduction of
heparin available for anticoagulation.

Unlike the coagulation factors, platelets adhere more to hydrophobic and cat-
ionic-charged membranes. A significant decrease in platelet count of about 9%
was observed by using cellulose acetate dialyzers (Duo-flux Cordis Dow) whereas
on Hemophan® (GFS 120 Plus, Gambro), AN69® (Filtral 12, Hospal), polysulfone
(F60, Fresenius) and cuprammonium rayon (AM-50-Bio Asahi) only an insignificant
decrease was observed [38]. Striking differences have been found in the expression of
the glycoprotein GMP-140 at the platelet surface. This protein is expressed by platelets
after activation and is considered to be another important parameter of platelet ac-
tivation. The analysis of samples from arterial and venous blood taken 5min after
beginning dialysis treatment evidenced the highest expression of GMP140 in cupro-
phan dialyzer (ST-15 Travenol), about 7 % of GMP140 expression increase was observed
in cellulose diacetate (CA 110, Nissho) and PMMA dialyzer (Filtryzer B 1-1.6H, Toray),
and the lowest expression was observed in polysulfone (Spiraflo HFT 10, Sorin) and
AN69® (Filtral 10 Hospal) [39] (Figure 4.8).

Among dialysis membranes, regenerated cellulose membranes are the strongest
complement activators, owing to the presence of hydroxyl groups that bind the com-
plement factor C3b. Indeed the partial substitution of hydroxyl groups with acetyl,
DEAE, benzyl groups, or the coating with PEG significantly reduces the activation of
the complement. Figure 4.9 shows the improvement of the C5a generation modifying
regenerated cellulose [6].

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



130 —— 4 Blood-membrane interactions

AN69°®

Polysulfone®

PMMA

Cellulose
diacetate

Cuprophan®

T T T T T
0 2 4 6 8 10 12 14
Increase GMP-140 [%]
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Fig. 4.9: C5a generation of cellulosic membranes native and modified compared to synthetic mem-
branes [6].

However the degree of hydroxyl group substitution is not correlated to the degree of
complement activation, because there are other factors involved. For this reason, syn-
thetically modified cellulose — SMC® with less than 1% of hydroxyl groups modified
exhibits a complement activation similar to that of acetate cellulose membrane, where
from 60 % (cellulose diacetate) to 90-100 % (cellulose triacetate) of hydroxyl groups
are substituted [6]. Regulatory proteins such as factor D and factor H that downreg-
ulate the alternative pathway of the complement cascade are involved. Both factors
bind the cellulose acetate membranes accelerating the degradation of surface-bound
C3b [27]. Therefore a reduction of complement activation can be achieved preventing
the interaction of C3 molecules with hydroxyl or amino groups.
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Several types of synthetic polymeric membranes have a low incidence of bioin-
compatible responses. An example of bioincompatible response elicited by negatively
charged membranes is the reaction that begins with coagulation factor XII activa-
tion and subsequently produces bradykinin [40]. Because bradykinin is broken down
by angiotensin-converting enzyme (ACE), negatively charged membranes may cause
anaphylactic- like shock in patients taking ACE inhibitors, due to the accumulation of
bradykinin [41]. Therefore, dialysis treatment with AN69® membranes is contraindi-
cated for patients using ACE inhibitors.

Membranes interacting with blood can also directly activate blood cells such as
leukocytes, platelets, and red blood cells [28], or indirectly through the pathway that
activates the complement system or coagulation factors, etc. (Figure 4.10).

Membrane

Fig. 4.10: Adhesion of blood cells and platelets on membranes in contact with blood.

Blood cells such as platelets and leukocytes regulate each other through activation
and/or inhibition; therefore they directly or indirectly activate or inhibit each other
[42-45]. The platelets that are activated upon exposure to a dialysis membrane adhere
to and aggregate on the membrane, forming clots, and also bind to leukocytes, thereby
activating them [46, 47]. The activated leukocytes release reactive oxygen species that
also activate platelets [48]. Since platelet activation induces the activation and inhi-
bition of various blood cells and biological reactions, the suppression of platelet acti-
vation is the key target to improving membrane biocompatibility. It has been reported
that platelet adhesion in the case of cellulose-based membranes is associated with
roughness [49], while on the other hand for PSf membranes the platelet adhesion is
associated with albumin adsorption of the membrane surface [50]. In the case of mem-
branes modified through coating, the surface modification alters not only the chemical
composition of the membrane material, but also the physical properties of the sur-
face such as pore size and roughness producing an effect on platelets and leukocytes
adhesion.
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Membrane dialyzers can activate leukocytes, which are determined by evalu-
ating their disappearance from the blood 30 min after the starting of hemodialysis.
The leukopenia is mainly induced by the overexpression of the leukocyte receptors
CD11b/CD18, CD15s, which leads to adhesiveness and aggregation. These activation
processes are mediated by the complement system. A very strong leukopenia is caused
by regenerated cellulose membranes, while modified cellulosic membranes cause an
intermediate to low drop in the number of leukocytes. On the other hand synthetic
membranes induce a moderate decrease of leukocyte number. The increase of mem-
brane permeability could remove the complement factors, and consequently could
improve membrane biocompatibility, although the leukopenia is dependent on re-
ceptor expression.

4.6 The role of protein adsorption

Generally, when membranes come into contact with blood, plasma protein adsorption
is the first event in the complex sequence that leads to thrombus formation and im-
munoreactions. The physical adsorption of protein molecules onto polymeric surfaces
results in a modification of the interface properties of the membrane, so that in some
cases the extent of subsequent cell adhesion increases, whereas in other cases the ex-
tent of adhesion decreases. Furthermore, the polymeric surface may induce conforma-
tional changes of the adsorbed proteins, with consequent influence on the biological
activities of the molecules causing an immunoresponse.

Fibrinogen and immunoglobulin G favor the adhesion of platelets, whereas albu-
min causes a marked decrease in platelet adhesion. Materials that show preferential
albumin adsorption demonstrate good blood compatibility, and materials that show
preferential fibrinogen adsorption demonstrate bioincompatibility. Depending on the
size, shape, overall charge, hydrophobicity, and internal stability of the molecule,
proteins could adsorb onto hydrophobic or hydrophilic substratas [51, 52]. As a re-
sult, the interfacial properties of the polymer material are modified by the physical
adsorption of protein molecules, with the consequent activation of platelets. Several
studies have shown the wettability properties of a material surface to protein adsorp-
tion [51, 52]. It has been demonstrated that among human plasmatic proteins albumin,
fibrinogen and immunoglobulin G, albumin adsorbs to a larger extent than the other
proteins according to the following sequence: albumin - fibrinogen - IgG. The ad-
sorption of proteins is affected by both physico-chemical properties of proteins and
membranes. Indeed, proteins have different values for interfacial tension and their
respective components. Protein adsorption depends on the acid-base parameter of
the protein surface free energy (Table 4.1). Albumin is the protein with the highest
value of total surface free energy y and of acid-base parameter y*? with respect to
fibrinogen and IgG; therefore it adsorbs to the greatest extent. Despite the different
nature of the proteins, fibrinogen, albumin, and IgG follow the same trend: the lower
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Tab. 4.1: Acid-base parameters of surface free energy of human plasma proteins.

Proteins T AR I
[m)/m?]

Albumin 36.1 499 2.2 21.0 57.1

ImmunoglobulinG 37.8 37.4 0.2 6.2 44.0

Fibrinogen 43,5 11.4 3.3 123 55.8

the base parameter of the membrane surface free energy, the lower the amount of ad-
sorbed protein.

Polymeric surfaces with a low base parameter of surface free energy exhibited
low IgG, albumin, and fibrinogen adsorption. In particular, it has been shown that
the amount of IgG at plasmatic concentration adsorbed on PEEK-WC membranes
was reduced to 45 % of the CA value. The adsorption of plasmatic proteins observed
on membranes with different physic-chemical properties (e.g. PP, PEEK-WC, CA, PU,
PES) follows the same trend: it increases with increasing the base parameter of the
membrane surface free energy with maximum adsorption on the membranes with
Yy~ = 33.4mJ/m? [51, 52].

In recent years a great effort has been made to optimize both the chemical and
physical properties of the membrane surface exposed to blood in order to improve
biocompatibility.

4.7 Strategies for inhibiting immunoreactions

In hemodialysis, coagulation pathways are suppressed, due to the use of anticoag-
ulants during the treatment, which cannot inhibit the activation of platelets. Cur-
rently, heparin and low molecular weight heparin derivatives are used as the main
anticoagulants. Citrate and prostacyclin have also been investigated. Heparin is a
glucosaminoglycan consisting of a mixture of sulphate polysaccharide chains with
alternating residues of D-glucosamine and uronic acid. Heparin performs its activity
through the activation of molecule antithrombin III. The anticoagulation activity
is based on the binding of a specific pentasaccharide to antithrombin III, which
causes a conformational change in the molecule. Thanks to this conformational
change, antithrombin III binds and inactivates the clotting factors thrombin, Xa,
IXa, XIa, and XIIa. In this way fibrin formation is avoided. The anticoagulant activity
of heparin is related to its molecular size: decreasing the molecular weight increases
the factor Xa inhibition and reduces the thrombin inhibition. Unfractionated hep-
arin, which is used in hemodialysis, is a heterogeneous mixture of molecules, with
a molecular weight ranging from 2000 to 40 000 Da. This also involves some side
effects in chronic hemodialysis patients, such as hypersensitivity reactions, inhibi-
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tion of platelet function, increased bleeding, thrombocytopenia, release of lipase,
etc. Citrate chelates divalent cations such as calcium and magnesium are used as
anticoagulant molecules. In hemodialysis blood is citrated only during the extracor-
poreal passage because of the interrelation of cations with the physiologic system. The
application of citrate is restricted to patients suffering from bleeding, pericarditis, or
to patients who react to heparin with severe thrombocytopenia. Indeed, citrate causes
less bleeding and activation of coagulation than heparin. However, the use of citrate
yielded conflicting results, and for this reason citrate anticoagulation is not yet con-
sidered to be suitable for standard hemodialysis treatment. Risks such as induction of
hyper- or hypocalcemia, hypernatriemia, and metabolic alkalosis are associated with
the use of citrate.

Prostacyclin is a strong inhibitor of platelet aggregation which in vivo is liberated
by endothelial cells during injury. Synthetic prostacyclin was used in dialysis in the
1980s, but its use is currently restricted to patients with a high risk of bleeding, owing
to side effects and high expense.

Recently, strategies aimed at avoiding the thrombogenicity of membranes involve
the seeding of endothelial cells on membrane surfaces. These cells normally maintain
hemostasis and regulate blood clotting, and thus it is expected to be a way to improve
biocompatibility. Molecular characterization studies suggest that confluent endothe-
lial cells exhibit a nonthrombogenic phenotype when cultured on a biomaterial [53].
The formation of a confluent monolayer of endothelial cells is dependent on the mor-
phological and physico-chemical properties of the membrane surface.

Since the endothelization of biomaterials has been a topic for research, other ap-
plications would also benefit, such as vascular prosthesis, stents, prosthetic heart
valves, and vena cava filters.
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5 Engineering of membrane bio-hybrid organs

5.1 Introduction

In this chapter we present the design criteria and the operative conditions enabling
an efficient mass transport of nutrients and catabolites in a bioreactor, with particular
attention paid to when transport occurs through polymeric membranes.

It is well accepted that the design of scaffolds and implants for clinical use, as
well as of bioreactors for cell culture, is significantly affected by fluid dynamics; in gen-
eral, a properly controlled environment in terms of mass transfer and reaction kinetics
is able to reproduce specific functions and bioactive factors for long-term viability of
cells.

Computer aided design (CAD) for advanced studies of mechanobiology and for
mathematical modeling of culture conditions in a bioreactor increases its repro-
ducibility and robustness, and allows a more realistic in vitro investigation and
control of those parameters that — at the intersection of engineering, biology, and
chemistry — reciprocally influence the behavior of cells and the performance bio-
materials in complex tissue-engineered systems. Below we present and discuss
experimental and computational approaches as indispensable tools for the devel-
opment of bioreactors and functional scaffolds for tissue engineering. As a first step
for a rational design of reactors, here we show the classical engineering approaches
based on residence time distribution (RTD) analysis.

Recent progresses in computational fluid dynamics (CFD) for the prediction of
oxygen, metabolites, and catabolite concentration profiles throughout high cell-
density biodevices, including a wide collection of rate expressions for metabolic
consumption of specific nutrients, and simulation cases related to lymphocytes, hep-
atocytes, and chondrocytes culture in bioreactors, are presented.

5.2 Fluid-dynamics of membrane bioreactors

The design of a bioreactor for cellular culture aims at creating an optimal artificial
environment able to sustain the viability, differentiation, and functions of cells. In this
respect, a well-engineered bioreactor is supposed to provide a supporting structure for
adhesion of cells, an efficient supply of nutrients, and specific cell-signaling protein
molecules (cytokines, growth factors etc.), an adequate removal of catabolites, and, in
general, to assure controlled conditions with respect to eventual time-variant input.
Since the early description of a rudimental dialysis process made by of Graham
[1], membranes play a significant role in biohybrid organs and bioreactors for clin-
ical applications, due to their intrinsic characteristics of efficiency and operational
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simplicity, high permeability, and selectivity to molecular components, excellent sta-
bility under mild operational conditions, robust automation, and easy scale-up.

As detailed in Chapter 2, membranes are characterized by a high specific surface
area (commercially available hollow fiber modules can reach a surface/volume ratio
up to 10 000 m%/m?) making them an ideal support for the adhesion of anchorage-
dependent cells; membranes show wide possibilities for chemical modification of the
polymer matrix to promote specific cell-substrate interactions; membranes can be
manufactured in multiform shapes (flat sheets, spiral wounds, tubular, hollow fibers,
capillary, etc.) and tailored to cover a wide spectrum of MWCO; they provide both an
efficient and selective transfer of metabolites to cells and a back-transport of catabo-
lites, thus maintaining cellular viability and functions in vitro for weeks.

Similar to conventional chemical reactors, the first step in the design of a bio-
reactor is the analysis of flow patterns and mixing characteristics. In fact, due to the
presence of membranes and eventually baffles, corners, preferential pathways, incom-
plete mixing, dead-zones, etc., the behavior of a real bioreactor can significantly differ
from ideal ones.

In this respect, it is convenient to refer to ideal reactors representing the two op-
posite limits of flow field: the plug-flow reactor (PFR), characterized by the absence
of mixing in the direction of flow (but complete radial mixing), and the completely
mixed continuous stirred-tank reactor (CSTR); in most practical applications, appro-
priate analytical combinations of PFR and CSTR well approximate real situations.

A plug flow reactor (PFR) is schematized in Figure 5.1(a) as a cylindrical tube
that operates isothermally, at constant pressure, and under steady-state, with reac-
tion mixture moving with nonbackmix flow, so that all fluid elements are perfectly
ordered and none overtakes any adjacent fluid volumes. In a plug flow reactor, the
fluid composition varies along the length of the reactor and — under the assumption
of negligible changes of volume during the reaction - the design equation is

Xif
Vr J dx;

Fio ") Cony G0

Xi,0

where Vy is the volume of the reactor, r; is the reaction rate, and Fj o, x; and v; are the
initial molar flowrate, the fractional conversion, and the stoichiometric coefficient of
the limiting reactant i (usually v; is set to 1), respectively. Subscripts 0 and f indicate
the inlet and outlet conditions, respectively. In recycle reactors x;,o # O.

If changes in the volume flow rate due to chemical reaction are negligible (system

at constant density),
Cif

dCi
= J (-viry)’ .2

Ci,0
where c is the concentration and 7 is the space time, defined as the ratio between the
volume of mixture in the reactor and the volumetric feed flowrate; the inverse of space
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time (1/7) is called space velocity. Equation (5.2)) is the same for a batch stirred tank
reactor if 7 is replaced by the real time.

Since a turbulent flow (i.e. Reynolds number < 2100) is required to approach a PFR
behavior, in many practical applications including laboratory-scale reactors, hollow-
fiber membrane bioreactors, and — in general — all devices facing the issue of cellular
adhesion and sensitivity to mechanical shear stress, high flow rates are not achiev-
able. Under these circumstances, laminar flow will occur and significant variations
from ideality might be detected.

Continuous stirred tank reactors (CSTR) allow the direct measurement of steady-
state reaction rates at constant temperature and pressure. This reactor is character-
ized by a total back-mixing, with fluid perfectly stirred and uniform in composition
(Figure 5.1 (b)): therefore, the composition of effluent stream is the same as the com-
position of the fluid in the reactor. The design equation, expressed as

Vr Xi

Fio EOK G.3)

correlates the reacting volume Vj to the reaction rate r;, the molar feed rate Fj o, the
molar fraction x;, and the stoichiometric coefficient v; of the limiting reactant i. In
principle, the volume of the reacting system might differ from the reactor volume Vy;
for cell culture applications, the reactant/product fluids are often in the liquid phase,
and, when largely diluted, changes in reaction volume can be reasonably considered
negligible. Under the assumption of constant volume, the design equation of a CSTR
can be written as a function of concentration, and the reaction rate r is calculated as

Ci—Ci
(-viry) = =21, (5.4)
T
where c; is the concentration of the limiting reactant; subscript 0 identifies the initial
value.
i0 Fi
" X
i0 dV i

Fig. 5.1: Schematic representation of: (a) plug
flow reactor (PFR); (b) continuous stirred tank
(b) reactor (CSTR).
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1/(-r)

Area =V, [F

CSTR (rectangular area)

PFR Fig. 5.2: Graphical resolution of design
equations for a PFR (light blue) and for a
i CSTR (total rectangle area).

A comparison between PFR and CSTR suggests that these ideal reactors represent the
maximum and minimum space time yield reactor configurations, respectively; there-
fore, for the same conversion, PFR always requires a lower reaction volume. From an
analytical point of view, Figure 5.2 shows that the area below the curve 1/(-r;) is al-
ways lower than the rectangular area for a CSTR.

In practical cases, the behavior of a real reactor might differ significantly from the
extreme mixing characteristics of PFR and CSTR. Deviations from ideal conditions
occur whenever the fluid moves through the reactor at different velocities, thus re-
sulting in channeling, formation of preferential pathways, locally incomplete mixing
and partial segregation. An additional reason for deviations might originate from local
micromixing or diffusion in the direction of flow in tubular reactors.

Mixing conditions within a reactor are characterized in terms of residence time
distribution (RTD), the probability distribution function describing the time that a
fluid element spends inside the reactor. RTD analysis is an efficient diagnosis tool
for inspection of troubleshooting in a reactor: it permits the achievement or preser-
vation of a desired flow pattern, and the estimation of the performance of the real
reactor.

Danckwerts [2] extensively investigated the concept of “fluid element”, that is, a
small fluid volume with defined physical properties. The RTD function, age distribu-
tion E(t), measures the residence time of the various fluid elements in the reactor.

A comparison of the RTD function of a real reactor with the ideal ones allows a
qualitative evaluation of the extent and reason of the pattern flow deviations. Quanti-
tative analysis of the pattern flow analysis proceeds through the modeling of the real
reactor by analytical combination of the RTD functions of ideal reactors that reason-
ably reproduces the experimental data.
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Residence time distribution tests are experimentally carried out by stimulus-
response technique: a nonreactive tracer is injected at the inlet of the reactor vessel
(stimulus). The input signal to the reactor is a known function depending on the
way of changing the concentration of the tracer in time: random, step, cyclic, pulse,
discontinuous, wave signal, etc. The outlet stream is monitored as a function of time,
and the response signal is recorded in terms of the concentration of the tracer leaving
the reactor. The selected tracer should not modify the hydrodynamic conditions of
the reactor (no adsorption on the walls or surfaces) with respect to usual operations
(Figure 5.3).

Tracer
injection
Feed Effluent
Reactor
Detection
C C
T R
1 7/
1 /
| /
1 /
t, t t, t

Fig. 5.3: Experimental setup for stimulus-response technique (step tracer input).

Colored and easy detectable materials, typically by spectrophotometric or fluores-
cence techniques, are the most common types of tracers; for example, trypan blue
is used as macromolecular tracer in many biological applications. Figure 5.4 shows
a typical laboratory setup for determining the residence time distribution of a mem-
brane reactor. At time t = to, tracer (red-colored William’s medium E) is pumped
at constant concentration and flow rate through the membrane reactor (step input)
initially filled with pure water; the outlet stream is processed in a spectrophotometer
to measure and record the concentration in time.

From a practical point of view, laboratory practice is typically restricted to only
two modes of tracer injection: pulse stimulus and step input signal.

The pulse injection method consists of the one-shot introduction of a small vol-
ume of concentrated tracer at the inlet of the reactor; the pulse is analytically de-
scribed by the Dirac delta function

-0, t+t
8(t - to) = #lo (5.5)
+0, t=tp.
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Stirrer

Fig. 5.4: Laboratory setup for RTD analysis.

Although an instantaneous pulse cannot be produced, an input signal with injection
time significantly smaller than the mean residence time of the reactor is considered
appropriate.

On the other hand, a step function tracer input signal is very easy to perform and,
consequently, preferentially used. With no tracer initially present in the inlet stream of
the reactor, a step signal of concentration cg constant in time is introduced according
to the following function:

=0, t<tp
co(t) = (5.6)

=Co, t=tp.
The concentration-time curve is recorded at the exit of the reactor until the concen-
tration of the outlet stream becomes equal to cg. The output signal, when evaluated
as the ratio of the outlet concentration cqy¢(t) on co, is called curve F (or cumulative

function):
Cout(t)

F@6) = (5.7)
Co
In equation (5.7), 6 is the reduced time (dimensionless), defined as
t Qt
0= S=T7 (5.8)

where t is the actual time, T the mean residence time, Q the volumetric flow rate, and
V the volume of the reactor.
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The residence time distribution is mathematically represented by the exit-age dis-
tribution E(t) evaluated in the outlet stream of the reactor. According to the definition
of E(t),

j E(Hdt=1. (5.9)
0
The average residence time (or space time) 7 is equal to the first moment of E(¢):
o0
T= J tE(t) dt. (5.10)
0

From step response results, E(t) distribution can be obtained by differentiating the

cumulative F(t) response:
dF(t)

E(t) = ar (5.11)
The opportunity to differentiate F(t) from the step response, thus obtaining E(t), is
challenging, due to the amplification of noises by numerical computing. However, an
appropriate selection of curve-fitting algorithms significantly improves the differenti-
ation procedure.

E(t) function is applied to the prediction of the conversion in a real reactor. Under
the assumption that the total conversion is the average conversion of all the fluid ele-
ments, the mean concentration of reactant i in the reactor outlet {c;) is calculated as

(0]
{ci) = J ci(H)E(t) dt. (5.12)
0
RTD prediction of reactor conversion is only applicable to isothermal and single-phase
systems.

The time evolution of a tracer-response technique for a flat sheet membrane
reactor for pig liver cell culture, manufactured as a 65cm? circular acrylic housing
with 42 cm? membrane active area inserted at the bottom of chamber, is illustrated in
Figure 5.5.

The cumulative RTD function evaluated during a stimulus response test under
0.6 ml/min feed flow rate of trypan blue and at recycle ratio of 1.44 shows significant
discrepancies with respect to the ideal behavior of a perfectly mixed CSTR (Figure 5.6),
mostly due to the presence of channeling through a preferential longitudinal pathway.
However, it has been experimentally verified that a good mixing is obtained if the re-
cycle ratio is increased to 5.52, and F(0) curves overlaps the one for a ideal CSTR [3].

Hollow fiber membranes, usually manufactured in an asymmetric structure, hav-
ing outer diameter in the range of 50-100 um and installed in a bundle of several
hundreds (or thousands) elements, are widely used for bioreactor applications. HF
membrane modules provide a membrane area per unit volume of 2000-5000 m?/m?>,
ensure a stable permeation flux over time, can be easily manufactured by a spinning
process and are relatively cheap.
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Fig. 5.5: RTD characterization of a flat membrane reactor (65 cm?) for cell culture. Snapshots
of reactor at different times under tracer (trypan blue) step input: (a) 0 min, (b) 5 min, (c) 15 min,

and (d) 35 min.
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Fig. 5.6: Cumulative RTD function F(68) as a function of the reduced time (6 = /1) of a 65 cm? flat-
sheet bioreactor under a step stimulus (tracer feed flowrate: 0.6 ml/min) operating under a low

recycle ratio (R = 1.44).
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In a typical HF bioreactor, nutrients are fed through the lumen of hollow fibers and
cells cultured in the shell where metabolic reactions take place. Accordingly, stimulus
response techniques are implemented by feeding the tracer through the lumen side,
and concentration is monitored at the outlet of the shell. In Figure 5.7, RTD analysis
of a HF module for lymphocyte cell culture is reported.

1
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Fig. 5.7: (a) Hollow fiber reactor; (b) comparison between experimental RTD (inlet flowrate: 1 ml/min,
shell volume: 200 ml) and residence Time distribution from 2-serial CSTRs model.

Hollow fibers can be properly assembled to obtain different reactor configurations.
Snapshots of a tracer-step injection test carried out on a crossed-holow fiber mem-
brane reactor for hepatocyte culture are shown in Figure 5.8 (a)—(d).

Specifically, two types of hollow fiber membranes (HFs) having different molec-
ular weight cutoff, and the physico-chemical properties are perpendicularly bundled
in the reactor: modified polyetheretherketone (PEEK-WC) and polyethersulfone (PES).
Each type of fiber has a different function. PEEK-WC HFs are used to supply oxygenated
medium that includes nutrients and metabolites to cells cultured in the extrafiber
space, while microporous PES HFs are suitable for an efficient removal of catabolites
and cell specific products from cell compartment. The reactor design aims at mimick-
ing the in vivo arterious and venous blood vessels [4].

In this case, RTD is investigated by recording the system response at the exit of
the PES fibers under a step input of tracer sent at the entrance of PEEK-WC fibers.

The experimental profile of Ey(t), where Eg(t) = TE(t), and its comparison with
ideal CSTR residence time distribution is shown in Figure 5.9.
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Fig. 5.8: Snapshots of a 40 cm? crossed-hollow fibers bioreactor under step-stimulus at: (a) 1min;
(b) 90 min; (c) 240 min; (d) 380 min. Williams’ medium at flow rate of 1.5 ml/min is used as tracer.

Fig. 5.9: Age distribution Eg of the crossed-hollow fiber reactor illustrated in Figure 5.8; data are
reported as a function of the reduced time 6. Symbols: experimental data; solid line: prediction
given by CSTR with dead zone (V/Vy = 3) model; dotted line: RTD function for ideal CSTR.
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In order to describe the deviation from ideality of the bioreactor (due to the existence
of dead zones located in the edge of the device and of active zones where membrane
hollow fibers intersect each others), a model is assumed consisting of CSTR with active
volume V, connected to a tank with volume V4 under stagnant flow. The mathemati-
cal relation characterizing a CSTR with dead zone is reported in Table 5.1.

In most cases, the real behavior of a bioreactor can be adequately described by
simple models that combine PFR and CSTR with eventual fluid-dynamic variants (se-
rial/parallel connections, dead volumes, internal recirculation, etc.); in most cases,
these models (some of them reported in Table 5.1) are able to achieve results with good
accuracy and low mathematical complexity [5].

RTD analysis of fluids is also used with the aim of identifing and correcting an im-
proper flow inside a bioreactor caused by a poor fluid-dynamic efficiency of the device.
Problems are often related to an asymmetric flow velocity, the presence of stagnant
zones, time-lapse, channeling, bypass, etc.

Tab. 5.1: Brief overview of simple fluid-dynamic models useful to describe the real behavior of com-
mon bioreactors for cell culture.

Model Reactor scheme RTD function
rencor £ = 3t~
reactor (PFR) B
2
Plug flow . 1 exp [_ (1-8) ]
with high L 2Vn6 (D/ul) 46(D/ul)
longitudinal D: longitudinal dispersion coefficient
dispersion u: flow velocity
Continuous 1
stirred tank . | E= Zetit
reactor (CSTR) T
1 2 N .
. N tanks with equal volume:
Series of N1
N-CSTR — £, = NVOVT g
(N=1)!
Vo B
CSTR with — V= va+ Va ,
dead zone Eg = — exp (——“e)
Vin Vin
Va
Serial con- v, V,, V=Vn+Vy
nection of 1% 4 Vp
CSTR and PFR Eo = V—me"p[‘v—m(e‘v)]
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In particular, during culture experiments, an average residence time of the fluid inside
the bioreactor should be chosen in order to obtain an appreciable metabolic conver-
sion. Small-size lab scale reactors require low inlet flow rates to obtain an average
residence time of a few hours; as a drawback, low flow rate typically results in an
inadequate degree of mixing inside the bioreactor. A simple strategy to overcome this
limit is to recycle part of the stream, leading the bioreactor back to the inlet where
it mixed with fresh medium before entering the bioreactor. In such a case, residence
time distribution analysis allows us to find the optimal recycle ratio for a complete
mixing and uniform metabolite concentration in the bioreactor.

5.3 Reaction kinetics

The reaction rate of metabolic transformations (with particular focus on oxygen, glu-
cose, and lactate) are generally modeled by the Michaelis—Menten equation

= VimaxS

= Nl
KM+S’ (5 3)

where S is the substrate (nutrient) concentration, V.« is the maximum reaction rate
observed in the system, and constant Ky represents the substrate concentration cor-
responding to a reaction rate of Viax/2.

The basic reaction mechanism involves an enzyme E which binds the substrate S
to form the complex ES; in the subsequent step, ES is converted to product P and free
enzyme:

k
E+S = ESSP+E, (5.14)
ko1
with ‘ X
Ky = =+ (5.15)
kq

At low substrate concentrations, the reaction rate is practically of first order, and en-
zyme concentration — in excess with substrate concentration — can be considered
constant; at high substrate concentration the reaction rate approaches the constant
value of Vihax, and the kinetics is of zero order (enzyme saturation).

Cell culture experiments and tests are usually carried out at 37 °C. Reduction of
temperature might cause a drastic decrement of cell viability or the degradation of
mechanical properties of polymeric films supporting cell adhesion [6].

The terms in equation (5.13) can be obtained from experimental investigation. As
an alternative, the literature provides a broad range of reference for Michaelis—Menten
parameters; Table 5.2 reviews the reaction rates and kinetic parameters of oxygen,
glucose, and lactate measured in bioreactors for mammalian cell cultures.
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During long-term cell culture experiments, the number of cells might vary in time due
to proliferation or death caused by the poor assimilation of nutrients due to mass
transfer limitations. In this case, the consumption rate is described on a cell basis,
and Michaelis—Menten equation is modified in order to take into account the popula-
tion cell dynamics:

_ Hmaxs

- KM +S ’
where u is the metabolic consumption rate of the nutrient normalized by cell number,
and ppax is the maximum rate obtained in correspondence of the highest value of
cellular density. It is, in fact, assumed that cell number will reach a maximum value
(Xmax) being the proliferation limited by availability of surface area for adhesion or by
the availability of nutrient.

If X indicates the number of cells per volume unit, cell growth can be adequately

described by the following phenomenological equation:

dx
— =uX(1- . 1
a H ( Xmax> G17)

Contois kinetics modified by accounting for both nutrient and cell contact inhibition
effects [28] and Moser equation [29] represent alternative reaction rate expressions,
but are rarely used.

In general, appropriate reaction kinetics data are necessary to obtain realistic pre-
dictions from mathematical modeling.

(5.16)

5.4 Modeling HF membrane bioreactors

Modeling a bioreactor is preliminarily devoted to the analysis of hydraulic conditions,
flow regime, velocity profiles, and share distribution throughout the biodevice. In par-
ticular, pressure drop and flow rate are critical operative parameters to prevent cell
detachment from the supporting films and membranes, or to prevent the risk of scaf-
fold deformation, to ensure a proper residence time of nutrients in the reactor, and to
guarantee an appropriate delivery rate control of mass transfer resistances of metabo-
lites (in particular, oxygen).

In general, may studies on cells in perfusion bioreactor converge towards an opti-
mum flow rate of around 1 ml/min; a slightly higher flow rate increases nutrient deliv-
ery and stimulates the seeded cells by fluid shear forces [30]. A flow rate of 1 ml/min
was proven to be sufficient for the survival of the initial cell mass of hepatocytes cul-
tured, while an increase to 1.5 ml/min improved the oxygen delivery [31].

Moreover, evidence from RTD analysis of nonuniform flow patterns causes non-
uniform and poor distribution of nutrients in the reactor volume, with significant im-
pact on cell colonization.

The Navier-Stokes equation (5.18), proposed below in its symbolic form (to be
adapted to most appropriate geometrical coordinates) and for an incompressible fluid,
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is at the basis of fluid flow analysis [32]:
dv 2
p a +VvVv=-Vp+uvv+f, (5.18)

where p is the density of the Newtonian fluid, v is the fluid velocity vector, p the pres-
sure, y is the dynamic (or absolute) viscosity, V2 is the Laplacian operator and f the
other field forces (if any), such as the gravity of centrifugal force.

Due to the extremely complex nature of the differential equations involved in the
formulation of this equation, exact analytical solutions can be obtained only for very
simple geometries and under reasonable simplifications.

Among the most common configurations, hollow fiber membrane bioreactors are
largely used for mammalian cell culture,because they provide a large surface area per
volume unit, a support to cellular adhesion, an efficient mass transfer of nutrients,
metabolites,and specific components throughout the device. In axial-flow hollow fiber
membrane bioreactor, a hollow-fiber bundle is placed in an appropriate housing. In
the most common situation, cells are cultured in the extracapillary space (ECS), and
nutrients fed through the lumen of the fibres and transported to ECS across the mem-
brane. The transport across the membrane is both diffusive and convective. However,
low membrane permeability, low molecular weight of transported components (i.e.
oxygen, glucose, lactate, ammonia, urea, etc.), and low inlet pressure usually lead to
the assumption of a bioreactor operating under diffusion control. Despite the concep-
tual simplicity of HF membrane bioreactor, the efficacy of such device is still limited
for clinical applications due to the lack of information which might allow its optimal
operation. In this respect, the development of appropriate mathematical models is
necessary in order to create a well-controlled environment — with respect to mass
transport phenomena and metabolic kinetics — which will maintain cell differentia-
tion and functions for a long time.

When modeling hollow-fiber membrane reactors, commonly accepted assump-
tions are made in order to reduce the analytical description of the system to a reason-
ably small set of equations. The first geometrical assumption is to consider all fibers to
be identical, cylindrical, and homogeneously distributed in the shell of the bioreactor.
Within this ideally symmetric configuration, the next step is to assume that each fiber
is surrounded by a uniform annulus of ECS, the so-called Krogh cylinder geometry
(Figure 5.10).

The main limitation of the Krogh assumption is that the interstitial space be-
tween adjacent Krogh cylinders is neglected; in addition, probable nonuniform
spacing among different fibers due to imperfect manufacture of the bioreactor is
not considered. Nevertheless, advantages related to the possibility of restricting the
modeling of mass transport and reaction to a single Krogh cylinder definitely out-
weighs the above-mentioned drawbacks.

A short literature survey related to the use of a Krogh cylinder in modeling mem-
brane bioreactors for cell culture is reported in Table 5.5.
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Fig. 5.10: Krogh cylinder concept.

Tab. 5.5: Krogh model in modeling axial-flow membrane bioreactors for mammalian cell culture.

Diffusion, Isolated perfused rat hearts [33]
zero order oxygen consumption

Diffusion, Human bone marrow [34]
zero order oxygen consumption

Myoglobin-facilitated oxygen diffusion, Red blood cells [35]
zero order oxygen consumption

Myoglobin-facilitated oxygen diffusion, Skeletal muscle [36]
Michaelis—Menten kinetics

Diffusion, Cortical and cancellous bone  [37]
Michaelis—Menten kinetics

Fluid flow in the lumen of a fiber is generally modeled by continuity and momen-
tum equations for incompressible Newtonian fluids. This set of equations, analytically
solved for boundary conditions that include symmetry at the lumen centerline and
matching velocities and pressures at fiber wall with permeation data, give the profile
of both axial and radial velocity along the hollow fiber membrane:

Unsit = 2Qteed <1 _ Qpermeate E) 1- ﬁ
axial = T[R2 N Qfeed L R2

Qpermeate (Zr r )
’

(5.19)

Uradial = 5 2 IN\R " RS

where Q is the flowrate, R is the fiber radius, N is the number of fibers, L is the fiber
length, z and r the axial and radial coordinate, respectively. If the convective flux of
species across the membrane is neglected (Qpermeate = 0), equations (5.19) reduce to
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the classical form: X
r
Uaxial = 2U (1 - F) 8 (5.20)

where U is the mean velocity. The axial component of the velocity profile for a fluid
flow through hollow fibers is reported in Figure 5.11.

Axial velocity [m/s]
N
1

1
z/L=10.25,R =100 pm, N = 1000,
Q,.,=1ml/min, Q =0.1ml/min

permeate

Fig. 5.11: Radial velocity profile of
a well developed fluid flow through
hollow fiber membranes.

T T T T
—-8.0E-005 0.0E+000 8.0E-005
Radialcoordinate [m]

Mass balance on the i-th component, written below for a system exhibiting a cylindri-
cal symmetry and characterized by a constant density, is

%+<v%+v l%+v %>—D- li(r%>+lazci+azci
ot “\or v 90 TP ez ) T\ rar\ar ) T 29607 T o2

) + "I’i, (5.21)

where c is the concentration, v the velocity vector, D; the diffusion coefficient, ¥; is the
reaction term (negative for the consumption of a nutrient, most commonly dissolved
oxygen or glucose), and r—z—0 the cylindrical coordinate system.

Equation (5.21) is independent on the 6 coordinate in case of systems exhibit-
ing radial symmetry; moreover, if steady-state conditions are also assumed, equa-
tion (5.21) shows the following simplified form:

. . . 2.,
v%+v%—D[la<acl)+acl]+‘I’i. (5.22)

ror TVea TP TarUar )T o2

The reaction term ¥;, in the common scenario, takes the form of the Michaelis—Menten
kinetic rate as from equation (5.13).
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For an axial flow hollow fiber membrane bioreactor, equation (5.22) (under com-
mon assumptions of radial Peclet number negligible with respect to axial Peclet num-
ber in the lumen, only radial transport in the membrane, no radial convection in the
shell) is solved for a given set of boundary conditions:

- axial symmetry, lumen side

oc;
r=0, Vz, —_bumen _g, (5.23)
or
— feed concentration, lumen inlet
z=0, VI, Cilumen = Cifeed; (5.24)
—  lumen outlet
aCi,lumen
z=L, Vr, ————=1; (5.25)
0z
— lumen/membrane interface
r = Rinternal,fibers V2,  Ci,lumen = Ci,membrane; (5.26)
— membrane/shell interface
r= Rextemal,ﬁber, VZ,  Cimembrane = Ci,shell; (5.27)
- symmetry at the Krogh radium, shell side
oc;
r=Ryogn, ¥z, —st =0, (5.28)

Equation (5.22) and the corresponding boundary conditions (equations (5.23)—(5.28))
define a set of partial differential equations that describe, with an acceptable level of
accuracy under the assumption made, the fluid dynamics of the bioreactor and the
concentration profile of nutrients in the system.

The high complexity of the above equations often precludes the chance of obtain-
ing an analytical solution. It is generally not possible to analytically solve the system
using the nonlinear Michaelis—Menten reaction term; therefore, a nutrient concen-
tration much higher than the value of Ky is often assumed, thus approximating the
reaction term to a zero-order kinetics with ¥; = Vipax. Under these assumptions, an
analytical solution to the problem was provided by [38].

Fortunately, today computational methods allow us to overcome these limita-
tions, because they provide a powerful tool to solve such a complex mathematical
problem in a short period of time. By using the finite element method (FEM), through
appropriate mesh generation of varying degrees of refinement, the differential equa-
tions are discretized and numerically solved with high degree of accuracy [39]. As an
example, Figure 5.12 shows the numerical solution of Navier-Stokes equations using
the FEM software COMSOL Multiphysics to evaluate the glucose concentration profile
inside an axial-flow hollow fiber membrane bioreactor for lymphocytes culture [40].
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Glucose concentration
[mg/ml]

Fig. 5.12: Glucose concentration profile
through a repeating unit of a hollow
fiber membrane reactor for lympho-
cyte culture (diffusion coefficient:
2.1x1076 cm?/s, glucose uptake

rate: 1x 10™% pug/s mm3, glucose feed
concentration: 3.5 mg/ml).

The determination of the optimal spacing between hollow fibers in a membrane biore-
actor for cell culture is an important design issue, and becomes crucial for diffusion-
limited transport of nutrients. This is particularly true for oxygen, considered the lim-
iting reactant to mammalian cell cultures because of its low solubility. O, depletion
due to cells uptake rate — increased at higher local cellular density — might result in
a hypoxic environment in the core of extrafiber space. It is generally accepted that
exposure to an oxygen partial pressure below 40 mmHg leads to necrosis.
Experimental observations showed that the interfiber spacing has to be lower than
250 pm for cell density of about 108 cells/cm? in order to avoid severe oxygen depletion
[41]. At higher cell density (10° cells/cm3), this threshold is reduced to about 80 pm
[42]. Figure 5.13 shows the modelled oxygen concentration profile through hollow fiber
bioreactor for hepatocytes cultured at cell density of 107 cells/cm? and fed with oxy-
genated medium (21% O,). The critical O, threshold, which is the minimum partial
pressure of oxygen necessary for cells to perform all metabolic functions, was assumed
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to be 40 mmHg, which is the partial pressure of O, in the venous blood, corresponding
to a dissolved O, concentration of 1.65 x 103 mg/ml. The critical limit is, in this case,
shifted to about 450 pm. Figure 5.14 shows the simulated oxygen profiles inside a tra-
cheal construct composed by an external region of respiratory epithelial cells and and
internal compartment populated by chondrocyte cells. The computational FEM analy-
sis was carried out as a function of the cell density (from 1 x 10° to 2x 107 cells/cm?). At
a cell density of 5 x 10° cells/cm?, O, concentration decreased progressively to a min-
imum value of 0.095 mM (72 mmHg); when the cell density is doubled, the minimum
0, concentration reduces by 62 %, still above the critical threshold. For a cell density
of 2x 107 cells/cm?, the highest investigated, the maximum penetration distance of
oxygen is reduced to 350 pum [43].

5.5 Concluding remarks

Robust predictions of bioreactors for cell culture based on analytical solutions of com-
plex fluid-dynamics equations or on numerical output from computational fluid dy-
namics (CFD) are an excellent tool for developing new methods and protocols for
optimization and control of bioengineered scaffolds.

The validity of this approach is confirmed by the evidence that a well-controlled
environment with respect to transport phenomena and metabolic kinetics is able to
activate a specific cellular response and to maintain cell viability for a long time.

Quantitative measures for the degree of mixing and residence time distribution
within the reactor allow an accurate kinetic modeling of the system, and permit us
to achieve or preserve a desired flow pattern, to optimize the design of the bioreactor
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Fig. 5.14: Oxygen concentration profiles at different cell density in a tracheal construct.

shape, to identify appropriate location of the inlets and outlets, and to prevent incom-
plete radial mixing, stagnant regions and channeling.

Analysis of diffusive transport of metabolites to a cellular compartment through
nano- or microporous membranes, as well as the evaluation of mass transfer limita-
tions in conjunction with metabolic kinetics, allow us to predict the minimum nutrient
concentration required to culture functional cells and the optimization of device ge-
ometry and operation parameters.

With the increasing complexity of fluid dynamics and the operation of future
bioreactors which would require more advanced models, finite element methods offer
the extraordinary opportunity to mathematically solve intricate sets of equations for
which is impossible to obtain analytical solutions.

Driven by the increasing availability of computational resources, the simulation of
fluid-dynamic and transport phenomena in tissue engineering and bioreactors repre-
sents today an essential tool for efficient multiscale predictions. However, the reliabil-
ity of analytical and numerical approaches described in this chapter strongly depends
on the availability of well-validated experimental data concerning the mechanical
properties of supports for cell adhesion, reaction kinetic parameters on 3D scaffolds,
and effective diffusivities; accurate experimental determination of these inputs rep-
resent the indispensable starting point before any further development of simulation
tools.
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6 Cell-membrane interactions

6.1 Mimicking in vivo environment

In vivo cells are surrounded by the extracellular matrix (ECM) that provides physi-
cal architecture and mechanical strength to the tissue. The native ECM is a highly
hydrated, hierarchically organized, and dynamic structure that regulates adhesion,
migration, proliferation, differentiation, morphogenesis, and gene expression [1]. In
particular the extracellular microenvironment is a network hosting three different
main effectors: (1) insoluble hydrated macromolecules (fibrillar proteins like col-
lagens, noncollagenous glycoproteins such as elastin, laminin or fibronectin, and
hydrophilic proteoglycans with large glycosaminoglycan (GAG) side chains) called
physical signals; (2) soluble macromolecules; and (3) proteins on the surfaces of the
neighboring cells that establish the cell-cell interaction [2, 3]. Mechanical properties
of ECM are given by a complex structure of interwoven fibrous proteins of collagen and
elastin, while other insoluble proteins such as fibronectin and laminin that are de-
posited on this backbone provide specific binding moieties to the cells for recognition
and adhesion. Glycosaminoglycans such as hyaluronic acid and heparan sulphate
fill the remaining space of this fibrous mesh serving as compression stress buffer and
sequestering growth factors.

The interplay of different major signaling, environmental stress and physical cues
from the ECM which surrounds the cells in vivo regulates the growth and differen-
tiation of most cell types. In fact, the varied composition of ECM components not
only provides the physical architecture and mechanical strength to the tissue, but
also contains a reservoir of cell-signalling motifs (ligands) and growth factors that
guide cellular anchorage and behavior. Therefore, dynamic changes in the compo-
sition and structure of the ECM affect both chemical and physical properties which
result in alteration of cell adhesion.

It has been demonstrated that cells are able to sense and interpret the informa-
tion coming from the ECM, responding and reorganizing in function of topography
[4], mechanical properties (e.g. stiffness, viscosity, and elasticity) [5], molecules pre-
sented by the ECM [6], and concentration of soluble and tethered growth factors [7].
A multiple combination of physico-chemical and biological cues within a spatiotem-
poral context are received by cells through their interactions with neighboring cells,
ECM, soluble/tethered factors [8]. The biological response is influenced by multiple
cellular interactions with the individual and specific ECM molecules, and often with
multiple sites within the same molecule, as well as by a highly dynamic and com-
plex array of biophysical and biochemical properties of the ECM. The cells are able
to receive the external signals through different cell surface receptors of the integrin
family and integrate it by an intracellular signalling pathway which affects the cellular
response in terms of gene expression, ultimately establishing the cell phenotype.

DOI110.1515/9783110268010-007
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Thus, the final decision of a cell to differentiate, proliferate, migrate, apoptose,
or perform other specific functions is a coordinated response to the molecular in-
teractions with these ECM effectors [2]. It is worth noting that the flow of informa-
tion between cells and their ECM is highly bidirectional as, for example, observed in
processes involving ECM degradation and remodeling. It is evident how native ECM
exhibits macroscale to nanoscale patterns of chemistry and topography [3], and it is
therefore somewhat unsurprising that cells respond to these various scales of chemi-
cally and/or topographically patterned features.

Cell survival and cell proliferation require interaction with the extracellular ma-
trix. Epithelial cells in some tissues, such as skin, are continuously renewed from stem
cells that rest on a basement membrane. Neighboring cells migrate into the space left
empty by cells that have moved away to differentiate. In other epithelia that are not
continuously renewed, interaction with the matrix appears to promote differentiation.
ECM plays also a key role in the survival process of the cells indeed during involution,
the basement membrane is dissolved by proteolysis, and the cells undergo apoptosis.

Nanostructured membranes are able to mimic the ECM, instructing cell adhesion
and organization. Indeed they exhibit like ECM micro- to nanoscale of chemistry and
topography providing physical, chemical, and mechanical signals to the cells that
generate different responses (Figure 6.1) [9]. In particular, in the case of progenitor
cells or stem cells a suitable membrane onto which cells can organize and develop
is a key to the differentiation and maintenance of the differentiated phenotype at the
morphological and functional levels. Some studies reported that chitosan membranes
promoted the proliferation and differentiation of rat embryonic liver cells giving them
the means to acquire and maintain specific functions [10]. Cells underwent a func-
tional differentiation, showing their hepatocyte functions in terms of urea synthesis,
albumin production, and diazepam biotransformation.

6.2 Receptors mediating cell interactions

The interaction of cells with the ECM is mediated by membrane receptors. The largest
family of receptors, which mediates cell adhesion to fibronectin, laminins, and colla-
gens, are integrins (Figure 6.2). Several other cellular receptors have also evolved to
bind to various matrix components.

Integrins are membrane bound molecules (receptors) that can bind to extracellu-
lar matrix molecules (“adhesion proteins” and collagen) [11, 12]. They are the principal
mechanism by which cells bind to and respond to the extracellular matrix. They are
part of alarge family of cell adhesion molecules which are involved in cell extracellular
matrix and cell-cell interactions. Functional integrins consist of two transmembrane
glycoprotein subunits that are noncovalently bound. Those subunits are called alpha
and beta. The alpha subunits all have some homology to each other, as do the beta
subunits. The receptors always contain one alpha chain and one beta chain and are
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Fig. 6.1: Membrane as instructive extracellular matrix.
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thus called heterodimeric. Both subunits contribute to the binding of ligand. Until
now 16 alpha and 8 beta subunits have been identified. From these subunits some
22 integrins are formed in nature, which implicates that not all possible combinations
exist. The beta 4 subunit, for instance, can only form a heterodimer with the alpha 6
subunit. On the other hand, the beta 1 subunit can form heterodimers with 10 differ-
ent alpha subunits [13]. Because not all the beta 1 alpha heterodimers have the same
ligand specificities, it is believed that the alpha chain is at least partly involved in
the ligand specificity. Integrins can bind to an array of ligands. Common ligands are
fibronectin and laminin, which are both part of the extracellular matrix and basal lam-
ina. Integrins recognize specific amino acid sequences in the ECM proteins such as the
arginine-glycine-aspartic acid (RGD) amino acid sequence. This sequence is found in
a number of ECM proteins as fibronectin, vitronectin, laminin, and type I collagen.
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Integrins, like oyB; and asp;, specifically bind this sequence, while the former is a
primary vitronectin receptor, and the latter is a primary receptor of fibronectin. Both
of these ligands mentioned above are recognized by multiple integrins. For adhesion
to ligands, both integrin subunits are needed, as is the presence of cations. The alpha
chain has cation-binding sites. However, not all integrins bind the ECM proteins via
RGD sequence: for example the integrin a3 binds to a region of fibronectin that does
not contain RGD [14]. Integrins are composed of long extracellular domains which ad-
here to their ligands, and short cytoplasmic domains which link the receptors to the
cytoskeleton of the cell.

The structure of alpha subunits is very similar. All contain 7 homologous re-
peats of 30-40 amino acids in their extracellular domain, spaced by stretches of
20-30 amino acids. The three or four repeats that are most extracellular contain
sequences with cation-binding properties. These sequences are supposed to be in-
volved in the binding of ligands, because the interaction of integrins with their ligand
is cation dependent. Integrins are responsible for cell attachment and organization
of ECM and are involved in the transfer of signals from substratum to the cell interior
through a highly organized aggregate of molecules, a focal adhesion that includes
such cytoskeletal components (i.e., actin, talin, vinculin, FAK) [15]. This signaling
is accompanied by the phosphorylation of different proteins on tyrosine residues,
among them a 120 kDa protein called focal adhesion kinase FAK that is involved in
the activation of genes responsible for protein synthesis and cell proliferation.

6.3 Cell adhesion

The native ECM exhibits from macro- to nanoscale patterns of chemistry and topog-
raphy. For this reason the cells can respond to various chemically and/or topographi-
cally patterned features.

When cells are cultured in vitro they receive very different physical, chemical, and
mechanical stimuli from the unfamiliar surrounding environment. Micro- and nano-
scale mechanical properties of scaffolds are critical because the cells not only adhere
to the surface but also “pull” on the substrate surface and on adjacent cells. The sur-
face chemistry of the scaffolds affects the adhesion of cells through the ECM protein
adsorption and stereospecific chemical interactions. Many tissue-engineering strate-
gies consist of the modification of material surface structures aimed at mimicking
the specific cues of the ECM in order to direct cell behavior, and trigger tissue re-
generation [16-23]. When a material is in contact with a biological system, first water
molecules interact with the material’s surface, followed by protein adsorption. The
surface-bound proteins provide the recognition sites that enable cell adhesion via
specific cell receptors (e.g. integrins). The chemistry and topography of the surface
affects protein adsorption in terms of quantity, conformation, orientation, and distri-
bution over the surface. The adsorbed proteins may undergo conformational change
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in such a manner that prevent cell receptor recognition [24]. The cell adhesion is a
prerequisite for the survival of different cell types. Cell adhesion and cytoskeleton
adaptation to a material surface are crucial in the development of tissue constructs.
Material surface properties can be improved by physico-chemical modification, bio-
functionalization, and/or topographical surface structuring. Membranes that interact
with cells should be chosen not only on the basis of their separation properties but it is
necessary also to take into account their physico-chemical and morphological surface
properties. It has been shown that the morphology of cells adherent to a substratum
changes with its properties, and that the maintenance of cell morphology is important
for cell functions.

6.4 Protein adsorption to the membrane surface

Protein adsorption to a membrane surface is influenced by bulk concentration of the
protein solution, rate of diffusion, and affinity of the protein for the membrane. So-
lutions with higher concentrations of a protein lead to more protein on the surface.
Another parameter is the diffusion rate of proteins, which depends on its size: smaller
proteins are faster and tend to contact and adsorb first with respect to bigger proteins.
An important factor is also the protein affinity for the membrane surface: proteins with
high affinity likely adsorb and adhere strongly to the surface on the other hand pro-
teins with low affinity form weak and small number of bond with the surface [25, 26].
Taking into consideration these aspects, the bonds between proteins and material sur-
faces are not completely static: they can break and reform randomly over and over in a
process called the Vroman effect [27]. Therefore new proteins with high affinity to sur-
face sites may take over the specific site from the lower affinity proteins. The higher
affinity protein can replace previously preadsorbed lower affinity proteins (Figure 6.3).

Proteins contacting a membrane surface interact through intramolecular bonds
that can be distinguished in: (1) hydrophobic interactions such as nonpolar domains
of the protein which avoid polar groups of the surface; (2) ionic bonds between pos-
itive and negative charges; (3) charge transfer between molecules. The prevalence of
these types of bonds is influenced by the properties of the proteins, as described in
the Table 6.1.

The adsorption of proteins on a membrane surface depends on the properties of
the membranes (Table 6.2). Before proteins adsorb on the membrane, water molecules
from the solution interact with the material surface. If the material surface is hy-
drophobic, water molecules tend to interact each other more than with the surface,
forming a layer which is ordered with decreased entropy. The break of this layer with
proteins is favored by an increase of entropy, which is the reason for protein adsorp-
tion on hydrophobic surfaces [29, 30]. Therefore a great adsorption of proteins occurs
with consequent change of conformation that can lead to the loss of activity. The
interactions between the internal hydrophobic protein domains and the hydrophobic
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Fig. 6.3: Sequential adsorption of proteins
as described by the Vroman effect. Protein A
adsorbed on the surface in different con-
formation changes over time. The protein B
with multiple bonds are replaced with time
by a higher-affinity protein C (adapted from
Protein A Protein B Protein C [28)).

Tab. 6.1: Protein properties affecting the protein adsorption on material surface.

Properties Protein

Hydrophilicity/ Polar hydrophilic domains adsorb to polar surface/apolar hydrophobic
hydrophobicity domains adsorb to hydrophobic surfaces.

Size Small proteins diffuse more quickly and reach the surface faster.
Charge Charged proteins adsorb on the surface with opposite charge.
Structural Proteins that are less structurally stable exhibit greater unfolding upon
stability/rigidity adsorption on surface and form more contact points/bonds.

surface lead to denaturation. Indeed, proteins undergo a change of conformation to a
larger extent on hydrophobic than on hydrophilic surfaces [31].

On the other hand, in the case of hydrophilic surfaces water molecules can form
more hydrogen bonds with the surface, thus competition between water molecules
and proteins results in a decrease of protein adsorption on such surfaces. Further-
more, the surfaces can have a distribution of charges that favor protein adsorption in
the case of opposite charges.

A variety of functional species, such as amino, carbonyl, carboxyl, and aromatic
groups, can be present on the surface of polymeric membranes. Depending on which
species are exposed, proteins may have different affinities for various surfaces.
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Tab. 6.2: Membrane properties affecting the protein adsorption.

Properties Membrane surface

Hydrophilicity/hydrophobicity ~ Surface free energy parameters of membranes affect protein ad-

sorption

Charge Opposite charges between surface and protein promote protein
adsorption

Chemical composition Chemical nature of membranes affects the type of the bond be-

tween membranes and proteins

Topography Roughness and features increase the surface area

Heterogeneity Heterogeneity of the surface results in domains that interact differ-
ently with proteins

6.5 Topographical influences on cell adhesion and functions

The surface topography of a membrane can affect cellular adhesion, orientation, and
ECM production.

Several methods, including electrospraying, electrospinning, layer-by-layer chem-
ical deposition, and soft lithography, can be used for the realization of nanostructures
[32]. Differently, polymer demixing, chemical etching, and colloidal lithography can
create random patterns [33]. Cell behavior has been investigated in response to differ-
ent surface features, such as ridges, grooves, pits, ribbons, islands, and spikes [34-38].
An important outcome of these studies is that the topography influences protein ad-
sorption and cell behavior. Surfaces with nanoscale features, for example, provide
relatively large surface areas compared to microscale features, favoring greater pro-
tein adsorption. It has been shown that the interaction between protein and surfaces
is affected by the surface topography and shape of the proteins. In particular, proteins
with different molecular weight and shape, like albumin (a small globular protein) and
fibrinogen (a rod-like protein), have different adsorption profiles and conformations,
depending upon the nanosphere size which was used as the model substrates of the
topography [39]. The structure of albumin, a globular protein, is stabilized by high sur-
face curvature, while fibrinogen, a rod-like protein, is distorted by wrapping around
surface curvature, inducing secondary structure loss. It seems that fibrinogen, which
has a rod-like shape, can adsorb in two possible orientations: side-on, with its long
axis parallel to the particle radius, or end-on, with its long axis perpendicular to the
radius. The side-on orientation is favored on smaller particles. A large change in fib-
rinogen conformation was observed when it adsorbs onto particles with radii less than
30 nm. Upon adsorption the molecule possibly wraps around the surface. The surface
curvature of larger particles is too small to induce protein structural alteration, and an
end-on orientation can be reached, driven by increased protein-protein interactions.
Therefore it may be possible to design specific surfaces to allow fibrinogen or albumin,
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in order to allow platelet or cell adhesion and the integration of the implant into the
host.

Protein adsorption and conformation, and consequently cell behavior, may also
be influenced by an asymmetric distribution of nanostructures.

The topographical surface features affect cellular response not only through the
protein adsorption profile, but also through the physical interactions with the nano-
and microstructures of the surface. Different surface features can cause different phys-
ical stresses, which produce cytoskeletal tensions and which may activate various
processes and gene expression.

It has been demonstrated that the roughness and pore size of polymeric mem-
branes affect the viability and metabolic rates of isolated hepatocytes [40]. This study
demonstrated that rougher membrane surfaces enhance cell adhesion, providing
more anchorage points for the attachment of hepatocytes, which are anchorage-
dependent cells. The microstructures over the surface induce the formation of cyto-
plasmatic membrane protrusions that allow the cell migration, the establishment of
cell-cell contacts, and the aggregation in 3D structures. The morphological surface
properties in terms of pore size, porosity, and roughness affect the morphofunctional
behavior of hippocampal neurons [41]. It has been shown that neurons exhibit a
different morphology and neurite outgrowth in response to varying the properties of
the membrane surface. Membranes with roughness R, ranging from 6 to 50 nm tend
to strongly favor the formation of well-polarized neuronal structures which maintain
an unaltered cytoskeletal features throughout their development processes. On the
contrary, cells on rougher membrane surfaces (R, = 200 nm) developed short neurites
with the tendency to grow into the pores of the membrane and form aggregates.

Nano- and micropatterned membrane surfaces with channels, ridges, and bricks
can influence the special orientation of cell cytoskeleton. Surface microstructures can
serve as contact guidance which lead to morphological changes, cell migration, and
cell alignment. For example, neurons have the capacity of responding to topographi-
cal features in their microenvironment, and they have been shown to adhere, migrate,
and orient their axons in the same direction of surface features [42]. Cells “sense” topo-
graphical features. They explore the surrounding extracellular environment through
neuritis filopodia and lamellipodia which emerged from the growth cone. As a con-
sequence, if the surface exhibits a channel pattern, this is recognized by the cells in
which cytoskeleton structures generate traction forces that depend on the assembling
and orientation of microtubules and actin filaments within the cytoskeleton. The trac-
tion force exerted by a filopodia guide the direction of neuritis extension [43]. Nonpat-
terned and micropatterned biodegradable poly(L-lactic acid) membranes developed
by phase separation micromolding have been investigated in the neuritis outgrowth
and orientation of hippocampal cells. In particular the neuritis length, orientation,
and specific functions of hippocampal cells have been explored on micropatterned
membranes with ridges and channels of different width and with bricks up to 12 days
of culture. As shown in Figure 6.4, neurites tend to emerge uniformly in all directions
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on nonpatterned membranes; on the other hand, patterned membranes with channels
and ridges the height of the ridges limit the area for cell adhesion and the directions
over which the microtubules and actin filaments accumulated and oriented the filopo-
dia [42]. In the case of interconnected channel membranes, the elongation of neu-
ronal processes and the formation of synaptic communication between cells followed
with high fidelity the topography and brick geometry of interconnected channels of
the membrane surface. Therefore patterned membranes induced high orientation of
neurites in a restricted area of the grooves reducing the complexity of neuronal archi-
tecture with consequent creation of a highly ordered neuronal cell matrix.

Fig. 6.4: Laser confocal micrographs of hippocampal neurons after 8 days of culture on: (a) non-
patterned membranes, (b) micropatterned membranes with 20 and 25 pm channel and ridge width,
(c) micropatterned membranes with 20 and 17 pm channel and ridge width, and (d) micropatterned
membranes with interconnected channels. Cells were stained for blll-tubulin (green), GAP43 (red)
and nuclei (blue). Reproduced in part from [42] with permission of Biomaterials.
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Understanding the precise mechanisms of how cells respond to such patterns will en-
able creation of defined structures to guide and control the direction and degree of cell
spreading, which is of paramount significance in tissue engineering applications.

Microgrooves have affected smooth muscle cell proliferation, performing an in-
hibitor role with a consequent reduction the incidence of intimal hyperplasia associ-
ated with endovascular stents [44]. Cardiomyocytes have also been extensively used
to investigate the significant influence of topographical changes on cell alignment and
elongation [45].

Recently it has been demonstrated that human bone marrow mesenchymal stem
cells respond to different nanopattern designs with specific changes of their micro-
tubule organization. In particular, groove patterns with width/spacing of 40/30 pm
influenced stem cell alignment, elongation, and the neuronal-like cell differentiation
[46, 47].

6.6 Influence of membrane physico-chemical properties
on cell adhesion

The physico-chemical properties of membrane surfaces can affect protein adsorption
and cell adhesion. Cell-substrate adhesion is a multistep process that involves, in
sequence: interaction between cells and substrate; adsorption of ECM proteins onto
the surface; recognition of ECM components by cell receptors; cytoskeletal rearrange-
ments with formation of focal adhesion; cell spreading. In the initial step the interac-
tion between cell and surface is governed by electrostatic, van der Waals and steric
stabilisation forces (Figure 6.5).

The electrostatic forces can be either attractive or repulsive, depending on the
charge associated with the substrate surface, considering that cells have a net neg-
ative charge [48]. The van der Waals forces are always attractive, while the steric sta-
bilization forces are always repulsive. The steric stabilization forces originate from
the osmotic imbalance in the gap between the cell and the surface, where the water

Initial interaction Cell attachment Spreading and cytoskeleton
and flattening organisation

"IN
— e  livisieroiets

Electrostatic, Van der Waals Integrin bonding Focal adhesion
and steric stabilisation forces

Fig. 6.5: Steps of in vitro cell adhesion.
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molecules have been forced out. However, these are only unspecific interactions that
are fairly weak. Subsequently, proteins present in the cell culture environment adsorb
onto the surface. Besides the characteristics of the proteins, as discussed above, this
process is also strongly dependent on the physico-chemical properties of the mem-
branes. In particular, it has been shown that the cell adhesion is influenced by the
surface free energy parameters of the membranes [49, 50]. Surface free energy is one
of the parameters that characterizes the material surfaces [51]. There are various ap-
proaches to calculate the surface free energy from the contact angle measurements
[52-56]. One of the approaches that gives the possibility of estimating the contribution
of all components is the van Oss—Chaudhury—Good method [55, 56]. The authors di-
vided the surface free energy (ys) into two components, one including the long-range
interactions (London, Keesom, and Debye), the Lifshitz—van der Waals component
(W), and the other that contains the short-range interactions (acid base), called the
acid-base component (yAB). The latter component is considered to be equal where y*
(electron acceptor) and y~ (electron donor) mean the acidic and basic constituents,
respectively, which are associated with the acid-base interactions. On the basis of this
approach, three reference liquids (e.g. ultrapure water, diiodomethane, and glycerol)
can be used to determine the apolar y-%, the acid-base y®, acid y*, base y~, compo-
nents of surface free energy. Generally, the probe liquids have to be chosen taking into
account the solubility of some polymers in common organic solvents. The Lifshitz—van
der Waals component y*W of the membrane surface tension reflecting the dipole in-
teractions can be calculated from the measured diiodomethane contact angles under
the assumption that dilodomethane is an apolar test liquid:

w1+ cos6)?

Ys 4 (6.1)

After the yLW of membrane surface has been measured, it is possible to calculate the
other components (y2B, y~, and y*) by using two polar liquids (glycerol and water):

y1(1 + cos §) = 2 (\/V§Wy1LW + \/ys*yf + \/yéyf) (6.2)

and
yaP = 24ysyi. (6.3)

De Bartolo et al., investigated the cell adhesion and functionality on polymeric mem-
branes with different physico-chemical properties: cellulose acetate, polysulfone,
polycarbonate, polypropylene, and perfluoropolymer membranes. These membranes
exhibited different acid-base components yB of the surface free energy, due to differ-
ent chemical structures and the amount of free end-groups of the polymer [49, 50].
The authors found a protein adsorption relatively large on hydrophobic membranes
and relatively small on more hydrophilic membranes. Taking into account the van
Oss—Chaudhury-Good equations, a surface can interact with water, exhibiting either
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Lewis acid or base behavior, or both of them. Changes in surface structure that in-
crease the concentration of ether groups enhance Lewis base parameter and hence
its hydrophilicity, with little influence on the acid parameter. An equal increase of
hydroxyl groups will increase both Lewis acid and base parameters. Therefore, a
surface is hydrophobic on account of the LW character which it exhibits, with little
or zero Lewis acid or base character, while it is hydrophilic accordingly the presence
of Lewis base groups, Lewis acid groups, or both. The van Oss—Good—Chaudhury
approach seems to give valuable chemical information on the investigated polymers
when comparing only one parameter (y* or y~) for different surfaces. However, it is
also obvious that the base parameter y~ is overdetermined.

Since the base parameter is an indicator of the hydrophilic character of the sur-
face, the high amounts of adsorbed proteins occurred on membranes with y~ ranging
from 3 to 10 mJ/m?, which corresponds to PP, PF, and PC membranes. The protein
adsorption changed the surface free energy components of the membranes, increas-
ing especially the base parameter. Cells adhered strongly on CA, PC, and PSf mem-
brane surfaces with y~ of 46 and 54 mJ/m?, whereas on hydrophobic surfaces such
as PP and PF membranes the greatest number of cells adhering to the membrane
surface was measured on the surfaces with y~ of 20 and 21 mJ/m?, respectively. The
results obtained in this study highlighted a relationship between the base param-
eter of the membrane surface free energy and cell adhesion and metabolic activity
[50]. Regardless of the type of native polymeric membranes, it is possible to improve
cell adhesion and specific functions by changing their surface free energy and related
components.

6.7 Functionalization of membrane surfaces

A variety of techniques have been proposed in the last decades for chemical and/or
biochemical modifications of the surface of materials in order to improve the interac-
tions with cells and/or blood. The strategies undertaken by several groups to mod-
ify the surface of materials leaving unaltered the bulk and functional properties in-
clude: (1) modification of the material’s surface via implantation of new atoms, or via
oxidation of the outermost atomic layers; (2) the deposition and adsorption of non-
covalently linked molecules or biomolecules onto the surface, producing a coating
layer; and (3) covalently linked molecules or biomolecules forming a coating layer.
Figure 6.6 reports some approaches to increase the biofunctionality of the membrane
surface. Chemical modification of the polymeric membranes conferring charged end-
groups (e.g. ~-OH-, -S—, -COO-, NH3) to its surface may lead to protein adsorption
and structural rearrangements via electrostatic interactions triggering the early stage
attachment phase of cells. It has been shown that the grafting of N-containing func-
tional groups on membranes allows an increase in the polarity of the surface and
to have chemical groups typical also of proteins which could support cell adhesion
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and functions [57-59]. The grafting of N-functional groups can be achieved by a low-
temperature plasma modification process which is widely used to modify the surface
of biomaterials through etching, deposition and grafting without altering their bulk
[60]. In particular, plasma treatments with NH3 or N, feeds and plasma deposition
processes with N-containing monomer feeds (e.g., allylamine) provide surfaces with
N-containing functional groups, whose distribution and density can be tuned with
the plasma parameters. NH3 glow discharge plasma, for example, has been used to
modify PEEK-WC-PU membrane surfaces with nitrogenated functionalities in order to
enhance the maintenance of differentiated functions of human hepatocytes [57, 58].
In this study nitrogen functionalities grafted over the membrane trigger initial attach-
ment of cells promoted by electrostatic interactions between amino groups positively
charged at physiological pH, and negatively charged carboxylated groups of medium
proteins and/or with proteoglycans of the pericellular membranes. Consequently, the
liver-specific functions were maintained at high levels up to 19 days on these surface-
modified membranes. The membranes plasma-grafted in NH;3 radiofrequency glow
discharges have been employed to promote the expansion and differentiation of rat
embryonic liver cells [59]. NH3 plasma modification of PEEK-WC-PU membranes up-
regulated and down-regulated the albumin and AFP gene expression, respectively, as
a result of their enhanced differentiation in contrast to the other substrates used.

~—— Cell

Membrane
/ ] X receptors
o Lo abfl |
Unfunctionalized Functionalization
surface of surface

Integrins
— ASGR —»,
RGD —» Galactose - Functional
s -99 05V 99
I | | I |

Fig. 6.6: Different approaches for improving the biofunctional specificity of the membrane surface.

Other approaches aimed at modifying the surface of materials involve the use of ECM
molecules (collagen, fibronectin, laminin, poly-L-lysine, etc.) that interact with cell
receptors. These proteins can be covalently linked to the surface or just adsorbed,
producing a coating layer. The realization of biomaterials, including membranes that
have selective cell adhesion and are able to promote a spatially organization of cells,
can be achieved by surface functionalization of bioactive molecules like peptides. For
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example, RGD moieties have been immobilized onto the material surface in order to
mimic the cell-binding domains of the ECM [61]. Indeed, this peptide represents the
minimal adhesion domain of most of the ECM proteins (e.g. fibronectin, vitronectin,
and collagen), and it has been shown to improve the adhesion of human hepatocytes
on membranes [61]. A cyclic peptide of RGDfK (R: arginine, G: glycine, D: aspartic
acid, f: D-phenylalanine, and K: lysine) was designed by Kessler et al. [62] in order
to improve the cytocompatibility of the material. This cyclic peptide seems to be more
stable and efficient in the conjugation with integrins with respect to the linear one.
However, the cell response after surface modification of the material depends on struc-
tural parameters such as the density of the ligands, their spatial distribution, their
steric hindrance, and their colocalization with ligands [63]. To this purpose the use of
spacer arms (e.g. low molecular weight polyethylene glycol) to bind the biomolecule
confers the required flexibility to cell binding [64].

Alternatively to biomolecules such as RGD or ECM molecules that interact with
integrins present over the cell membranes, it is possible to immobilize molecules that
interact specifically with a given cell population. For example, galactose motifs have
been immobilized on membranes for enhancing the specific interaction with hepato-
cytes, due to the specific binding between the galactose moiety and the asyaloglyco-
protein receptor present on hepatocyte cytoplasmatic membranes. Literature studies
show that galactosylated polyethersulfone (PES) membranes support the longterm
maintenance of liver-specific functions of human hepatocytes [65, 66]. The modifi-
cation strategy reported in this study includes the deposition of a stable functional
plasma deposited acrylic acid (pdAA) layer characterized by a known surface density
of —COOH groups, followed by the immobilization of galactose derivatives in its acid
form (galactonic acid) through a hydrophilic spacer arm molecule. The immobilization
of galactose derivatives on PES membranes significantly improved the adhesion and
metabolic functions of liver cells, in particular urea and albumin synthesis.

6.8 Influence of mechanical properties

The mechanical properties of the membranes, in addition to other properties, play
a critical role in the process of cell adhesion and consequently in their behavior, in-
cluding migration and spatial distribution [67-69]. Cells in vivo reside in a complex
mechanical environment characterized by endogenous (generated by cells) and ex-
ogenous (applied to cells) forces. Cells on the ECM and in contact with neighboring
cells generate endogenous forces through the cytoskeletal contractility [70]. Exoge-
nous forces include gravity and tissue-specific interactions. Therefore cells sense and
probe the stiffness of their environment, and they adhere and interact on the basis
of the local mechanical stimuli which they receive [71]. They are able to convert me-
chanical stimuli into chemical signals through mechanotransduction process that in-
volve stretch-mediated ion channels, primary cilia, integrins, G-protein receptors, cell-
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cell adhesions, and the cytoskeleton. These transducers allow the conversion of me-
chanical input into complex intracellular signaling cascades that regulate cellular
adhesion, spreading, migration, and proliferation [72]. Through cytoskeleton orga-
nization/tension cells transmit a series of intracellular signalling pathways, which
at the same time activate or inhibit gene expression [73]. Fibroblasts and epithelial
cells cultured on substrates (E = 1kPa) promote focal adhesions forming dynamic
and irregular punctate structures. On the contrary, an increase in the substrate stiff-
ness (E =~ 30-100KkPa) favors the formation of arrays of elongated focal adhesions
and an increase in tyrosine phosphorylation of focal adhesion kinase (FAK) and pax-
illin through intracellular signals. Stiff substrates increase both focal adhesion and
cytoskeletal organization [74—76] with consequent changes in cell shape. For exam-
ple, fibroblasts on stiff substrates exhibit an increase in the spread area, and actin
stress fiber organization [75, 77] on compliant substrates shows a round shape with
diffuse actin. Similar behavior has been reported for endothelial cells whose spread-
ing increases with the substrate stiffness [78].

Since tissue stiffness ranges within several orders of magnitude, from adipose tis-
sue (Young’s modulus E = several kPa) [79] to bone (E ~ GPa) [80], the stiffness of the
membranes should be taken into account for engineering a specific tissue or organ
construct. In this context, the ability to develop biomaterials with elastic properties
that recapitulate the same stiffness of the in vivo tissue is important for the realization
of a new tissue and/or organs.

Additionally the stiffness of the material in contact with cells is not static but
changes during the time from that which occurs in vivo during the physiological pro-
cesses, especially in the case of biodegradable membranes that are subjected to degra-
dation.

Membranes with different grades of tensile elasticity have been investigated in
the neuronal survival and neuritis outgrowth. In particular membranes with Young’s
modulus ranging from 36 to 2228 MPa have been used in the fabrication of in vitro
platforms for neuronal growth [81]. Chitosan membranes, owing to the rigid and brit-
tle character (Young’s modulus = 2288 MPa), turned out to be inappropriate candi-
dates for nerve conduits because they could compress the regenerating nerve cells.
On the other hand, membranes of polyurethane with Young’s modulus of 36 MPa are
too soft as nerve conduits, whereas membranes of polycarbonate and polycarbon-
ate-polyurethane with Young’s modulus of 208 MPa and 570 MPa, respectively, have
been able to offer enough mechanical properties for nerve tissue. In another study
membranes with elastic properties accelerated the fusion process of self-assembled
spheroids consisting of fibroblasts and myoblasts leading to the formation of func-
tionally active microtissues [82].
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6.9 Mass-transport influence

One of the critical points that can affect the viability and functions of cells in contact
with a biomaterial in vitro is the adequate supply of nutrients and the removal of
wastes and catabolites from cell compartments. The mass transfer characteristics of
the in vivo tissue environment can be described by the convective transport of nutri-
ents in capillary vessels that are in close proximity of the cells (usually within 100 pm),
and diffusive transport across the interstitial space to individual cells. Mimicking the
in vivo environment, membranes should ensure adequate mass transfer. In general,
membranes with pore sizes of lower than 1pm are able to support free diffusion of
molecules, but not cellular migration, whereas pores in the range of ~10-100 um
readily allow host cells to migrate through the entire volume of the scaffold. However,
the membrane pore size is defined on the basis of the molecules which are to be
transferred. Transport complications arise because molecules present in the cell en-
vironment are comprized on a wide range of molecular sizes (from small electrolytes
to large proteins) and physico-chemical properties (hydrophilic and hydrophobic
molecules). The transport across the membrane occurs by diffusion and/or convection
because of the transmembrane concentration or pressure gradients. The diffusion of
molecules across the membrane is proportional to the transmembrane concentration
gradient and diffusive permeability into the membrane. The molecule diffusion varies
with membrane permeability and pore size and decreases as the membrane thickness
increases. Each molecule has a different diffusion rate in liquid solution and the
consumption or production rates of a given metabolite can be different, affecting the
overall mass transfer. As previously described, the transport rate through the mem-
brane depends on the MWCO, as well as the morphological and physico-chemical
properties of both the membranes and the molecules of interest. Membranes with
different permeability properties affected axonal outgrowth of hippocampal neurons.
It has been shown that polyacrylonitrile HF membranes with hydraulic permeance
of 0.2151/h m? mbar ensured a sufficient mass transfer of nutrients and metabolites
to the cells and the removal of catabolites from cell microenvironment, guaranteeing
adequate levels of metabolic features. PAN HF membranes were able to recreate in
vitro a 3D neural tissue-like structure, mimicking the hippocampal tissue.
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7.1 Membrane bioartificial organs

Health care requests for patients with tissue loss or end-stage organ failure is increas-
ing due to the aging of the worldwide population and the development of pathologies
related to organ functions. Transplantation represents the gold standard for lifesaving
but is limited by the scarce availability of donor organs, and as a consequence, there
has been a growing demand for biological substitutes that are able to restore or to
temporarily maintain or improve organ functions. The development of a bioartificial
organ involves the creation of a biomimetic microenvironment which is able to support
the growth and the maintenance of biological tissue or cells in a natural or synthetic
framework.

In this context selective membranes of suitable molecular weight cutoff are able to
compartmentalize cells in a microstructured environment as selective barriers to pre-
vent immune system components from getting into contact with the implant, while al-
lowing nutrients and metabolites to permeate freely to and from cells [1]. During recent
years several studies demonstrated that synthetic membranes due to their characteris-
tics of biostability, biocompatibility and selectivity can be used for the development of
bioartificial systems using isolated cells that works as a bioartificial organ. Membranes
are used, for example, in bioartificial liver, pancreas, and kidneys, or to encapsulate
cells to be implanted in a specific site of the human body.

Production of sufficient tissue or organ in vitro for using in the treatment of pa-
tients with organ failure requires adequate oxygenation and appropriate transport of
nutrients to, and waste product from, the tissue. To overcome the limitations of static
culture methods, various dynamic systems such as bioreactors have been developed.
Here the bioreactors allow the culture of cells under tissue-specific mechanical forces
such as pressure, shear stress, and interstitial flow. Furthermore, in these systems a
constant turnover of tissue culture medium enhances the gas and nutrient exchange,
which together with the complete fluid dynamics control ensures the long-term main-
tenance of cell viability and function [2]. Membrane bioreactors are designed to repro-
duce the functions of organs which are supposed to replace, rather than its anatomical
structure. For this reason they represent a chance for restoring, maintaining or improv-
ing tissue functions, or for designing in vitro physiological models (e.g. liver, pancreas,
neurons, etc.).

DOI110.1515/9783110268010-008
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In these devices biological components, cells, are integrated into synthetic mem-
branes that act as a support for the adhesion and compartmentalization of cells. Differ-
ent types of devices have been proposed using flat sheet or hollow fiber membranes,
capsules or coatings for the immobilization of cells [3]. Various types of bioreactors
have been investigated for tissue culture, including the spinner flask bioreactor, the ro-
tating vessel bioreactor, the rotating wall perfused vessel bioreactor, and the perfused
column bioreactor, as reviewed by Freed and Vunjak-Novakovic [4]. Also, perfused
chambers have been used to encourage culture medium to reach the center of the bio-
construct through microchannels [4].

In recent years the in vitro use of membrane biohybrid systems including bio-
reactor systems contributed in attaining important information about the effect of
various drugs, such as diclofenac, rofecoxib, or paracetamol - the effects of which
are not completely known — on the specific functions of human hepatocytes [5-7].

Membranes of suitable molecular weight cutoff are used in bioartificial organs
(e.g., pancreas, liver) as selective barriers to prevent immune system components from
getting into contact with the implant, while allowing nutrients and metabolites to per-
meate freely to and from cells. The use of membranes in bioartificial substitutes and
tissue engineering date back to the year 1933, when Vincenzo Bisceglie in Bari, Italy
encased mouse tumor cells in a nitrocellulose membrane and inserted them into the
abdominal cavity of a guinea pig, to show that cells were not killed by an immune
reaction in the pig [8]. Subsequently many researchers focused on the development
of immunoprotective membranes to prolong the life of a transplant. Currently two im-
portant areas of interest are represented by bioartificial pancreas for the treatment of
insulin-dependent diabetes and liver assistance device for the temporary treatment
of acute liver failure. Membrane capsules containing dopamine-secreting cells also
are being explored for treating Parkinson’s disease, a progressive brain disorder char-
acterized by a deficiency of the neurotransmitter dopamine [9]. Immunoprotective
membrane cell transplants are being investigated to treat other nervous system dis-
orders. Polymer membranes are also being explored to block cell adhesion or scar
tissue formation, for example after surgery, and thus improve wound healing. In ad-
dition, membranes are being investigated for prevention of restenosis (coronary artery
narrowing) after angioplasty [8].

In membrane bioartificial organs, cells are compartmentalized by means of selec-
tive membranes that permit the transport of nutrients and metabolites to cells and the
transport of catabolites and specific metabolic products to the blood. The membrane
must prevent contact between xenogeneic cells and the patient’s blood to avoid an im-
munological response and the rejection of the xenograft. Membranes act as a means
for cell oxygenation, and in the case of anchorage-dependent cells as substrata for cell
attachment and culture. As a result, the type of membrane to be used in a bioartificial
organ must be chosen on the basis of its permeability characteristics as well as on its
physico-chemical properties related to the separation process.
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7.2 Bioartificial liver
7.2.1 Liver structure and functions

The liver, one of the largest organs located in the abdominal cavity performs numerous
functions vital for the maintenance of body homeostasis. The supply of blood to the
liver is from the hepatic artery that carries blood from the aorta, and from the portal
vein, which carries blood containing digested nutrients from the gastrointestinal tract,
the spleen, and pancreas. These blood vessels subdivide into capillaries, which then
lead to lobules, which are the functional units of the liver. The liver is drained by the
hepatic veins and the bile which is produced is drained via the biliar canals (Figure 7.1).

The liver is divided into lobules, which are polyhedrons centered on a central vein.
At the lobule vertices, a bile duct, a branch of the hepatic artery, and portal vein form
“the portal triad”. The bulk of the liver is primarily composed of parenchymal cells
such as hepatocytes, making up 70 % of liver mass, and nonparenchymal cells such as
hepatocyte precursor cells (oval cells or Ito cells), stellate cells, kuppfer cells, epithe-
lial cells, sinusoidal epithelial cells, biliary epithelial cells, and fibroblasts [10]. Hepa-
tocytes are organized in cords between sinusoidal capillaries within the lobule. Liver
cells are spatially organized to optimize communication and transport. Cells commu-
nicate directly through cellular and gap junctions, and via soluble chemical signals
or via signals associated to the macromolecules which form the surrounding ECM,
enabling cells to differentiate, grow, function, and undergo apoptosis [11]. Factors af-
fecting the cellular environment control the size, shape, and population of the colony.
Structurally, hepatic cells are attached to a basal membrane composed of laminin
and type IV collagen. They are connected to other cells through homotypic or hetero-
typic cellular junctions, alerted by the cell adhesion molecules (CAMS) binding to
receptors, and surrounded by an extracellular matrix (ECM) that includes fibronectin
and type I and III collagen [12]. Furthermore, hepatocytes exhibit a striking polarity
which is expressed at multiple levels: in the overall cell shape, distribution of the
cytoskeleton and organelles, and in the division of the plasma membrane into three
functionally and compositionally distinct domains: basolateral, canalicular, and lat-
eral. At the basal surface the transport of small molecules across membranes and the
exchange of metabolites with blood take place, whereas the secretion of bile acids and
detoxification products occurs on the apical domain. Thus, the metabolic activities of
the hepatocytes change spatially along the length of the sinusoid and are apparently
regulated by gradients of oxygen, hormones and ECM composition, which create a
phenomenon of “liver zoning”.

The development of constructs with metabolic functions equivalent to those of the
liver poses technical challenges due to the complexity of liver cell physical-chemical
requirements. The liver performs numerous functions, including synthesis of serum
proteins such as albumin and that occurs exclusively in the hepatocytes, regulation
of nutrients, glucose and fatty acid metabolism, detoxification, production of bile,
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Fig. 7.1: Anatomical and structural organization Endothelial Sinusoids
of the liver. cells

urea synthesis, and the biotransformation of xenobiotic and endogenous substances
through the phase I and phase II biotransformation reactions. The hepatocytes pri-
marily exhibit the characteristic hepatic functions and are the preferred candidates
for a bioartificial liver device.

7.2.2 Liver disease

The loss of liver function results in the disruption of essential body functions which
may lead to death. Patients with liver failure develop hepatic encephalopathy and
have a dramatic rise in intracranial pressure. The liver is normally able to regenerate
after acute injury and recover its function under appropriate physiological stimuli [10].
However, liver failure occurs when the normal regenerative process is compromised
and the residual functional capacity of the damaged liver is unable to sustain life.

Liver disease is now the fifth most common cause of death after heart disease,
stroke, chest disease, and cancer. Several causes can lead liver injury: cirrhosis, pri-
mary liver cancer, chronic viral hepatitis B and C, and nonalcoholic fatty liver disease
are among the most frequent causes of liver disease (Figure 7.2).
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Fig. 7.2: Main causes of liver diseases.

Liver transplantation is the only established treatment for liver failure; every year,
the number of patients needing a hepatic transplant increases. The European Liver
Transplant Registry (ELTR) has cumulated data concerning 130 441 liver transplants
from 168 centres in 33 countries from May 1968 to June 2015'. Cirrhosis is the most
frequent indication for transplantation in Europe, followed by cholestatic disease,
primary liver tumors, and acute hepatic failure. Every year 30 000 people die of end-
stage liver disease in United States, and the current treatment of liver disease not only
generates a list of more recipients than donors, but also produces a cost of $ 9 billion
in the United States? only. Currently there are 118 333 patients on the waiting list for a
donor organ, and of those there are 14 369 candidates awaiting a liver transplant3. The
World Health Organization estimates that about 170 million people are infected with
hepatitis C virus (HCV), and more than 32 million are in South East Asia.

Insufficient number of donor organs for orthotopic liver transplantation world-
wide has urgently increased the requirement for new therapies for acute and chronic
liver disease. For this purpose a liver support device is needed as a bridge to trans-
plantation or as a support for the patient to recover the liver functions. The classical
extracorporeal detoxification systems that are based purely on physical separation
of toxins from the patient’s blood (e.g. dialysis, hemofiltration, plasmapheresis) are
inadequate, considering the multiple and complex functions that the liver performs.
The introduction of active functioning hepatocytes able to perform all synthetic and

1 European Liver Transplantation, www.eltr.org

2 United Network for Organ Sharing, unos.org

3 Organ procurement and transplantation network, http://optn.transplant.hrsa.gov (data as of
March 15, 2017)
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detoxification functions as in the native liver allowed the creation of a bioartificial liver
(BAL), which is a promising approach for the treatment of hepatic failure. Generally, a
BAL system consists of functional liver cells supported by an artificial cell culture ma-
terial. In particular, it incorporates hepatocytes into a bioreactor where the cells are
immobilized, cultured, and induced to perform the hepatic functions by processing
the blood or plasma of patients.

7.2.3 BAL design issues

The development of a BAL system involves many design considerations. The cells
used in BAL devices must perform all synthetic and detoxifying functions as in vivo.
The membranes must provide: (1) an adhesion support to the cells; (2) an adequate
mass transfer of oxygen, nutrients, and toxic substances from the blood or plasma
of patients to the cell compartments, and of proteins and other specific compounds
and catabolites produced by cells from the cell compartment to the blood or plasma;
(3) immunoprotection of cells; (4) biocompatibility. BAL devices are classified on the
basis of cell source, type of culture system for the hepatocytes, and type of bioreactor
(Tables 7.1-7.3).

Cell source for BAL

In the field of liver therapeutic tissue engineering the choice of the cell type and cell
source is a key point, since the cellular component plays a critical role in the perfor-
mance of a BAL device (Table 7.1). The cells inside the BAL must retain their differen-
tiated functions. Due to a lack of human organ availability, one of the main sources of
hepatocytes for bioartificial systems is xenogeneic material. Primary porcine hepato-
cytes, for example, which can be obtained in large quantities, have been widely used
as the cell source for hybrid artificial livers. Porcine hepatocytes exhibit biotransfor-
mations functions, synthesis of urea, albumin, and other proteins, and are activated
by growth factors that also activate human cells [13]. Although these cells are eas-
ily obtained in large quantities and demonstrate the same qualities and therapeutic
effects of human hepatocytes, this type of cell source carries the risk of xenogeneic
infections, and since they are not of human origin they are not genetically matched,
resulting in immune rejection by the patient [14]. An alternative approach is to use
an immortalized hepatoblast carcinoma line which has the necessary functional and
survival characteristics. The advantages of using established cell lines include the
ability to culture large quantities of cells for an extended period of time and the abil-
ity to control the degree of hepatocyte function displayed [15]. However, because these
cells are cancerous in nature, it is important to maintain safe handling practices when
considering the possibility of using these cells clinically. Primary hepatocytes are har-
vested via perfusion and are the precursor cells to mature hepatocytes. Furthermore,
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primary human hepatocytes are very difficult to culture, and human cells obtained via
perfusion do not survive beyond several divisions. In addition, not only are human
hepatocytes difficult to maintain in culture, they also may loose their normal func-
tions or undergo dedifferentiation [16]. Current attention is being focused on finding
areliable source of human hepatocytes. Stem cells have been suggested as interesting
cell sources. These cells, found in sources such as bone marrow, are the most flexible
cells in terms of being undetermined in their pathway and expressing a remarkable
ability to differentiate into a desired cell type. Factors that contribute to a particular
cell signaling pathway are currently being investigated. These include growth factor,
cellular signaling within the interstitial fluid and extracellular matrix, and cues from
other cells of either the same or different cell types. Hepatic progenitor cells (oval
or Ito cells) found within the liver have already begun to differentiate, but still have
several options before becoming destined to a specific cell line. These cells will not
necessarily become mature hepatocytes but could differentiate into other functional
cells of the liver [17]. The generation of hepatic endoderm from pluripotent stem cells
is now being identified as one resource to meet the big demand for functional hu-
man hepatocytes. Human embryonic stem cells are derived from the inner cell mass
of preimplantation embryos and possess the abhility to self-renew and differentiate to
all cell types. These attributes in theory give them the potential to provide an unlim-
ited supply of replacement cells for regenerative medicine [18]. Although the human
embryonic stem cells could potentially provide an infinite source of hepatocytes, stem
cells and somatic cells generally have limited function without the specialized tissue
microenvironment. Thus, the recreation of such a niche is of primary importance for
the development of scalable and high fidelity resources for drug testing or BAL recon-
struction.

Tab. 7.1: Cell source to be used in a bioartificial liver.

Source of hepatocytes

Advantage

Disadvantage

Primary human
hepatocytes

Optimal function

Scarce availability

Porcine hepatocytes

Large source

Immunologic problems,
PERV transmission

C3A cells

Express some liver
functions

Functionality and safety
uncertain

Immortalization
of hepatocyte lines

Capacity of division
growth

Tumorigenic potentiality

Stem cells

Self duplication, multi-
directional differentiation

Complicated micro-
environment

Coculture cells

Improve hepatocyte mor-
phology and functions

High technical standard
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Culture techniques

A successful BAL device requires a favorable culture model for hepatocytes to main-
tain their viability and differentiated functions. Hepatocytes are involved in many im-
portant liver functions: blood detoxification; bile secretion; protein, steroid, or fat
metabolism; vitamin, iron, or sugar storage. This multifunctionality implies a great
number of biological parameters, which are difficult to reproduce in vitro to main-
tain all the functionalities of the hepatocytes. Moreover, primary cultured hepatocytes
rapidly lose liver-specific functions when maintained under standard in vitro culture
conditions. To overcome such limitations, several different culture models for mainte-
nance of hepatocytes in vitro have been developed. As mentioned before, a stationary
suspension culture of isolated hepatocytes is ineffective, since in this circumstance
hepatocytes lose differentiated function within hours. An alternative technique, re-
sulting in improved cell viability and functional activity, is attachment culture. An
example is given by the use of an overlying layer of collagen gel developed by Dunn
et al.; this culture model is described as a “collagen sandwich culture”. In this model,
cells are spread on a monolayer and then covered with another collagen layer [19].
It has become increasingly clear that three-dimensional rather than monolayer growth
is particularly important for maintaining differentiated hepatocyte function in cul-
ture. A means of establishing three-dimensional hepatocyte growth is the creation
of multicellular spheroid aggregates. Early methods utilizing stationary culture tech-
niques had the disadvantage of requiring several days for spheroid formation [20], ren-
dering this approach impractical for clinical use. More easily and rapidly hepatocyte
spheroids — usually with diameters of 50-500 um — can be formed from suspended
isolated cells by a spinner or rotational flask [21], or by incubation with a small num-
ber of collagen-coated dextran, polystyrene, or glass microcarriers as a nidus for cell
aggregation [22]. These induced hepatocyte aggregates maintain their specific func-
tions and their peculiar ultrastructure resembling that of a normal liver.

Another method of hepatocytes immobilization, cell encapsulation within algi-
nate-polylysine, polyacrylate, or cellulose acetate, also promotes the development of
three-dimensional hepatocyte growth. The potential for three-dimensional structure
formation can be further enhanced by enriching the solution with natural extracellu-
lar matrix proteins prior to encapsulation, or can include supplementation of factors
in the culture medium and the cocultivation of hepatocytes with other type of cells,
the so-called “feeder cells” [23]. Thus cells are protected from mechanical damage,
and additionally, immunoisolation from xenogeneic cells should be possible. In vivo
studies have demonstrated that encapsulated hepatocytes transplanted in Gunn rats
restored liver function without immunosuppression [24]. Among the techniques for
maintaining hepatocellular function the use of artificial spherical bodies called micro-
carriers, ensures a larger surface for cell adhesion. For instance cellulose multiporous
microcarriers (MCs) are capable of immobilizing isolated cells in their micropores,
and thus they are a suitable extracellular matrix for maintenance of cellular func-
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tion [25]. An example is provided by Wu et al. who fabricated by using chitosan as a
raw material, a suitable size of porous microcarrier in which rat hepatocytes were cul-
tured. The microcarrier was modified with lactose and maltose. The cells were able to
maintain a morphologic structure similar to that in vivo and showed higher metabolic
activities on lactose-modified microcarriers [26]. Coculture with nonparenchymal cells
significantly enhances hepatocyte viability and function, probably due to the mixed
effects of autocrine and paracrine stimulation by growth factors derived from the non-
parenchymal cells and the reproduction of extracellular matrix. In the liver, hepato-
cytes and endothelial cells are closely associated but separated by the extracellular
matrix of the space of Disse. To establish the heterotypic cell-cell interaction essential
for the maintenance of proper liver function, Jindal et al. created an in vitro cocul-
ture system able to provide native cues, consisting of hepatocytes, collagen, and an
overlaying endothelial monolayer. The authors demonstrated that this culture config-
uration induces the early recovery of hepatocytes following cell isolation as evidenced
by the increased albumin and fibrinogen protein secretion as well as gene expres-
sion [27].

Another study regarding the coculture system was carried out in order to maintain
the differentiated status by means of hepatic stellate cells (HSCs), their soluble and
particulate factors, and lipid extracts. The central question of the study was to under-
line the fact that HSCs maintained hepatocytes functions and structure by multiple
signals, preferentially cell bound, pointing in particular to nonsoluble membranous
ligands contacts. This showed once again the pivotal role played by the surrounding
microenvironment for the maintenance of differentiated hepatocytes [28].

Bioreactor

Considering the several functions that the liver performs, a hybrid liver-support de-
vice is one of the most complex bioreactors. Therefore, its design must be optimized
in order to ensure: the rapid detoxification of neural and hepatic toxins; the return of
liver-specific hepatotrophic factors, as well as liver-specific coagulation factors, back
into the patient’s blood; and the maintenance of liver-cell detoxification and synthetic
functions until liver tissue regeneration or organ transplantation. On the basis of these
considerations, an efficient culture device must be designed considering the follow-
ing important design criteria: (1) to use a sufficient number of differentiated hepato-
cytes which can maintain the long-term functions; (2) to reduce mass transfer resis-
tances and eliminate substrate limitations so that the device can function at max-
imum efficiency; (3) to minimize the dead volume in the device, thereby reducing
plasma dilution effects in the patient. The ideal bioreactor design would maximize
mass transfer to the hepatocytes, thereby enabling nutrients, including oxygen, and
toxins from the patient’s blood or plasma to reach the hepatocytes. The treated blood
or plasma, including metabolites and synthetic products, would then be returned to
the patient’s circulation. To achieve this task a large surface area is important for cell
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adhesion. An ideal device should integrate efficient mass transport, scalability, and
maintenance of hepatocyte functions. One of the most promising bioreactors is the
membrane bioreactor. Membranes with suitable molecular weight cutoff (MWCO) have
been proven to provide an effective immunoisolation barrier to immunocompetent
species present in the patient’s blood. In principle, xenogeneic or allogenic implants
might be used without need of immunosuppression therapy. Membranes also permit
the transport of nutrients and metabolites to cells and the transport of catabolites and
specific metabolic products to the blood. In the case of anchorage-dependent cells,
they offer high surface area available for cell attachment and culture. In these biore-
actors, mass transfer is determined by the membrane MWCO or pore diameter and
occurs by diffusion and/or convection in response to existing transmembrane concen-
tration or pressure gradients. Some bioreactors use membranes with MWCO ranging
from 70 to 100 kDa which are suitable for the transport of serum albumin but exclude
proteins with high MW such as immunoglobulins and cells. The advantage of using
these membranes is to provide immunoprotection. Other bioreactors use microporous
membranes with a large pore diameter (0.2 pm) which allow the free passage of plasma
proteins, toxins, and clotting factors between the blood or plasma and cells, but they
exclude the passage of cells. The advantage of using a membrane with a large pore di-
ameter is to increase the fluid convection in order to improve mass transfer conditions.
Polymeric membranes with different morphology and chemico-physical properties
have been used in BAL devices [29]. The majority of extracorporeal BAL has used
cellulose and polysulfone derivatives (Tables 7.2 and 7.3). Morphological properties
(e.g. pore size, pore size distribution, and roughness) and physico-chemical charac-
teristics (e.g. surface charge, wettability, surface free energy) affect all the adhesion
and metabolic functions of hepatocytes [30, 31]. Presently, most of the commercial
membranes used for liver cell culture are developed for hemodialysis, which are op-
timized to be inert with blood proteins and cells. As a result membranes express poor
properties regarding cell interaction and functions. Thus, the development of mem-
branes able to favor the adhesion and the expression of liver specific functions is quite
important for the design of a tissue-engineered liver bioreactor.

Another important issue in bioartificial liver design is the maintenance of suffi-
cient oxygen supply to the hepatocytes. Since hepatocytes exhibit high metabolic rate
with significant oxygen uptake, in order to oxygenate the circulating blood or plasma
some devices incorporate an oxygenator in the bioreactor, while others use an in-
line oxygenator in the extracorporeal perfusion circuit. The modern bioreactor design
should simulate the complex physiologic environments in vivo, such as physicochem-
ical parameters (e.g. pH, temperature, concentration of nutrients and metabolites),
mass transfer rates, and biomechanical conditions. Various bioreactors have been de-
signed to meet these demands. They range from rather simple hollow-fibre systems
or dialyzers to more complex bioreactors which try to mimic the architecture of the
liver. However, most of these systems have their limitations, either in that they offer
a suboptimal environment for cell growth, or their function is poorly reproducible.
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Fig. 7.3: Configuration of membrane bioreactors using hepatocytes cultured: (a) between flat-
sheet membranes; (b) entrapped in a three-dimensional contracted gel matrix inside hollow
fiber membranes; (c) outside hollow fiber membranes organized in organoids; (d) outside hollow
fiber membranes attached to microcarriers; (e) in a network formed by four capillary membranes
with different functions; (f) in a spirally wound nonwoven polyester matrix inside hollow fibers;
(g) in microcapsules; (h) in the intraluminal compartment of a multibore fiber bioreactor; (i) in

a rotating-wall gas-permeable membrane system.
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Hepatocytes have been cultured in membrane bioreactors in different configurations
(Figure 7.3): (a) between flat-sheet membranes in a sandwich configuration; (b) in
the lumen of hollow fibre membranes entrapped in a collagen layer; (c) in the shell
of hollow fibre membranes in monolayer, (d) aggregate or spheroid structure, and
(e) attached to microcarriers; (f) in a network of hollow fiber membranes with dif-
ferent functions; (g) in a spirally wound device in which hollow fibers are used to
provide oxygen to the cells; (h) in multibore capillaries; (i) microencapsulated, and
(j) in an oxygen permeable membrane rotating system under microgravity conditions
[32]. In all of these bioreactor configurations, hepatocytes are cultured in contact with
the membranes therefore membranes with adequate surface and structural properties
have to be used into the bioreactor.

Mass transport

For the design of an efficient membrane bioreactor, transport phenomena determin-
ing the overall transmembrane flux of metabolites, catabolites, cell regulatory, and
immune-related soluble factors need to be considered. Transport complications arise
because solutes are comprised in a wide range of molecular sizes (from small elec-
trolytes to large proteins) and physico-chemical properties (hydrophilic, hydrophobic
molecules). In order to decrease the complexity of transport analysis, a large number
of the papers dedicated to hollow fiber bioreactors assume that the transport of low
MW nutrients and metabolites occurs by diffusion [33, 34], whereas convective contri-
butions to mass transfer are generally neglected since pressure shear stress decreases
cell viability. Conversely, convection phenomena are supposed to regulate the mass
transfer of macromolecular species and proteins [35], and transport properties of cy-
tocompatible membranes are analyzed by standard sieving experiments.

However, in the liver, oxygen and nutrient supply to the cells occurs by means of
sinusoidal structures located on two sides of each cell; sinusoids act as transport chan-
nels for convective flow, and they enable efficient diffusive nutrient transport through
the cellular space and extracellular matrix.

An efficient transport of metabolites and nutrients is required for in vitro mainte-
nance of the hepatocyte viability and functions.

In a BAL system, three compartments must be distinguished: the blood/plasma
compartment, the membrane compartment, and the cell compartment. Mass trans-
fer in the blood compartment is primarily due to the convection mechanism, because
the osmotic forces during the steady-state operation of BAL are negligible. The rate at
which the molecules are transported is dependent on the fluid dynamics of the blood
compartment and on the physico-chemical properties of the molecules. Considering
that the blood is a fluid with a non-Newtonian behavior [36], it is difficult to model
the mass transfer. In many devices a cartridge separates the cellular component of
the blood before entering into the BAL, and therefore only plasma flows through the
BAL. In this case the plasma is a Newtonian fluid, and the mass transfer coefficient
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increases with increasing plasma flow, and the membrane acts as static selective bar-
rier promoting secondary flows and mass transfer. The optimization of plasma flow is
dependent on the physiological plasma parameters and bioreactor geometry.

Mass transport through the membrane depends on the morphological and physi-
co-chemical properties of the membrane and molecules. The transport across the
membrane occurs by diffusion and/or convection because of the transmembrane
concentration or pressure gradients. The diffusion of molecules across the membrane
is proportional to the transmembrane concentration gradient and diffusive permeabil-
ity into the membrane. Molecular diffusion varies with membrane permeability and
pore size and decreases as the membrane thickness increases. Diffusion coefficients
in the membrane decrease with molecular weight and Stokes radius of solutes [37].
The membrane transport of molecules is also dependent on their physico-chemical
properties (e.g. hydrophilicity/hydrophobicity, charge) related to the membrane prop-
erties: for example polymeric membrane charge can affect the diffusion of a charged
molecule.

In convective transport, the hydraulic permeance and the sieving coefficient
(molecule rejection by the membrane) affect the transport rate of the molecules [38].
Therefore, the mean pore size, pore size distribution, porosity, and thickness of the
membrane are important in the determination of the hydraulic permeance and of the
membrane separation properties. The accumulation of molecules at the membrane
interface and the irreversible and reversible adsorption of molecules in the pores may
also affect mass transfer across the membrane.

Cells can be compartmentalized in the lumen or shell of hollow fiber membranes
or between flat sheet membranes or microencapsulated. In the cell compartment
molecule transport, metabolite consumption and production occur simultaneously.
In the cell compartment the solutes are transported by diffusion with a rate depen-
dent on cell density and on the presence of extracellular matrices (ECM) (collagen,
fibronectin, etc.) as well diffusion distance between membrane and cells. The presence
of ECM components may limit the solute diffusion and increase the distance between
cells and membrane, thereby increasing the concentration gradient. Therefore, the
transport in the cell compartment can be described in terms of diffusion-reaction
kinetics. Concentration gradients of nutrients and metabolites are determined by the
metabolic activity of cells. The metabolite concentration decreases with increasing
metabolic activity of cells. As a result the concentration of large molecules that have
a low diffusion coefficient decreases more steeply across the cell compartment than
the concentration of small molecules. The cell concentration and their distribution
in the cell compartment play an important role in the transport of oxygen, nutri-
ents and metabolites: cells metabolically active and high density assemblies may
cause steep concentration gradients which may hinder cell viability. The kinetics
of metabolic reactions may also affect the mass transfer. Most metabolic reactions
follow Michaelis—Menten kinetics. As the nutrient or metabolite is transported into
the cell compartment, the nutrient is also consumed, with a consequent reduction
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of its concentration. As a result the combination of the cell consumption with the
molecule mobility and cell distribution loading determine the concentration profile
of a metabolite in the cell compartment. The cell compartment should provide the
optimal culture microenvironment for hepatocytes while limiting diffusion distances.
Moreover, information about the rate equations for the given liver specific metabolic
reactions is necessary for the correct design of BAL.

7.2.4 Membrane bioreactors for BAL systems in clinical applications

Currently, several BAL devices are in various stages of clinical evaluation and are listed
in Table 7.3. Many of these devices use hollow fiber membranes as supports for the
cultured hepatocytes and as immunoselective barriers between the plasma of patients
and the hepatocytes. In 1987 Matsumura et al. reported an early clinical trial of a bioar-
tificial liver [39]. The device was developed on the principle of hemodialysis against a
suspension of functioning hepatocytes. The liver suspension was placed in a dialysate
compartment on one side of a cellulosic selective membrane. The blood flows through
a compartment on the opposite side of the membrane. Afterwards, one of the first large
clinical studies was performed by Margulis et al., in which 20 ml capsules filled with
pig hepatocytes in suspension were used [40]. These reports are the only two reports
based on suspension culture. Since hepatocytes are anchorage-dependent cells, they
rapidly lose their viability and functions in suspension. The BAL devices developed
later are based on adhesion culture.

The most common bioreactors developed as a bioartificial liver use hollow fiber
membranes. This bioreactor meets the main requirements for cell culture: a wide area
for cell adhesion, oxygen and nutrient transfer, removal of catabolites, and protection
from shear stress. In particular hollow fiber membranes may serve to initiate tissue
formation, to guide the microarchitecture of the developing tissue by providing histo-
appropriate mechanical forces, and to confer mechanical strength.

Since the 1990s several BALs have been proposed. Sussman and colleagues devel-
oped an extracorporeal liver-assist device (ELAD) in which human hepatocyte cell line
C3A, which is derived from hepatoblastoma cell line (Hep G2), are located outside the
hollow fiber, and blood flows through the lumen of hollow fibers. A portion of the pa-
tient’s plasma is ultrafiltrated through a cellulose acetate membrane (70 kDa) and is in
direct contact with the C3A cells [41]. This device is commercialized by the Amphioxus
Cell Technology. A hollow fiber device that uses cryopreserved porcine hepatocytes at-
tached to collagen-coated dextran microcarriers, called Hepatic Assist, was developed
by Demetriou and coworkers. In this system hepatocytes are loaded into the extracap-
illary space, and patient plasma flows through the capillary lumen of membranes with
a pore size of 0.2 pm. This size is sufficiently small to block the passage of whole cells
[42]. Plasma first passes through an activated charcoal column and flows through the
lumen of the hollow fibres. A more complex system was proposed by Gerlach et al. The
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liver support system (LSS) or modular extracorporeal liver system (MELS) consists of
a bioreactor with four interwoven independent capillary membrane systems which
serve different functions. The cells are cultured on the outer surface and among the
capillaries. Each fiber type exhibits a different function: silastic membranes for oxy-
gen supply and removal of carbon dioxide, polyamide fiber for the plasma inflow,
polyethersulfone fiber for the plasma outflow, and hydrophilic polypropylene mem-
branes for the sinusoidal endothelial coculture [43]. With this capillary array, decen-
tralized metabolite and gas exchange with small gradients are possible. Due to the
independent plasma inflow and plasma outflow compartments, decentralized per-
fusion of cells between these capillaries is achieved. Additional functions could be
integrated into the module.

The bioartificial liver support system (BLSS) is a hollow fiber device that uses
porcine hepatocytes embedded in a collagen matrix. This system uses cellulose ac-
etate hollow fibers with a 100 kDa MWCO containing more than 70 g of primary porcine
hepatocytes embedded in a collagen matrix. The patient’s blood is perfused through
the capillary lumen [44]. In the circuit nutrient stream directly perfuses the hepa-
tocytes providing specific nutrients. The Academic Medical Center bioartificial liver
(AMC-BAL) developed by Flendrig and coworkers uses a three-dimensional, spirally
wound, nonwoven polyester matrix for hepatocyte attachment with integrated hollow
fibers for oxygen delivery to the cells [45]. In contrast with previously described sys-
tems, the AMC-BAL uses direct contact between the patient’s plasma and the matrix
attached hepatocyte to improve bidirectional mass transfer.

A radial flow bioreactor (RFB) was developed by Morsiani et al. at the Univer-
sity of Ferrara. In this system porcine hepatocytes are entrapped in woven-nonwoven
polyester fabrics. The patient’s plasma passes from the center to the periphery of the
module [46].

Another BAL system that is currently in clinical testing is the TECA-hybrid artificial
liver support system (TECA-HALSS) developed in Bejing. This bioreactor from TECA
Corp. consists of hollow fiber membranes which compartmentalize a suspension of
10 to 20 x 10° porcine hepatocytes [47].

A hybrid bioartificial liver (HBAL) consisting of polysulfone hollow fiber mem-
branes with MWCO of 100 kDa has been developed by Ding et al. [48]. In this de-
vice 1x 1010 porcine hepatocytes cultured into the extrafiber compartment have been
used. The HBAL system was used in the phase I trial for the treatment of 12 patients.

7.2.5 Membrane BAL systems in preclinical and in vitro evaluation

Several BAL systems have been evaluated preclinically, in vitro experiments, and in
large animal models of liver failure.
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In the Liverx2000 system of Hu and coworkers, hepatocytes are suspended in a
collagen gel and injected into the lumen of hollow fibres with a MWCO of 100 kDa and
the extracapillary compartment is perfused with a recirculating medium. Medium
flowing through the luminal space provides hepatocyte nutrients [49] (Table 7.2).
A bioartificial liver support system consisting of a hollow fiber cartridge using en-
capsulated multicellular spheroids of rat hepatocytes was developed by Shiraha et al.
The spheroids, formed in a positively charged polystyrene dish were encapsulated into
microdroplets of agarose that contained about 9 x 107 rat hepatocytes. The medium
was circulated in a closed circuit where the cartridge was inserted [50].

Several alternative device configurations have advanced to the stage of large an-
imal, preclinical evaluation. Naka et al. developed a system using primary porcine
hepatocytes similar to the BLSS. The difference is in the use of microporous polysul-
phone hollow fiber membranes in the hepatocyte bioreactor and in the perfusion of
plasma through the bioreactor. The system has shown some efficacy in support of is-
chemic pig liver failure model [51].

The flat membrane bioreactor (FMB) developed by De Bartolo and coworkers
consists of primary porcine hepatocytes cultured between flat membranes. This is
a reproducible model with total hepatectomy in pigs, suitable to test the safety and
efficacy of liver support systems. Isolated hepatocytes were cultured within an extra-
cellular matrix between oxygen-permeable flat-sheet membranes. In particular both
sides of the outside shell consist of PTFE membranes permeable to oxygen, carbon
dioxide, and water vapor allowing direct oxygenation of cells adhered to the surface
and of the medium overlying the cells. Porcine hepatocytes are maintained in a three-
dimensional coculture with nonparenchymal cells. A microporous polycarbonate
membrane separates the medium from the cell compartment. The FMB maintained
stable cell specific functions and was proven as a safe and efficient device [52].

Nagaki and coworkers developed a hybrid liver support system which con-
sists of plasma perfusion through porous hollow fiber modules inoculated with
10 hillion porcine hepatocytes entrapped in a basement membrane matrix, Engel-
breth—Holm—-Swarm gel. This system was applied to pigs with ischemic liver failure.
It was demonstrated that the use of a BAL support device in combination with a
hollow fiber module and hepatocytes entrapped in the gel has potential advantages
for clinical use in patients with hepatic failure [53].

Another bioreactor developed on a large scale was the oxygenating hollow fiber
bioreactor (OXY-HFB) BAL system developed by Jasmund et al. In this device primary
liver cells are seeded on the surface of the fibers in the extrafiber space. Plasma from
the patient is perfused through an extrafiber space and brought into direct hepatocel-
lular contact [55].

Driven by the necessity for improving the maintenance of liver-specific functions
of hepatocytes into the bioreactor, Mizumoto et al. developed two types of hybrid ar-
tificial liver support system (HALSS) that use hepatocyte in spheroid and organoid
structure [56]:
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— a PUF-HALSS comprising an artificial liver module made of polyurethane foam
(PUF), in which hepatocytes form spheroids in its pores, and maintain liver-
specific functions for at least ten days in vitro;

— an LLS-HALSS that uses a liver lobule-like structure (LLS) module containing hol-
low fibers with a microregular arrangement in which hepatocytes cultured in the
extra-fiber space of the module form the organoids that maintain liver-specific
functions for at least two months in vitro.

In preclinical experiments, a PUF-HALSS was applied to a pig with liver failure. To
evaluate the effect of liver regeneration, PUF- and LLS-HALSS were applied to a rat
having reversible hepatic failure. These HALSS may be useful to treat liver failure pa-
tients until liver transplantation or until regeneration of the native liver [56, 57].

A bioartificial liver support system, in which encapsulated multicellular spheroids
of rat hepatocytes were utilized as a bioreactor in a hollow fiber cartridge, was de-
signed by Shiraha et al. [50].

A new small-scale bioreactor with the hepatic sandwich model and a gas-perm-
eable polytetrafluorethylene (PTFE) membrane at the bottom allowing a definable
oxygen exchange was constructed by Schmitmeier and coworkers and compared with
the conventional well plates. This is an attractive in vitro model system for pharmaco-
logical studies [58].

A multibore fiber bioreactor was developed by De Bartolo et al. as an in vitro liver
tissue model to study disease, drugs and therapeutic molecules alternatively to animal
experimentation [59]. This bioreactor, thanks to the membrane configuration, com-
bines the advantage of seven compartments represented by seven capillaries arranged
in one single fiber with high stability and mechanical resistance. Human hepatocytes
were cultured in the intraluminal compartment of the multibore fiber bioreactor. The
multibore fiber bioreactor ensures a sufficient oxygenation process, nutrient feeding,
end-product removalm and distribution of fluid molecules inside the cell environment
and can be used as in vitro liver tissue model for the evaluation of hepatic metabolic
transformation of compounds and therapeutic molecules.

Several membrane bioreactors using galactose-modified membranes have been
developed to improve adhesion and specific functions of liver cells. An important ex-
ample is the galactosylated polyvinylidene difluoride hollow fiber bioreactor devel-
oped by Lu et al., in which isolated rat hepatocytes were seeded and cultured in the
extralumenal space of the hollow fiber cartridge for 18 days in a continuously circu-
lated system [60].

A flat bioreactor using galactosylated-polyethersulfone membrane promoted the
long-term maintenance of differentiated functions of human hepatocytes outside of
the body [61]. This galactosylated membrane bioreactor works perfectly as an in vitro
model system reproducing hepatic acute-phase response that occurs during the in-
flammation process; in fact, it has the capability to simulate an IL-6-induced acute
phase response with a reduced synthesis and release of albumin and an increased
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production of C reactive protein. Moreover this system gave evidence that IL-6 down-
regulated the gene expression and synthesis of fetuin-A by primary human hepato-
cytes.

Based on the use of a gas permeable membrane, a rotating-wall gas-permeable
membrane system was developed and used for the formation and culture of hepato-
cyte spheroids. Microgravity conditions were obtained in rotating-wall systems where
hepatocyte aggregates were formed by cells protected from gravitational forces and
acceleration. Thanks to the high O, permeability of the rotating-wall membrane sys-
tem the viability and functions of cells improved with respect to a polystyrene rotating
wall system [62].

Ye et al. developed a bifunctional cellulose acetate (CA) hollow fiber mem-
brane bioreactor modified with 2-methacryloyloxyethyl phosphorylcholine (MPC)
copolymers (PMB30) (MPC-co-n-butyl methacrylate) (BMA) and PMA30 (MPC-co-
methacrylic) for preparing a novel liver-assist hollow-fiber membrane bioreactor [63].

At the time of the development of small scale bioreactors, microdevices have been
proposed for testing of materials and/or drug toxicity. The slide reactor, developed by
Sauer et al., is a simple hollow fiber-based bioreactor suitable for light microscopy and
time-lapse video observation [64]. The slide reactor offers a cell compartment sep-
arated from a medium inflow and outflow compartment. Due to its simple design
and the use of materials available in most laboratories, a slide reactor is a simple
valuable tool to assess the cell-to-cell and cell-to-membrane interaction and enables
the comparison of different types or arrangements of hollow fibers, e.g. for use in
bioreactor-based extracorporeal liver assist devices, or for analysis of the influence
of medium supplements on cell viability and tissue integrity.

Ostrovidov and coworkers developed two types of membrane microbioreactors to
improve the maintenance of primary rat hepatocytes: one with a commercially avail-
able polyester membrane, and the other with a polydimethylsiloxane (PDMS) mem-
brane. These microbioreactors closely mimic the in vivo liver architecture and proved
to be very promising tools for future applications in drug screening or liver tissue en-
gineering [65].

A flat plate microchannel bioreactor with an internal membrane oxygenator to
improve the oxygen supply to the cells was developed by Roy et al. The hepato-
cytes, attached to a glass substrate, are in direct contact with the perfusing medium.
A polyurethane gas permeable membrane separates the liquid compartment from the
oxygenating gas compartment. This design allows oxygen delivery to the hepatocytes
to be decoupled from the medium flow, thereby allowing oxygen delivery and flow to
be studied independently [66].

A crossed hollow fiber membrane bioreactor was developed to support the long-
term maintenance and differentiation of human hepatocytes. The bioreactor consists
of two types of hollow fiber membranes, having different MWCO and physico-chemical
properties, cross-assembled in alternating manner: modified polyetheretherketone
(PEEK-WC) and polyethersulfone (PES), used for medium inflow and outflow, respec-
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tively. The combination of these two fiber sets produces an extracapillary network
for the adhesion of cells and an efficient mass exchange through the cross-flow of
culture medium. The optimized perfusion conditions of the bioreactor allowed the
maintenance of liver functions with regard to urea synthesis, albumin secretion, and
diazepam biotransformation up to 18 days of culture [67].

7.3 Bioartificial pancreas
7.3.1 Anatomy of the pancreas

The pancreas is an elongated organ located behind the stomach across the back of the
abdomen. The pancreas is made up of two types of glands: exocrine and endocrine.
The exocrine gland secretes digestive enzymes into a network of ducts that join the
main pancreatic duct, which runs the length of the pancreas. The endocrine gland,
which consists of the islets of Langerhans, secretes hormones into the bloodstream
(Figure 7.4).

Bile duct
from liver

Duodenum

Hormones

Acinar

cells RGN IS S

Duct cells

Fig. 7.4: Anatomy and structural organization of the pancreas.
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The pancreas has digestive and hormonal functions. The enzymes secreted by the ex-
ocrine gland in the pancreas help break down carbohydrates, fats, proteins, and acids
in the duodenum. These enzymes travel down the pancreatic duct into the bile duct in
an inactive form. When they enter the duodenum, they are activated. The exocrine
tissue also secretes bicarbonate to neutralize stomach acid in the duodenum. The
hormones secreted by the endocrine gland in the pancreas are insulin and glucagon,
which regulate the level of glucose in the blood, and somatostatin, which in turn pre-
vents the release of the other two hormones.

The exocrine pancreas consists of acini, which resemble bunches of grapes. Each
acinus consists of a single layer of 40-50 pyramidal epithelial cells surrounding a lu-
men. The epithelial cells produce a secretion (pancreatic juice) that contains enzymes,
ions, and water. The cells become wider during active secretion. The base of the acinar
cells is strongly basophilic, owing to the presence of endoplasmic reticulum, where
there is a high concentration of RNA. This part of the cell therefore stains darker with
hematoxylin and eosin. The apex of the cells is abundant with secretory granules con-
taining the zymogen precursors of the pancreatic enzymes. The number of secretory
granules increases after fasting, and decreases after a meal.

In the endocrine pancreas, the islets of Langerhans are embedded in the ex-
ocrine tissue. Each islet is composed of 2-3 thousand epithelial cells. The epithelial
cells are arranged in a compact structure that is pervaded by a capillary network.
A thin layer of reticular fibres separates the islets from the surrounding exocrine tis-
sue. There are four different cell types within the islets of Langerhans, each of which
produce different hormones; they include: a-cells, which produce glucagon, typically
located at the periphery of the islet (they are not present in all islets); B-cells that
secrete insulin; this is predominant cell type, located in the center of the islet and con-
tributing to 70 % of all cells; 8-cells secreting somatostatin (there are low numbers in
all islets); F-cells, which produce pancreatic polypeptide and are few in number (they
may also be present in the exocrine tissue) [68].

7.3.2 Pancreatic diseases

There are over 400 million diabetics in the world today. Diabetes is the primary cause
of death for 71382 Americans per year. Diabetes contributes to the death of 231404
Americans annually. According to the American Diabetes Association, the total cost of
diagnosed diabetes amounted to $ 245 billion in 2012.* Diabetes mellitus is a disease
in which high levels of sugar occur in the blood and urine. The cause of the elevated
sugar levels is the insufficient secretion of the hormone insulin by the pancreas. In
the absence of this hormone, the body’s cells are not able to absorb sugar from the

4 American Diabetes Association, www.diabetes.org
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blood stream in the normal fashion, and the excess sugar is excreted in the urine.
While therapeutic solutions such as injectable insulin allow diabetics to live longer,
diabetes remains the third major killer, after heart disease and cancer. Diabetes is a
very disabling disease, because the usual therapies are not able to keep blood sugar
levels constant and to prevent swings between high and low blood sugar levels, which
cause damages to other organs, such as the kidneys, eyes, and blood vessels.

Diabetes is classified into two main types. Type 1, or insulin dependent diabetes, is
usually associated to a complete lack of insulin due to autoimmune destruction of the
insulin-producing B-cells [69]. The events that cause Type 1 diabetes are unknown,
probably viral or environmental triggers act upon a genetically susceptible popula-
tion. Type 2, or non-insulin-dependent diabetes, arises from peripheral resistance to
insulin and a relative insufficiency of insulin, resulting in an initial attempt by the
B-cells to compensate with the release of higher amount of insulin with respect to nor-
mal values. As Type 2 diabetes progresses, 3-cells become desensitized to persistently
high glucose concentrations, and normal responses to glucose signaling are lost [70].

The treatment of diabetes mellitus was limited to dietary manipulation prior to the
discovery of insulin by Banting and Best (1921). The discovery of insulin changed an of-
ten rapidly fatal disease to a chronic condition requiring life-long treatment. Current
treatment for diabetes, both Type 1 and Type 2, includes exogenous insulin therapy
and endocrine replacement by transplantation. Both of these clinical approaches have
considerable inherent drawbacks. Exogenous insulin treatment implies a poor control
of blood glucose levels that leads to severe secondary complications, such as retinopa-
thy, neuropathy, nephropathy, and cardiovascular disease [71]. An alternative ther-
apy is a pancreas transplantation. Since 1966, more than 30 000 pancreas transplants
have been performed worldwide. Transplantation, however, requires major surgery
and dependence on lifelong immunosuppression to prevent rejection. Because of the
limited availability of human pancreases and the need for immunosuppression, rel-
atively few pancreas transplants are done in comparison to the entire diabetic popu-
lation. Improvements in surgical technique or immunotherapy are unlikely to make
whole organ pancreas transplantations available to the majority of patients with di-
abetes. Islet transplantation promises to be a cure at least as effective as pancreas
transplantation, while being much less invasive. The efficiency of islet recovery from
the whole organ pancreas and the susceptibility of allogeneic islet to immune attack
are the two major barriers to successful islet transplantation. There are approximately
1million islets in an adult human pancreas; thus islet transplantation usually requires
islets isolated from two or more donor pancreases. Because islet isolation requires ma-
nipulation of human tissue, the process must be carried out in good manufacturing
process (GMP) facility, which increases the cost of the procedure.
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7.3.3 Cell source

An alternative to organ transplantation being tested in animal and pre-linical models
is the bioartifical pancreas. The most important issues that must be considered in the
design of membrane devices concern the cell source and configuration.

In vitro treatments can induce insulin-producing cells from a wide range of cell
sources (Table 7.4).

Tab. 7.4: Cell sources in a bioartificial pancreas.

Cell source Drawbacks

Adult cells derived from bone marrow, umbilical ~ Cells are not so mature as B-cells in most cases,
cord blood, liver, intestine, after introduction of ~ safety concerns if they are gene-engineered.
pancreatic lineage-related genes such as Pdx1.

Pancreas-derived cells Slow growth

Embryonic stem cell insulin-producing cells appear in certain neu-
ronal cells.

Induced pluripotent stem cell The final differentiation is not clear.

Several reports have indicated that insulin-producing cells similar to the B-cell can be
induced in various type of adult cells derived from bone marrow, umbilical cord blood,
the liver, or intestine, after introduction of pancreatic lineage-related genes such as
Pdx1 [72].

Another cell source is pancreas-derived cells, since exocrine pancreatic tissue is
a waste product of islet isolation for transplantation. Pancreatic duct epithelial cells
obtained from adult nonobese diabetic mice can continuously produce islet-like cell
clusters after long-term culture [73]. Similarly, in vitro generation of p-like cells from
cultured duct-like cells has been reported by several groups. Acinar cells are shown
not to contribute to endocrine cell growth in vivo, but they are able to generate f3-like
cells in vitro through the formation of cell clusters in suspension culture [74]. Further-
more, recent reports showed that exocrine cells can be directly converted to B-cells in
vivo by introducing three transcription factors: Pdx1, Ngn3, and MafA 31 [75]. In addi-
tion to duct and acinar cells, cells with a less differentiated fibroblast-like appearance
can be cultured from pancreatic tissue.

Pancreatic duct-like cells, and even acinar cells, seem to be a potential source for
B-like cells. MSC-like cells from the pancreas, with high proliferative ability, may be
another candidate.

However, an attractive cell source for any kind of cell therapy is embryonic stem
cells (ESC), since they proliferate almost indefinitely and have pluripotency [76]. Many
groups have studied B-cell differentiation from ESC: insulin-producing cell clusters
were generated through nestin-positive cells by step-wise procedures somewhat sim-
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ilar to the ones for neural cell differentiation. However, these cells can hardly be
regarded as B-like cells, considering that insulin-positive cells were shown to result
mostly through insulin uptake from the culture medium. It is known that several
types of insulin-producing cells other than B-cells appear in certain neuronal cells,
yolk sacs, and liver during embryonic development [77]. Therefore, insulin staining
and mRNA expression in these early studies are now considered to be attributed
mostly to differentiation toward neuron-like cells or extra-embryonic endoderm.

Induced pluripotent stem (iPS) cells generated from somatic cells to mimic ESC
can be considered to be an alternative cell source [78]. Human iPS cells avoid the
ethical difficulties concerning the use of human embryos and tissue rejection after
transplantation if they are generated from the patient’s own cells. ESC and iPS cells
are a potential and indefinite source for cell therapies. However, further studies toward
the final differentiation of B-like cells, and acceptable safety protocols for clinical us-
age are needed.

7.3.4 Membrane bioartificial pancreas

A membrane bioartificial pancreas is based on the use of isolated islets of Langerhans
or single B-cells, which are capable of sensing the plasmatic glucose concentration
and produce insulin amounts related to the actual glycemia, entrapped by means of
membranes. In 1970 W.L. Chick and colleagues transplanted isolated islets protected
by a hollow-fiber ultrafiltration membrane (an acrylonitrile-vinyl chloride copolymer)
into dogs made diabetic by surgically removing the pancreas. The device consists of a
chamber, containing hollow tubes made of a semipermeable acrylic copolymer, con-
nected to standard vascular grafts. Islets are placed inside the chamber, through ports
in the housing into the cavity, but are outside of the blood stream. A nominal MWCO
of 80 kDa permits free diffusion of nutrients and insulin across the membrane, but
inhibits the transport of immunoglobulins and immunocytes from the blood stream
into the chamber (Table 7.5) [79].

Since 1970 research efforts have been devoted to the development of a hybrid
bioartificial membrane pancreas [80-88]. Different bioartificial pancreas were de-
signed in four main configurations: hollow fibers, capsule, coatings, and sheet. The
many different types of prosthetic devices proposed so far can be grouped in three
main categories: extravascular devices, intravascular devices, and microencapsu-
lated islets of Langerhans. In the first case, the tissue is compartmentalized between
membranes, if in a flat sheet configuration, or in the lumen of hollow fibre mem-
branes, and then implanted in an extravascular site (see Figure 7.5). Other researchers
[84] proposed a hollow fiber device as an extravascular bioartificial pancreas. This
device consists of hollow fibers 0.5 mm in diameter, 20 mm in length, and containing
80 000 islets/ml (Figure 7.5(g)). The extravascular systems generally suffer from an
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Fig. 7.5: Schematic representation of bioartificial pancreas configurations: (a) device developed by
Chick et al., where pancreatic cells are loaded outside the tubular membrane; (b) microencapsulated
pancreatic cells; (c) cells loaded outside of tubular membrane; (d) pancreatic cells cultured in islet
sheets between flat sheet membranes; (e) cells coated with membrane; (f) pancreatic cells loaded
outside of hollow fibres in extracapillary compartment; (g) pancreatic cells loaded in the lumen of
hollow fiber; (h) microencapsulated cells loaded in the lumen of hollow fiber.

intrinsically slow insulin response following changes of blood glucose concentration,
limited by the purely diffusive mass transport and by the fibroblastic response of
the host.

Microencapsulated systems are realized by forming a membrane layer around
the the islets of Langerhans. Hydrogels are very attractive for microencapsulation,
because they provide higher permeability for low molecular weight nutrients and
metabolites. The most commonly applied materials for microencapsulation are al-
ginate, chitosan, agarose, cellulose, poly(hydroxyethylmetacrylate-methyl meth-
acrylate) (HEMA-MMA), copolymers of acrylonitrile, and polyethylene glycol (PEG).
Microcapsules are formed by using a membrane in the form of alginate gel around
the islets of Langerhans, obtaining thus microcapsules with diameters of 300-400 m
(Figure 7.5(b)) [89]. Normoglycemia has been reported after intraperitoneal trans-
plantation of alginate-polylysine microencapsulated allogenic and xenogeneic islets
in diabetic animal models and recently also in humans. However, graft survival is
always limited to several weeks. Graft failure is interpreted as a nonspecific immune
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responsei.e. foreign body reaction against the microcapsules resulting in a progressive
overgrowth of the capsule and subsequent necrosis of the islets.

Researchers have focused on highly purified alginate and other biochemicals
more biocompatible, and on novel membranes able to prevent permeation of low
molecular weight humoral molecules released by xenogeneic islets. A major limita-
tion to the encapsulation device is that they are incapable of efficiently encapsulating
a large number of islets in a reasonable time. This may result in hypoxic stress and
loss of functionality of islets in large scale experiments [90]. An alternative microen-
capsulation method, having the advantage to rapidly encapsulate a large number of
islets into microcapsules, utilizes multichannel air jacket microfluidic devices [91].
A reduction in capsule size is beneficial for islets and also exponentially decreases
the total transplant volume. A smaller diameter of the capsules results in a better
diffusion of nutrients to the islets, and Omer et al. demonstrated that capsules with a
diameter of 600 + 100 pm showed improved stability in vivo over larger capsules with
diameters of 1000 = 100 pm [92]. Furthermore islets are clinically transplanted into
the liver through the portal veins, so that microcapsules with large diameters are ex-
pected to plug vessels. The diameter of the encapsulated islets must be much smaller
than that currently attained to allow transplantation. Therefore, several efforts have
been made to develop coating techniques which permit to coat islets with a very thin
membrane layer. Islets can be covered with a thin polyion complex membrane using a
layer-by-layer method, or with alginate/PLL/alginate multilayer coating, or with PEG.
The advantage of using coating technique or conformal coating is the reduction of the
microcapsules diameter [93].

Other systems are represented by macrocapsules, which can be distinguished as
extravascular and intravascular, based on their transplant location. Intravascular sys-
tems contain islets which are seeded enclosed within a larger tube and implanted into
the vessels of the host. Hollow fibers are perfused by blood flow. This device has been
successful in inducing normoglycemia in various diabetic animal models including
rats, dogs, and monkeys [94], although it requires intense systemic anticoagulation
due to direct contact of the material with blood. Extravascular devices, in contrast,
have the advantage that biocompatibility issues do not pose a serious risk to patients.
They have been designed in both flat sheet membrane and hollow fiber configuration.
A selective membrane around the sheet allows diffusion of nutrients and secreted hor-
mones, but rejects macrophages. They are usually coated by hydrogels to achieve a
smooth outer surface for an enhanced biocompatibility. Initial studies with extravas-
cular macrocapsules were based on encapsulation of multiple islets in one or several
large capsules. Islets aggregated in large clumps were not successful, due to necrosis
at the center of the clumps [95]. Later, this problem was addressed by isolated immo-
bilization of the islets in a matrix before encapsulation.

Silva et al. developed a vascular hollow fiber BAP by using polysulfone mem-
branes with MWCO of 100 kDa and islets of Langerhans. This system was established
as appropriate for in vitro testing [86]. Intravascular membrane devices are designed
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so that the membrane separates the graft directly from blood stream of the host. In
Figure 7.5 (f), cells are cultured outside hollow fiber membranes arranged in housing
according to a shell-and-tube configuration. These devices suffer from blood clotting
at the interface between blood and the synthetic membrane or point of access, but
they are extremely attractive in terms of design flexibility and use. Additionally, the
implant site can be chosen on the basis of reducing the response time of the prosthesis
following an increase of blood glucose concentration.

A device currently under preclinical development, licensed from Circe Biomedi-
cal, is the PancreAssist™ System.5 This device consists of a single tubular membrane
surrounded by insulin-producing porcine islets, which are in turn enclosed within a
disk-shaped housing (Figure 7.5 (a)). The porous tubular membrane permits the trans-
port of nutrients and glucose to cells and the transport of insulin from cells to the
blood. The membrane also prevents contact between immunological species present
in the patient’s blood and islets. This device should be implanted near the kidney and
surgically connected directly to circulatory’s system using a vascular graft. Preclinical
studies used 11 devices implanted more than 250 animals. The key advantages of this
technology is the use of a biocompatible and immunoprotective membrane, primary
cells, direct blood contact for oxygen supply, rapid insulin release, physiological blood
glucose feedback, and no anticoagulation or immunosuppression.

The islet sheet is a thin planar bioartificial pancreas, licensed from Islet Sheet
Medical Company, containing live, functional islets in an artificial polymer matrix
(Figure 7.5 (d)).¢ Each sheet is several cm in diameter, contains 2-3 million cells, and
islets microencapsulated within a mesh to increase the physical strength between
two layers of alginate membrane. A 0.2pm cellulose ester filter membrane is satu-
rated with crosslinking solution. The 4-6 sheets of cells contain enough islet tissue
to cure diabetes in an adult. The sheet is so thin (the overall thickness is 250 pm) so
that diffusion is sufficient to supply nutrients up to the center of the sheet. Coating
on the exterior of the sheet prevents contact between the cells inside and the immune
effector cells of the host, and inhibits diffusion of antibodies and complement. The
alginate membranes show high permeability to different solutes and excluded im-
munocompetent species. No immune suppression drugs are needed. The sheet may
be removed or replaced at any time. Experiments on islet sheets began at the Univer-
sity of Chicago in September 1998, and moved to the University of Cincinnati and the
University of Alberta in 2000. Large animal studies have given encouraging results.
The implantation of islet sheets in omentum from a pancreatectomized dog permitted
to normalize the level of glucose into blood, and at 60 days the blood sugar reached
the lowest measured values [96]. Lee et al. [88] investigated human fetal pancreatic

5 www.trademarkia.com/pancreassist-75261053.html
6 www.hanumanmedicalfoundation.org/type-1-diabetes-research/project-team/islet-sheet-
medical.html
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islet-like cell clusters enclosed in devices made of polytetrafluoroethylene with a pore
size of 0.4 pm, transplanted at a subcutaneous site. Ten weeks after transplantation
in nonobese diabetic mice differentiated -cell progenitors were found in the device,
and glucose level was normalized, thus confirming the efficacy of this approach.

7.4 Bioartificial kidneys
7.4.1 Why bioartificial kidneys?

The kidney was the first solid organ whose function was substituted by an artificial
device. Current therapy for ischemic or toxic acute kidney injury (AKI) or acute tubu-
lar necrosis (ATN) predominantly consists of hemodialysis (HD) or peritoneal dialysis
(PD), which represent the only successful long-term ex vivo organ substitution ther-
apy. Patients with AKI still have a high mortality rate, greater than 50 %, due to their
propensity to develop systemic inflammatory response syndrome. In particular CVD
(cardiovascular disease) is the leading cause of morbidity and mortality in ESRD (end-
stage renal disease): approx. 50 % of ESRD patients die from CVD, and cardiovascular
mortality is 15-30 times higher than in the age-adjusted general population. In ESRD,
in addition to traditional Framingham risk factors, a considerable number of nonclas-
sical factors are known to play a role in CVD progression, such as inflammation [97],
vascular calcification [98], and LVH (left ventricular hypertrophy).

Although hemodialysis or peritoneal dialysis has dramatically changed the prog-
nosis of renal failure, it cannot be considered a complete replacement therapy, be-
cause it provides only a filtration function and does not replace the homeostatic, reg-
ulatory, metabolic, and endocrine functions of the kidney. Therefore dialysis should
be considered as a partial substitution rather than a renal replacement therapy.

The addition of metabolic activity, (such as ammoniagenesis and glutathione
reclamation) endocrine activity, (such as activation of vitamin D3, whose low level
seems to correlate with high mortality rates in hospitalized patients), immunoreg-
ulatory support and cytokine homeostasis, might provide additional physiologic
replacement activities to the current history of the disease. The development of an
implantable bioartificial kidney incorporating both biologic and synthetic compo-
nents could result in substantial benefits for patients by increasing life expectancy,
mobility, and quality of life, with less risk of infection and reduced costs.

A bioartificial kidney, mimicking the human kidney, requires two main units, the
glomerulus and the tubule, to replace the excretory and metabolic functions of the kid-
ney (Figure 7.6) [99, 100]. Currently hemodialysis, and peritoneal dialysis replace the
excretory functions of the kidney, but they do not provide the lost metabolic function.

In order to develop a more complete and functional device, research in the past
decade has focused on the engineering of a bioartificial kidney (BAK).
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Fig. 7.6: Bioartificial kidney-like human kidney.

Initially several efforts focused on the development of an extracorporeal BAK consist-
ing of a conventional synthetic hemofilter with a renal tubule cell assist device (RAD)
in an acute extracorporeal blood circuit.

A bioartificial tubule has been constructed using renal tubule progenitor cells
[101, 102] cultured on hollow-fiber membranes coated with extracellular matrix to en-
hance the attachment and growth of epithelial cells. The hollow fiber synthetic mem-
branes provide immunoprotection and also an architectural scaffold for cells in the
long-term implantation into a xenogeneic host [103].

Humes et al. scaled-up the single hollow-fiber device to a multifiber bioartificial
RAD utilizing porcine renal proximal tubule cells grown along the lumen of poly-
sulfone hollow fiber membranes (Figure 7.7 (a)) [104]. The device consists of hollow
fibers with membrane surface areas as large as 0.7 m?, containing up to 108 renal
tubule cells into the lumen. In vitro studies demonstrated the retention of differen-
tiated active transport of sodium, bicarbonate, glucose, and organic anions as well
as important differentiated metabolic processes of the kidney such as ammoniagene-
sis, glutathione metabolism and synthesis of 1,25-dihydroxyvitamin D3 [104]. The RAD
was used in series with a hemofilter in an extracorporeal hemoperfusion circuit into an
acutely uremic dog. The blood was pumped out and entered the fibers of a hemofilter,
being ultrafiltrated. Then the ultrafiltrate was delivered into the fibers of the tubule lu-
mens within the RAD and discarded as “urine”. The processed blood exiting from the
RAD was delivered back to the animal. The tubule unit was able to maintain differen-
tiated renal functional performance because metabolic substrates and low molecular
weight growth factors were delivered to cells from the hemofilter and the blood in the
extracapillary space. Membranes of suitable MWCO protect cells seeded into the lu-
men from immunoglobulins and immunocompetent cells present in the blood.
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Clinical experience has been collected with RAD in patients with acute kidney
injury. Human kidney cells were used and initial results in the first 10 treated patients
in phase I/II trial demonstrated that this device is efficient when used in conjunction
with hemoperfusion [105]. Cardiovascular stability of ten patients was maintained,
and an increased native renal function was observed. Six of the patients survived past
28 days with renal function recovery.

In the phase II clinical study involving 58 patients with AKI continuous veno-
venous hemofiltration, 40 patients received hemoperfusion with RAD, and 18 patients
received only hemoperfusion. RAD treatment for up to 72 h promoted a statistically sig-
nificant survival advantage over 180 days of follow-up.

7.4.2 Cell source

Research related to the development of BAK has focused on the use of renal proximal
tubule-derived cells (Table 7.6). Human primary renal proximal tubule cells (HPTCs)
have been used in clinical trials [105, 106]. However, most of the experimental work
with animals have been performed with porcine primary renal proximal tubule cells
[107-110]. In addition, the proximal tubule-like porcine cell line LLC-PK1[111, 112], and
other animal-derived cell lines such as Madin-Darby canine kidney (MDCK) cells have
been used in the BAK system. The formation of a confluent differentiated epithelium
sealed by tight junctions of renal cells on the porous membranes is critical, in order
to maintain the cellular functions.

Tab. 7.6: Cell source to be used in a bioartificial kidney.

Cell source Drawbacks

Human primary renal proxi-  Limited availability, interdonor variability,
mal tubule cells (HPTCs) dedifferentiation risk

Animal cell lines LLC-PK1, Different requirements for growth

MDCK and differentiation

Primary animal cells Different requirements for growth

and differentiation

Transgenic human proximal  Change over time
tubule-derived cell lines

Stem cells Need to develop differentiation protocols
Induced pluripotent stem Safety concerns for the use of oncogenes and
(iPS) cells integrating viral vectors for reprogramming
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Animal cell lines and primary animal cells have different requirements for growth and
differentiation with respect to the primary human cells. On the other hand, animal cell
lines grow well on several types of hollow fiber membranes without any use of ECM.
For example MDCK cells form a polarized epithelium on hollow fiber membranes con-
sisting of polyethersulfone/polyvinylpyrrolidone (PES/PVP) without any precoating.
These results are difficult to obtain when using HPTCs on membranes. These cells
would not grow and survive on PES/PVP membranes. In contrast, MDCK and LLC-
PK1 cells form confluent monolayers on these materials.

In many cases, ECM coatings of either laminin or collagen IV were used for seeding
HPTCs [113]. The cell performance is mainly influenced by the physico-chemical char-
acteristics of the native membrane, and not always a single ECM coating sufficiently
improves cell-membrane interactions.

The cell source is a serious problem, as the primary cells have a limited lifespan.
HPTCs are obtained from nontransplantable human kidneys. It is difficult to obtain
a sufficient amount of cells, because it is not possible to use material from diseased
kidneys due to possible alteration of cell functions. Thus, only nondiseased kidneys
can be used. Primary proximal tubule cells show functional changes during passag-
ing, and dedifferentiation [113-115]. Furthermore intrinsic interdonor variability and
dedifferentiation risk make standardization difficult.

Moreover, it seems that HPTCs spontaneously form large and functional kidney
tubules on 2D surfaces and within tubular substrates [116]; this is interesting for ap-
plications in nephrotoxicology, but for BAKs they compromise device functions and
lead to clogging of the hollow fibers.

Alternatively, permanent human proximal tubule-derived cell lines like HK-2 cells
could be used. HK-2 cells show some differentiated functions of proximal tubule cells,
but are functionally and morphologically not equivalent to primary cells [113], and the
use of oncogenes poses safety concerns. The human proximal tubule-derived cell lines
did not express some important functional proteins, and further functional character-
ization would be required.

Another approach is to use hTert transgenic human proximal tubule-derived cell
lines that show characteristic features and functions of differentiated HPTCs; however,
these cells might change over time.

Stem cell-based approaches are the most attractive for achieving an unlimited
and less variable cell source for BAKs. It has been shown that murine embryonic stem
(ES) cells cultured in vitro can be induced to express specific markers specific for renal
precursors [117], and in vitro conditioned medium from injured proximal tubule cells
induced epithelial differentiation of human adipose-derived adult mesenchymal stem
cells [118]. Although the results suggest a potential usefulness of stem cells in kidney
bioengineering, further work is required to develop protocols for the differentiation of
stem cells in vitro into mature human renal proximal tubule cells and other renal cell

types.
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Applications of induced pluripotent stem (iPS) cells might be the most attractive,
but the use of oncogenes and integrating viral vectors for reprogramming brings up
some safety concerns. The recently developed iPS cells free of vectors and transgene
sequences may provide a solution to this problem [119].

In conclusion, among the cell types currently available, HPTCs appear as the most
appropriate for clinical applications. However, the use of HPTCs poses many prob-
lems, and it would be important to explore stem cell-based and other alternative ap-
proaches.

7.4.3 Membranes

The membranes used for the development of a bioartificial kidney are mainly commer-
cial hollow fiber membranes of PSF/PVP, which are designed for hemodialysis/hemo-
filtration. These membranes seem to be inappropriate for cell adhesion, probably due
to the presence of PVP that generates problems in HPTC growth and survival. For
this reason the membranes are coated with ECM in order to improve cell adhesion
[120]. Membranes that are currently employed in hemodialysis/hemofiltration are op-
timized for contact with blood, and usually hydrophobic membranes such as those
made of PSF are modified with hydrophilic additives in order to prevent protein adhe-
sion. On the other hand the protein adsorption promotes cell adhesion. For this reason
Ueda et al. suggested the use of asymmetric membranes with hemocompatible and
cytocompatible surfaces [121]. These authors described a membrane consisting of PSF
blended with a phospholipid polymer which was asymmetrically distributed between
the skin and the sponge layer of the membrane. In general, it would be preferable to
use relatively rough sponge layer for cell growth and to expose the smooth skin layer
to the blood.

Alternatively asymmetric membranes can be realized by coating the surfaces with
antifouling agents such as polyethylene glycol on the blood exposed side and ad-
hesive coatings on the cell-exposed side. Dual-layered membranes with each layer
composed of a different material could be interesting. Recent findings revealed prob-
lems with HPTC survival and differentiation on a variety of commercially available
membrane materials and surface treatments, while ECM coatings lead improvements.
HPTCs formed confluent epithelia on membranes consisting of PSF blended with Full-
Cure (FC) under perfusion conditions. Single or double coatings did not induce further
improvement of cell performance on PSF-FC membranes. Growth and differentiation
of primary human cortical tubular epithelial cells were also observed on collagen IV-
coated thin film and nanostructured materials [122].
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7.4.4 Preclinical bioartificial kidney devices

Research on bioartificial kidneys has been performed by different groups [107, 108,
123, 124]. Clinical trials with BAKs have been performed by Humes et al. [105]. In their
device, the patient’s blood (red) first enters the hemofiltration unit (left), which con-
tains ultrafiltration hollow fiber membranes (Figure 7.7 (a)) [105]. The blood and the ul-
trafiltrate (yellow) leaving the hemofiltration unit flow into the bioreactor unit (right),
which contains hollow fiber membranes with an epithelium of renal cells (green) on
the inner surfaces. The cells secrete molecules, which become enriched in the ultra-
filtrate during processing and in the blood flowing on the outside of the hollow fiber
membranes. The enriched blood flows back into the patient, and the processed ultra-
filtrate (orange) is discarded. An enlarged cross-section of a hollow fiber membrane
from the bioreactor unit is shown in the lower left corner. The ultrafiltrate flows in the
lumen of the hollow fiber membrane, and the blood flows on the outside. The inner
surface of the hollow fiber membrane is covered with secreting renal cells, enriched
ultrafiltrate, and blood. BMP-7 in the ultrafiltrate would regulate HPTC performance,
whereas BMP-7 in the bloodstream would be delivered to the patient.

One of the bioartificial kidneys developed in recent years is a device realized by
the group of the University Medical Center Groningen called BioKid (Figure 7.7 (b)).7
The bioreactor consists of hollow fiber membranes coated in the lumen side where
nephron cells are cultured. The bioreactor mimics the function and operation of
nephrons ensuring the removal of toxins that remain after hemodialysis. Thus the
device improves the quality of hemodialysis treatment by reducing the risk of com-
plications such as cardiovascular problems resulting from the accumulation of toxic
waste products.

The bioartificial kidney developed by Vanderbilt (Figure 7.7 (c)) consists of two
parts: a filter side and a cellular side [125]. On the filter side, silicone membranes with
microscopic pores separate toxins from the blood, in a more efficient way than dialy-
sis. Body pressure forces blood through silicone membrane, so a pump is not needed.
On the cellular side, the filtered blood is pumped over a bed of cells taken from ei-
ther the patient’s own failing kidneys or from a donor. The cells sense the chemical
makeup of the filtered blood and trigger the body to maintain appropriate levels of
salt, glucose, and water. After entering the device the patient’s blood is filtered by a
silicone membrane that removes toxins. In the second stage a bed of cells regulates
the chemical balance of the filtrated blood, reabsorbing water, sugar, and salts. The
toxins and excess of water are passed into the waste outlet connected to the bladder.
In Table 7.7 the main characteritics of membrane bioartificial kidney are provided.

7 www.bmm-program.nl/SITE/PUBLIC/GO/article.aspx?id=87&title=Bio-artificial+kidney
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Tab. 7.7: Characteristics of a membrane bioartificial kidney.

Type of Membrane Membrane Cell Cell type Cell
bioartificial configuration  material capacity compartment
system
Renal tubule Hollow fiber Polysulfone-PVA 108 Proximal Intraluminal
assist device tubule renal space
RAD derived cells
BAK Hollow fiber PSF/PVP ECM 108 HPTCs Intraluminal
coated space
Bioartificial Flat Niobium-coated 108 Renal epithe- Disk surface
renal epithe- carbon disk lial cells
lial cell system
BRECS
Wearable Flat unit & Niobium-coated 108 Renal epithe- Disk surface
bioartificial cartridge carbon disk, lial cells
kidney WEBAK sorbent-based
cartridge
Bioartificial Hollow fiber Ethylene vinyl 3-7x10%  Human renal Intraluminal
renal tubule alcohol (EVAL) proximal tubu-  space
devices BTD lar cells
Hollow fiber
with nephron
cells
Hemofilter T”]m] 4, Lumen
AR Filtrate Processed 3
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Fig. 7.7: Bioartificial kidney configurations: (a) BAK; (b) Biokid; (c) implantable bioartificial kidney;
(d) lab-on-a-chip bioreactor system; (e) WEBAK.
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A wearable bioartificial kidney (WEBAK) combining peritoneal dialysis with a bioar-
tificial renal epithelial cell system (BRECS) has been developed (Figure 7.7 (e)) [126].
The BRECS is a perfusion bioreactor that utilizes primary renal epithelial cells derived
from the kidney and expanded from progenitor cells during in vitro culture. Cells are
seeded on porous disks, which are placed within a media flow path within the BRECS.
A WEBAK utilizes peritoneal fluid to maintain cell viability and functionality and com-
prises the use of sorbent-based technologies to replace the excretory function of the
kidney and of the compact BRECS to replace the metabolic function of the kidney.

The lab-on-a-chip bioreactor system has been developed by using human proxi-
mal tubule epithelial cells (RPTEC) cultured in the luminal space of a single hollow
fiber of PES-PVP precoated with fibrin (Figure 7.7 (d)) [127]. To mimic a tubule, a tune-
able hollow fiber membrane with an exterior skin layer was used with the aim to
provide immunoprotection for cells from extracapillary blood flow, and a coarse inner
surface that facilitates a hydrogel coating for cell attachment. The hollow fiber mem-
brane is located inside a polydimethylsiloxane (PDMS) body and a glass substrate.
The inner surface of the hollow fiber is featured with pores up to 0.3 um in size, fa-
cilitating the attachment of extracellular matrix coating on the membrane. Together
with a fibrin coating, a confluent monolayer of human kidney renal proximal tubule
epithelial cells is successfully formed on the fiber inner surface under microfluidic
flow conditions in a “lab-on-a-chip” bioreactor system.

7.5 Bioartificial lungs

Lung disease accounts for 9 million deaths per year worldwide: it ranks third in the
list of causes of death in Europe®, and is the fourth most common cause of death
worldwide. It is expected to be third in rank due to high rate of tobacco smoking and
demographic expansion leading to increased exposure to irritants arising from min-
ing, agriculture, and urbanization. Beside malignancies, the predominant underlying
disease is chronic obstructive pulmonary disease (COPD) with more than 15 million
patients in Europe. COPD is a leading indication together with other pulmonary dis-
eases, such as pulmonary fibrosis, pulmonary hypertension, and cystic fibrosis, for
the development of a biohybrid lung.

In contrast to kidney or heart failure, at present no lung substitute is able to fulfil
the main lung function, which is carbon dioxide removal and blood oxygenation. In
the event of lung failure, mechanical ventilation has to be applied. This attempts to
provide life-saving gas exchange, but at the same time causes ventilation-associated
lung injury (VALI). In addition to VALI, other potentially life-threatening complica-
tions associated with mechanical ventilation develop frequently, such as ventilation-

8 World Health Organisation, www.who.int
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associated pneumonia, and secondary injury to other organ systems such as the kid-
ney, pancreas, and small intestine, which finally leads to remote organ failure. This
scenario is of significance for critically ill patients in intensive care unit, and even
more important for lung transplant patients with end-stage lung failure. Ventilation
or even conventional extracorporeal gas exchange such as extracorporeal membrane
oxygenation (ECMO) is only possible for bedridden patients and, most commonly, se-
dated patients. ECMO and mechanical ventilation are known to be significant risk
factors for post-lung-transplant mortality. Several medical centers worldwide do not
consider these patients as candidates for lung transplantation.

Membrane oxygenators currently in clinical use commonly employ packed hol-
low fiber membranes. Protein and cellular deposits on the synthetic surfaces lead
to patient complications and the need for anticoagulation therapy. The native lung
provides approximately 70 m? of gas transfer area in alveoli with actively anticoagu-
lant endothelial surfaces lining the blood vessels. The limits of the membrane oxy-
genators currently used arise at the interface where oxygen and carbon dioxide pass
between the blood and gas sides of synthetic hollow-fiber membranes. Blood pro-
teins adsorb to the polymeric membrane surfaces, which can trigger the activation
of immune cells and deposition of clots onto the fibers. This can result in immune
responses and in a tendency toward bleeding, respectively, when the blood reenters
the patient. Further, to achieve adequate gas transfer, membrane surface areas on
the order of 1m? are required. The size of current membrane oxygenators is incom-
patible with placement within the body [128]. Hitherto, lung transplantation is the
only treatment option for patients with therapy-refractory, irreversible lung failure.
However, the number of lung transplantations is limited by the shortage of donor
organs. A pumpless interventional lung assist system developed by the European com-
pany Novalung® (Hechingen, Germany) became available on the market and which
focuses on protective ventilation. This device is characterized by a microstructured
gas exchange membrane that mimics the alveolar-capillary bed of the human lung;
flow resistance is sufficiently low that a normally beating heart is sufficient to move
blood through the device for oxygenation. No additional mechanical pump is required.
Researchers in Medizinizsche Hochschule of Hannover proved that the Novalung®
iLA™ could be used as a bridge to sustain patients with lung failure until transplant
[129, 130]. This device was sufficient to fully replace lung function for a limited pe-
riod of time failing in three to four weeks. Apparently, the surface of the gas exchange
membrane triggers protein binding, blood cell aggregation, and thrombus formation.
The improved hemo-compatibility of the Novalung® iLA™ by seeding endothelial
cells onto the membrane gives it a more natural endothelial surface. Primary endothe-
lial cells are seeded on the membrane, thereby preventing direct contact between the
blood and the synthetic surface of the membrane.
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7.5.1 Engineering the multiscaled architecture of the bioartificial lung

The functional unit of the lung is the air—blood interface between epithelium and en-
dothelium. In order to facilitate efficient gas exchange between the gas on the alveolar
side and blood on the capillary side, this interface must have a minimal diffusion
length. A key role in the physiologic gas exchange process is played by hierarchi-
cal branching airways and vascular networks, which allow efficient perfusion and
ventilation. Therefore, a crucial step in the design of a bioartificial lung is to mimic
functional units and networks. In an adult lung there are about 300-500 million alve-
oli, which provide a total surface area around 100 m? [131, 132]. Considering that the
alveolar wall is ~ 0.5 pm thick, and the pulmonary vessels can be as small as 5 pm in di-
ameter, it is very challenging to reproduce the complex macro- and microarchitecture
of the human lung. Most of the studies focusing on the production of lung scaffolds
led to the development of decellularization methods of the cadaveric organ. In this
approach detergents and enzymes are perfused in order to remove all the cellular
components of the tissue, producing a nonimmunogenic scaffold with the lung ar-
chitecture. Petersen et al. and Ott et al. applied whole organ decellularization to the
lung [133, 134]. Their approach achieved the removal of the cells from isolated adult rat
lungs in a manner which preserved the structural characteristics including the alve-
oli. The remaining lung “scaffolds” were repopulated with epithelial and endothelial
cells in a bioreactor. Lung tissue was successfully regenerated. Ott et al. attempted
the perfusion decellularization of lungs to create whole lung scaffolds with a perfus-
able vascular bed and with preserved airway and alveolar geometry. A recent report of
clinical implantation of a tissue-engineered conducting airway based on an acellular
matrix scaffold underlines the clinical potential of this approach in the treatment of
respiratory disorders. However this method requires preexisting native lung tissue,
and therefore it cannot solve the problem of the human donor shortage. Alternatively
xenogeneic (animal) scaffolds can be clinically used as biological scaffolds. For exam-
ple porcine lung scaffolds are nonimmunogenic and pose no risk of zoonosis transmis-
sion, but they require extensive decellularization and rigorous testing of donor tissue
prior to implantation. In this way an ECM whose structure closely matches that of
native tissue is provided to the cells, retaining on the biological scaffolds a diverse
set of proteins which can stimulate the proliferation of seeded cells and can serve as
chemoattractants for host cells.

A different perspective involves the development of a bioartificial lung with an
air-blood interface that is made from synthetic materials.

Recently the attention of scientists has focussed on the improvement of ECMO
devices by coating the gas exchange surface with EPCs and ECs in order to realize a
wearable bioartificial lung [135, 136]. This approach seeks to mimic the in vivo function
of vascular endothelial cells (ECs) to yield a biocompatible surface, actively inhibiting
platelet activation and deposition. A biohybrid lung prototype consisting of hollow
fiber membranes modified at the surface with radio frequency glow discharge and
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protein adsorption to promote endothelial cell attachment and growth was developed
by Polk et al. Both surface treatment and endothelialisation of HFs produced a more
biocompatible surface. Considering that the diffusion of oxygen and carbon dioxide
occurs across the alveolar-capillary barrier in the native lung, it is not clear what the
impact of endothelialisation would be on gas transfer in the HF system. Increase of
blood velocity to reduce the boundary layer thickness either by rotation or pulsation
has been shown to improve gas diffusion. This biohybrid artificial lung prototype em-
ploys active mixing produced by rotation of a surface modified and endothelialized HF
bundle. The novel aspects of the biohybrid artificial lung design are an endothelialized
layer on the outer lumen of the HFs to present a more biocompatible blood-contacting
surface, while the rotation of this fiber bundle should increase the effective gas trans-
port per surface area.

Moreover, attempts are being made to produce miniaturized ECMO devices which
are wearable, so that the patient can experience the benefits of mobility and exercise
[137, 138]. These developments will produce a wearable bioartificial lung, which, by al-
lowing longer term support prior to implantation, will represent a significant advance
in patient care.

7.5.2 Cell types

Bioartificial lung constructs require appropriate cells in order to perform the same
functions of the native lung. In this context cell types must be identified to achieve
tissue formation. The most appropriate cells to cover the airway lumina are epithelial
cells (EPCs) that in vivo provide mucociliary clearance of the airways. For the pul-
monary vasculature, endothelial cells (ECs) are the main candidate since they down-
regulate the thrombogenic response. EPCs and ECs cooperate through signaling path-
ways to regulate the amount of interstitial fluid and to prevent the pulmonary edema
in the native lung. Other important cells for the performance of lung functions include
alveolar macrophages, which play an important role in lung clearance, and myofibrob-
lasts, which contribute to the healing of the epithelium. A population of stem cells
which provides self-renewal in response to injury is also resident in the native lung.

Therefore several cell types should be used to seed the scaffold. Alternatively, it
can be used bone marrow from the patient that contains sufficient numbers of pro-
genitor cells able to promote the repair mechanisms. Bone marrow is a source of mes-
enchymal stem cells (MSCs) which can be expanded and differentiated into EPCs and
ECs (Table 7.8).

EPC and EC can be also differentiated from human embryonic stem cells (hESCs)
which divide an unlimited number of times [139, 140]. There are still impediments
to hESCs clinical use arising from ethical, legal, and religious concerns, although a
limited number of clinical trials involving their use has been performed [141]. Some
disadvantages about the use of these cells are related to the potentially tumorigenic-
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Tab. 7.8: Cell source used in bioartificial lung.

Cell source Drawbacks

Patient-derived ECs, EPCs  Invasive procedure for harvesting, difficult to propagate the required

cell numbers
Patient-derived MSCs Low yield of differentiated cells, restricted cell fate
Bone marrow cells Restricted cell fate
hESCs Immunogenicity and tumourigenicity, complex differentiation path-

ways, low yield of differentiated cells, ethical concerns.

iPSCs Tumourigenicity

ity of hESCs and cells differentiated from them, and their nonautologous origin may
make them immunogenic to the patient. Pluripotent stem cells generated from adult
cells represent an appealing cell source for clinical translation [142]. The risk of tumori-
genicity for iPSCs and differentiated iPSCs remains a concern for their clinical use.

7.5.3 Biomaterials for the bioartificial lung

Alternatively to biological materials, artificial scaffolds have the advantage of being
nonimmunogenic; in addition, they can be produced rapidly in standardized condi-
tions to meet the specific needs of a patient while overcoming the variability linked to
individuals. The choice of the material for the scaffold fabrication is very important. It
must be biocompatible, i.e. nontoxic, chemically stable, and should not cause adverse
reactions when implanted. The material must have physico-chemical, transport, and
mechanical properties as well as micro- and nanoscale structures mimicking those
of the native ECM. Several biomaterials can be used to fabricate artificial scaffolds
(Figure 7.8).

Different properties are required from the scaffold used for a bioartificial lung with
respect to the artificial device. Hydrophobic polymers, which are typically used to
make the hollow fibres in ECMO, do not allow cell adhesion and, therefore, cannot
be used in a bioartificial lung. Surface modification through physiochemical and/or
chemical treatment is needed to guarantee uniform cell attachment [143] and to cre-
ate a cell monolayer resistant to high fluid shear stress due to the blood flow [135].

Tracheal scaffolds have been developed by using electrospun fibers of polyethy-
lene terephthalate (PET) or nanocomposites of PET and polyurethane (PU) [144],
which replicate closely the fibrous nanoscale structures formed by collagen and elas-
tic fibers in the native tracheal wall (Figure 7.9).

Synthetic hydrogels [145] such as poly(ethylene glycol) (PEG) and poly(vinyl alco-
hol) (PVA), and synthetic elastomers [146] such as poly(glycerol sebacate) (PGS) [147]
can be moulded to reproduce the complex architecture of the native lung. Synthetic
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Fig. 7.8: Biomaterials for bioartificial lungs.
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Fig. 7.9: (a) Histological cross section of human lung tissue, and (b) a SEM image of electrospun PET
trachea scaffold.

foam-moulded scaffolds address the issue of availability, since the organs which could
be custom designed and manufactured have had a limited use as airway implants
due to cell seeding issues. Once the dimensions of the patient are determined through
a computer tomography scan, a dimensionally identical trachea is manufactured as
needed. Several concerns had to be overcome. First, the foam proved to be stiffer than
anatural trachea. This made it difficult for the surgeon to penetrate with sutures. Also,
the stiffness was not conducive to optimal cell seeding and thus building a suitable cell
mass require a longer time than that supposed. Synthetic scaffolds should reproduce
the lung’s functional unit represented by the air-blood interface between epithelium
and endothelium, which must have a minimal diffusion length to facilitate efficient
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gas exchange between gas on the alveolar side and blood on the capillary side. Phys-
iologic gas exchange depends also on hierarchical branching airways and vascular
networks which allow both efficient perfusion and ventilation. A synthetic scaffold
should be fabricated in order to reproduce networks which provide physiologic shear
stress and functional gas transfer.

The scaffold must have sufficient pore size and interconnectivity to allow the
transfer of dissolved gases across the interstitium [148]. The scaffolds should be free-
permeable to liquids, because interstitial fluid is essential for providing aqueous
diffusion of nutrients to the EPCs on the alveolar surface and for permitting chemical
signalling between the EPCs and ECs. The porosity and structural properties of the
scaffold should also permit the infiltration and migration of circulating host cells.
The bioartificial lung must be engineered with appropriate weight and scaffold ma-
terials that exhibit elastic properties, which enable the lung to be deformed by the
diaphragm. Furthermore, the material must be capable of undergoing many repeated
cycles of large deformation without loss of integrity and mechanical properties.

With regard to materials for bioartificial lungs, the most appropriate are those
matching closely composition and structure of native lung ECM. However, further de-
velopments in the field are required before artificial lung scaffolds can be approved
for clinical use.

7.5.4 Bioengineered trachea

In 2008, the first tissue-engineered airway was successfully implanted by Macchiarini
and colleagues in a 30-year-old woman with end-stage left-main bronchus malaria to
restore lung function of a patient without immunosuppression therapy [149]. An air-
way from a deceased human donor was used to create a human decellularized matrix
that was structurally and mechanically similar to a native trachea, with chemotac-
tic and proangiogenic properties.? All loose connective tissue was removed from
the donor trachea, reseeded with autologous epithelial cells and chondrocytes of
mesenchymal-stem-cell origin. The in vitro expansion and differentiation of autolo-
gous cells occurred in a bioreactor designed ad hoc to address the requirements of:
culturing different cell types on each side of a tubular matrix; supply nutrients and
remove wastes; biomechanical cues in the form of hydrodynamic shear stress; auto-
clavability, ease of sterile handling, reliability, and precision compatible with good
laboratory practice. 4 months after implant of recellularized scaffold, the patient was
healthy, active, with normal lung function, and did not require immunosuppressive
treatment. Although the airway was successfully implanted, some critical issues re-
mained unaddressed such as (1) the feasibility of obtaining a viable, recellularized,
and functional engineered airway, and its maintenance once implanted; (2) long-term
stability of the decellularized natural matrix; (3) fate and tumorigenic risks associ-
ated with the implanted stem cells. Recently, Baiguera et al., using a nanocomposite
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polymeric material, obtained a tailor-made artificial tracheal scaffold with physical
and mechanical properties similar to native tissue [150]. The artificial scaffold, which
had been seeded ex vivo with autologous progenitor cells in the bioreactor, has been
successfully implanted into a patient affected by a primary recurrent tracheobronchial
tumor [151]. After 3 postoperative months, the nanocomposite was lined with a well-
developed healthy mucosa, and no distal ischemic necrosis was observed [151].

Important questions, such as the evaluation of the long-term biomechanical prop-
erties of the bioengineered grafts, the optimization of tracheal synthetic graft and of
bioreactor design, and the function and fate of the seeded cells, remain open [152, 153].
However, combining living cells with biocompatible and biodegradable scaffolds, rep-
resents an attractive approach to obtain an anatomical, physiological, and biome-
chanical airway replacement which could improve significantly functional outcomes
for airway patients.
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8 Regulatory framework and ethical issues

8.1 Regulatory framework of cellular products

Cells are the core products in tissue engineering and regenerative medicine, and their
huge therapeutic potential for human diseases mandatorily requires the precise defi-
nition of a specific regulatory framework. In the United States, cellular therapy prod-
ucts —i.e. cellular immunotherapies and other types of both autologous and allogeneic
cells for certain therapeutic indications (including adult and embryonic stem cells)
are regulated by the Center for Biologics Evaluation and Research (CBER), a subdivi-
sion of the American Food and Drug Administration (FDA), one of the world’s most
influential regulatory authorities. As a consequence of the rapid growth of cellular
and gene therapy-related research and development, CBER receives several requests
each year from medical researchers and manufacturers to evaluate and approve cellu-
lar and gene therapy products. To date, a short list of some cellular therapy products
have been approved by CBER™.

In 2007, Genzyme Biosurgery marketed CARICEL®, the first licensed cellular prod-
uct based on in vitro autologous cultured chondrocytes indicated for the repair of
symptomatic cartilage defects of the femoral condyle (medial, lateral, or trochlea),
caused by acute or repetitive trauma.

PROVENGE®, manufactured by Dendreon Corporation (2010), was the first auto-
logous cellular immunotherapy indicated for the treatment of asymptomatic or mini-
mally symptomatic metastatic castrate resistant (hormone refractory) prostate cancer.

In 2011, marketing authorization was issued to LAVIV® from Fibrocell Technolo-
gies, Inc., an autologous cellular product indicated for improvement of the appear-
ance of moderate to severe nasolabial fold wrinkles in adults.

Organogenesis Incorporated received approval in 2013 for marketing GINTUIT®,
an allogeneic cellularized scaffold product (Allogeneic Cultured Keratinocytes and Fi-
broblasts in Bovine Collagen) indicated for topical (nonsubmerged) application to a
surgically created vascular wound bed in the treatment of mucogingival conditions in
adults.

In 2013, SSM Cardinal Glennon Children’s Medical Center received approval for
ALLOCORD®, an allogeneic cord blood hematopoietic progenitor cell therapy indi-
cated for use in unrelated donor hematopoietic progenitor cell transplantation pro-
cedures in conjunction with an appropriate preparative regimen for hematopoietic
and immunologic reconstitution in patients with disorders affecting the hematopoi-
etic system. For the same purpose, approval was issued to Duke University School of

1 www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/
ucm354689.htm
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Medicine for DUCORD® (2012), to New York Blood Center Inc. for HEMACORD® (2013),
and to Cleveland Cord Blood Center for CLEVECORD® (2016).

8.2 Development and approval process in the US and the EU

In the United States, cellular products are regulated under a variety of authorities: the
Public Health Service Act (PHS Act), the Food Drug and Cosmetic Act (FD&C Act), regu-
lations such as 21 Code of Federal Regulations (CFR), and Food & Drug Administration
(FDA) guidance. Prior to administration of any new drug or biological product to hu-
mans, authorization must be issued by the FDA after submission of and investigational
new drug application (IND) or investigational device exemption (IDE). The FDA also
provides information and recommendations on drug and biological product develop-
ment when human efficacy studies are not ethical or feasible; the regulations that set
forth the pathway for approval of these products under 21 CFR 314 (drugs) or 21 CFR
601 (biological products) are commonly referred to as the Animal Rule?.

Since 1970s, FDA allows the expanded access (also called “compassionate use”) to
experimental drugs and biologics in clinical trials (studies under development and not
yet approved by FDA); under their personal responsibility, patients enroll in clinical
trials to gain access to investigational therapies and contribute to finding out how well
an investigational therapy works, and how safe it is for patients.

The introduction to the market of a new biologic or an antibiotic drug for human
use requires a permission through submission of a biologics license application (BLA).
The BLA, regulated under 21 CFR 600-680, includes information about the applicant,
product, manufacturing procedures, preclinical and clinical studies, and labeling.

The premarket approval (PMA), to be submitted to the Center for Biologics Eval-
uation and Research (CBER), is made with the aim of demonstrating that a Class III
device (a device that supports or sustains human life) to be marketed is at least as
safe and effective — or substantially equivalent — to a legally marketed device (21 CFR
807.92 (a) [1]) which is not subject to a PMA. Human cells or tissues to be used for im-
plantation, transplantation, infusion, or transfer into a human recipient (for example:
bone, skin, corneas, ligaments, tendons, heart valves, hematopoietic stem/progenitor
cells, etc.) are regulated as a human cell, tissue, and cellular and tissue-based product
(HCT/P). 21 CFR Parts 1270 and 1271 regulate HCT/P in compliance with current good
tissue practice under the PHS Act section 361. Parts 1270 and 1271 require tissue estab-
lishments to screen and test donors, to prepare and follow written procedures for the
prevention of the spread of communicable disease, and to maintain records.

2 www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
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Tab. 8.1: List of guidelines provided by the European Medicines Agency (EMA) of relevance for ad-
vanced therapy medicinal products/cell-therapy and tissue engineering (Www.ema.europa.eu).

Section

Guideline

Reference

Cell-therapy
and tissue
engineering

The overarching guideline for human cell-
based medicinal products is the guideline on
human cell-based medicinal products

EMEA/CHMP/410869/2006

Reflection paper on stem cell-based medicinal
products

EMA/CAT/571134/2009

Reflection paper on in-vitro cultured chondro-
cyte containing products for cartilage repair
of the knee

EMA/CAT/CPWP/568181/2009

Guideline on xenogeneic cell-based medicinal
products

EMEA/CHMP/CPWP/83508/2009

Guideline on potency testing of cell based
immunotherapy medicinal products for the
treatment of cancer

CHMP/BWP/271475/06

Reflection paper on clinical aspects related to
tissue engineered products

EMA/CAT/573420/2009

Gene therapy

Quality, nonclinical and clinical aspects of
medicinal products containing genetically
modified cells

CHMP/GTWP/671639/2008

Biologicals:
drug product

Guidance on the use of bovine serum in the
manufacture of human biological medicinal
products

CPMP/BWP/1793/02

Minimising the risk of transmitting animal
apongiform encephalopathy agents via human
and veterinary medicinal products

EMA/410/01

CHMP/CAT position statement on Creutzfeldt-
Jakob disease and advanced therapy medicinal
products

CHMP/CAT/BWP/353632/2010

Position paper on the reestablishment of work-
ing seeds and working cell banks using TSE
compliant materials

EMEA/22314/02

Guideline on the use of porcine trypsin used in
the manufacture of human biological medicinal
products

EMA/CHMP/BWP/814397/2011

Biologicals:

Note for guidance on plasma derived medicinal

drug substance products

CPMP/BWP/269/95
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Tab. 8.1: (continued)

Section Guideline Reference
Quality: Guideline for excipients in the dossier for EMEA/CHMP/QWP/396951/2006
Excipients application for marketing authorisation of
a medicinal product
Quality: ICH ICH Q2 (R1) Validation of analytical proce- CPMP/ICH/381/95

dures: text and methodology

ICH Q5A (R1) Viral safety evaluation of bio- CPMP/ICH/295/95
technology products derived from cell lines
of human or animal origin

ICH Q5C Stability testing of biotechnological/ CPMP/ICH/138/95
biological products

ICH Q5D Derivation and characterisation CPMP/ICH/294/95
of cell substrates used for production of bio-
technological/biological products

ICH Q5E Comparability of biotechnological/ CPMP/ICH/5721/03
biological products

ICH Q7 Good manufacturing practice for active =~ CPMP/ICH/4106/00
pharmaceutical ingredients

ICH Q8 (R2) Pharmaceutical development CHMP/ICH/167068/04

ICH Q9 Quality risk management EMA/CHMP/ICH/24235/2006

ICH Q10 Pharmaceutical quality system EMA/CHMP/ICH/214732/2007
Safety: ICH ICH S6 (R1) Preclinical safety evaluation CHMP/ICH/731268/1998

of biotechnology-derived pharmaceuticals

Safety and Guideline on clinical trials in small populations CHMP/EWP/83561/2005
efficacy:
Biostatistics

Points to consider on applications with CPMP/EWP/2330/99
1. Meta-analyses; 2. One pivotal study

Efficacy: ICH ICH E1 The extent of population exposure CPMP/ICH/375/95
to assess clinical safety

ICH E3 Structure and content of clinical study CPMP/ICH/137/95
reports

ICH E4 Dose response information to support CPMP/ICH/378/95
drug registration

ICH E6 (R1) Good clinical practice CPMP/ICH/135/95

ICH E7 Geriatrics CPMP/ICH/379/95

ICH E8 General considerations for clinical trials CPMP/ICH/291/95

ICH E11 Clinical investigation of medicinal CPMP/ICH/2711/99
products in the paediatric population
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In the European Union, relevant guidelines for advanced therapy medicinal prod-
ucts (ATMP) have been developed by the supranational European Medicine Agency
(EMA), formerly known as European Agency for the Evaluation of Medicinal Products
(EMEA - until 2004). Regulations for cell-based medicinal products (CBMP) have be-
gun to be defined in Annex I to Directive 2001/83/EC of the European Parliament and
Council, and then amended by the Regulation on Advanced Therapy Medicinal Prod-
ucts 1394/2007/EC [2]. Substantially, ATMP are manipulated cellular tissues intended
to be used as biological medicinal products for the treatment and prevention of human
diseases. The standards of quality and safety for the donation, procurement, testing,
processing, preservation, storage and distribution of human cells are defined by the
Directive 2004/23/EC.

Three different types of medicinal products are comprised within the ATMP: gene
therapy medicinal products, tissue engineered products, and somatic cell therapy
medicinal products. Table 8.1 lists relevant scientific guidelines provided by the EMA
concerning cell therapy and tissue engineering.

8.3 Good manufacturing practice

The production process of manipulated ATMP and HCT/P are required to meet current
standards of quality and safety defined by good tissue practice (GTP) and good manu-
facturing practice (GMP), concerning the design, the access, the use and maintenance,
the quality assurance and validation of facilities, equipments, materials, and control
strategies.

In Europe, GTP for human cells, tissues, and cellular and tissue-based products
are established by the general Directive 2004/23/EC [3] and technical directives drawn
from it, Directives 2006/17/EC [4] and 2006/86/EC [5]. In the United States, GTP is reg-
ulated by Title 21 of the CGFR, part 1271, which has the purpose of creating a unified
registration and listing system for establishments that manufacture human cells, tis-
sues, and HCT/P’s, and to establish donor eligibility, current good tissue practice, and
other procedures to prevent the introduction, transmission, and spread of communi-
cable diseases by HCT/P’s.

The European standards of GMP concerning the manufacture of cell-based medic-
inal products should be in compliance with the principles set out in Directive 2003/94/
EC [6], while the US GMP are defined in 21 CFR 210 and 211.

Substantially, specific requirements of GMP and GTP cover three specific areas:
the human starting material, the manufacturing process, and the characterization and
control of cells (Figure 8.1).

The specific cell source is the basis of the classification of cell-based medicinal
products (CBMP) as autologous or allogeneic. Autologous products are derived from
the patient’s own body. The main advance of this approach is the avoidance of im-
mune rejection; however, risks related to the potentially diseased state of the patient
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have to be considered. Moreover, the individual manufacturing of autologous prod-
ucts requires a period of time that might be incompatible with an urgent treatment.
Allogeneic CBMP are inherently off-the-shelf products and specifically designed to
treat a large number of patients; on the other hand, they have the potential risk of
inducing immune response and rejection, with controversial exceptions reported for
mesenchymal stem cells [7-9].

Human starting
material

Donor selection
Informed consent
Risk based approach

Traceability
Characterization Manufacturing
and control process
Identity, viability, Cells isolation
potency Tumorigenicity Expansion process
Genomic stability Bioreactors Formulation

Storage

Fig. 8.1: Specific requirements of good manufacturing practice (GMP) and good tissue practice (GTP).

Directive 2006/17/EC regulates requirements and procedures for donation and pro-
curement. The cellular material consists of primary cells to be used — directly or after
few culture passages — in CBMP, or of cell lines based on a well-defined cell bank sys-
tem (ICH guideline Q5D [10]).

The donor selection, based on body examination, the presence or likelihood of in-
fection and medical history, should be carried out according to a risk-based approach
in order to reduce the probability of adverse immunological responses in the recip-
ient that might compromise the therapeutic activity of the CBMP. The potential use
of donated human materials, risks associated with the donation, data protection and
commercial background should be acknowledged by the donor through the informed
consent form.

Collection, selection, culture, or modification procedures requiring the use of
other materials, reagents, excipients (e.g. other cells, enzymes, antibodies, cytokines,
growth factors, sera, antibiotics, etc.) should be clearly specified in detail and well
documented with respect to identity, purity, sterility, and biological activity. Whenever
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appropriate, guidelines on viral safety must be taken into account [11, 12]. All proce-
dures implemented to obtain cells from the organs and tissues should be described
and validated. A manufacturing process that includes cryopreservation and long-term
storage of cells should comply with GMP procedures with the aim to preserve the phe-
notype and the functionality of cells. Low-toxicity cryoprotectants, such as routinely
used dimethyl sulfoxide (DMSO), polyethylene glycol, glycerol, methylcellulose, etc.
reduce the amount of ice formed at low temperature simply by increasing the total
concentration of solutes in the cell [13, 14].

In general, manufacturing process is critical and requires the proper implementa-
tion of validation procedures, the specification of process parameters, and the design
of appropriate quality control protocols in order to ensure an acceptable level of stan-
dardization and reproducibility.

For CMBP incorporating structural components such as matrices, fibers, beads,
devices, scaffolds, and any material used in addition or in combination with cells,
requirements laid down in Directive 90/385/EEC on the approximation of the laws of
the member states relating to active implantable medical devices [15] and subsequent
modifications in Directive 93/42/EEC concerning medical devices [16] must be met.
Materials used to manufacture this structural component should be validated with re-
spect to their biocompatibility with cells, since tissue differentiation and functionality
are highly dependent on the local environment. Therefore, studies should be carried
out to verify the performance of biomaterials in a CBMP and, in particular, attention
should be paid to
- release kinetics and/or rate of degradation of biodegradable or leachable materi-

als, which might induce environmental alterations for the cells in time;

— chemico-physical and mechanical properties (e.g. topography, surface chemistry,
strength) of structural components with respect to cellular viability, desired cell
differentiation, functionality and genotype.

Standards for characterization and testing of medical devices to assess the potential
for an adverse biological reaction to occur as a result of exposure to a given biomaterial
are set out in international standard ISO 10993, Part I.

Manufacturing machines and procedures should also be suitable and qualified
for aseptic production.

Invitro culture steps must be properly designed, specified, and validated to ensure
an acceptable level of growth of the cellular population, of expansion to achieve the
amount necessary for therapeutic use in CMBP, of differentiation. Relevant genotypic
and phenotypic characteristics of the primary cell cultures, cell lines, and derived cell
clones, and their stability, function, and integrity with respect to culture permanence
and conditions should be assessed, while minimizing the risk of microbiological con-
tamination and infectious decease transmission [17, 18]. Media and supplements are
the major challenges for the cellular expansion process. Use of fetal bovine serum
should follow the recommendations of the Note for Guidance on the “Use of Bovine
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Serum in the Manufacture of Human Biological Medicinal Product” [19]; use of human
alternatives such as pooled human sera or pooled platelet lysate appears feasible [20—
22]. Although widely used against microbiological contamination, antibiotics should
preferably be avoided due to the risk of allergic reactions in patients.

The characterization of a CBMP should include all the components present in the
final product throughout each the development and/or manufacturing step. The char-
acterization — to be made in vitro and in vivo — should be designed to allow setting
up routine controls in the product and throughout the several steps of the process to
guarantee efficacy, safety, reproducibility, and consistency. The identity of the cellular
components should be characterized in terms of phenotypic and/or genotypic pro-
files by relevant markers based on gene expression, antigen presentation, response to
exogenous stimuli, biochemical activity, etc. Source, manufacturing procedures, and
culture conditions have an impact on the expression panel of cell surface markers [23].

Human starting material contains other cell types of different lineages and/or dif-
ferentiation stages or that may be unrelated to the unique cell population of interest
for the development of a CBMP. It is therefore necessary to set acceptance criteria for
the amounts of contaminating cells, and implement necessary procedures to ensure
purity against the unwanted cells that might have a negative impact on product effi-
cacy and safety.

Potency, defined as the quantitative measure of biological activity based on the
attribute of the product, is basically assessed by two typologies of assays: (1) in vitro
assays using cell systems and (2) in vivo assays using animal models.

In vitro assays are usually based on the evaluation (1) of the expression of mark-
ers (e.g. cell surface markers, activation markers, expression pattern of specific genes)
directly or indirectly related to the intended biological activity, and (2) of the physio-
logical response under defined conditions (e.g. differentiation in specific cell types,
secretion of specific proteins, etc.).

The establishment of adequate potency is complicated by the significant impact
of the microenvironment on the phenotype and expression profile in vitro, and on the
trafficking profile and functional behavior in vivo [24].

The clinical implementation of cell therapies suffers the potential risk of tumor
formation induced by transplanted cells. The capability of human pluripotent em-
bryonic stem (ES) cells and induced pluripotent stem (iPS) cells to form or promote
the growth of existing tumors or to transform themselves into tumor cells has been
proven, as well as the insurgence of genomic aberrations acquired by culture adaption
[25]. The tumorigenic potential should be assessed by an analysis of the proliferative
capacity of cells, dependence on exogenous stimuli, chromosomal integrity, etc.

A complete traceability of the patient and product is essential to monitor the safety
and efficacy of CBMP; requirements are laid down in Directives 2004/23/EC, 2006/17/
EC, and 2006/86/EC, and Art. 15 of the Regulation (EC) No. 1394/2007. The manufactur-
ers should also establish the analytical tools necessary for the required comparability
studies throughout development of their products. Appropriate guidance can be found

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8.4 From the laboratory to the market = 249

in ICH Q5E “Comparability of Biotechnological/Biological Products” and related guid-
ance documents [26].

8.4 From the laboratory to the market

The introduction into the market of new drugs or new clinical treatments requires the
implementation of a specific development strategy and methodology. According to
data provided by the European Federation of Pharmaceutical Industries and Asso-
ciations (EFPIA) in 2012, the journey from laboratory bench to marketing approval is
extremely difficult, and “chances of new substances becoming a marketable medicine
remain relatively small: several studies have produced figures ranging from 1 in 5000
to 1in 10 00073. This is largely due to the high investment costs and strict screening
procedures. Figure 8.2 provides a general overview of the development process from
bench scale investigation to postmarketing surveillance.

In the first decade of the 21st century, the overall success rate for new drug ap-
plications getting FDA approval was near 1 to 10%. In order to address the financial
challenges related to an inherently high risk market, the pharmaceutical industry is
recently shifting towards therapeutic areas characterized by high therapeutic need
and high return on investment (i.e. cancer treatment). Consequently, the FDA and
EMA offer incentives to companies supporting the development of innovative diag-
nosis tools and medical treatments for rare diseases or disorders.

The development of a new drug or treatment begins at the identification of a spe-
cific disease to prevent or cure. The knowledge of the biological processes underlying
the pathological status is critical in the definition of the target to be addressed by
the new drug or treatment. In the case of new drug development, the traditional ap-
proach to identify and screen — at the laboratory scale — potentially active molecules
is based on high throughput screening (HTS): hundreds of candidate compounds are
put in contact with enzymes, cell cultures, or other biological substances in microliter-
sized multi-wells plates. HTS is costly and time consuming, although automation of
sample preparation and analytical procedures by computer-controlled robots partially
mitigates these drawbacks. More recently, driven by the impressive development of
computing tools and molecular-modelling software — which led to a deeper under-
standing of interactions at the atomic level, electronic structure, and charge density,
bonding energy, activity of functional groups, etc. —, HTS has been complemented by
virtual screening: here, the assessment of potential compounds is done in silico.

Preclinical studies cover all research activities, testing, and assessment required
by health authorities before human clinical trials. In vitro laboratory studies and in

3 www.efpia.eu
4 http://fiercebiotech.com/story/study-rate-drug-approvals-dropping/2011-02-14.2012
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vivo animal models should be designed to demonstrate the product’s mechanism of
action, its effectiveness and potency, safety, and toxic and pharmacologic effects in
the case of new drugs.

The wide use of rodents as first-line in vivo models is mostly due to their broad
availability and to the development of well-established methods for de novo gener-
ation of genetically modified mice and rats. These animal models are successfully
applied for the verification of in vivo efficacy, for the discovery of new pharmacolog-
ical targets, and for the study of pharmacological mechanisms of action [27]. How-
ever, growing ethical concerns, including the Directive No. 2010/63/EU promoting the
“3R principle” (replace, reduce, and refine), are now limiting the overusing of animal
experiments.

Regulatory guidelines of the FDA and EMA usually require safety testing in at least
two mammalian species, including one nonrodent species, prior to human trial autho-
rization [28].

Nonrodent mammalian species such as rabbits, dogs, swine, and monkeys are
also widely used in pharmacological safety and pharmacokinetic studies [29].

Appropriate investment in preclinical development programs may lead to signifi-
cant availability of study results, operational protocols, and statistically relevant data
for a more rapid progress through clinical trials.

The FDA requires researchers to use good laboratory practices (GLP) in 21 CFR
Part 58.1: “Good Laboratory Practice for Nonclinical Laboratory Studies”, setting the
minimum basic requirements for study conduct, personnel, facilities, equipment, pro-
tocols, operating procedures, study reports, and quality assurance. EMA provides ICH
guideline S6 (R1) “preclinical safety evaluation of biotechnology-derived pharmaceu-
ticals” with the aim of identifying an initial safe dose and subsequent dose escalation
schemes in humans, assessment of the toxicity potential, and safety parameters for
clinical monitoring.

In the United States, the investigational new drug (IND) application (21CFR312)
and the investigational device exemption (IDE) application (21CFR812) must be sub-
mitted to the FDA agency for new drugs and new devices, respectively. In the European
Union, the authorization of clinical trials occurs at member state level (clinical trial au-
thorization, CTA), although the way clinical trials are conducted will undergo a major
change when the clinical trial regulation takes effect in 2018, with the aim of harmo-
nizing the assessment and supervision processes for clinical trials.

In general, applications include the description of the product and manufactur-
ing processes, with sufficient details to assess the risks and potential benefits, dos-
ing and toxicity levels, a proposal for a clinical protocol, including candidate selec-
tion/exclusion criteria, treatment/therapy procedures, follow-up methods and clini-
cal trial stopping rules, and ethical committee clearance.

In a few exceptions, the normal clinical practice guidelines can be bypassed with
the aim of speeding up the availability of drugs and devices for treating serious dis-
eases. In this respect, the FDA has developed four distinct approaches: priority review
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Fig. 8.2: General overview and timing (on average) of the development process for new drugs or new
clinical treatments.

(fast FDA’s review within six months), breakthrough therapy (a process designed to
expedite the development and review of drugs which may demonstrate substantial im-
provement over available therapy), accelerated approval (regulations allowing drugs
and treatments for serious conditions that filled an unmet medical need to be ap-
proved based on a surrogate endpoint), fast track (a process designed to facilitate
the development and expedite the review of drugs and devices to treat serious con-
ditions and fill an unmet medical need).?

Similarly, accelerated assessment is a procedure implemented by the EMA Com-
mittee for Medicinal Products for Human Use (CHMP) to reduce the timeframe (usu-
ally to 150 evaluation days instead of 210) for the review of a marketing-authorization
application for a rapid assessment of products of major interest for public health, es-
pecially ones that are therapeutic innovations.®

Once the new drug or device proves an acceptable level of genotoxicity, car-
cinogenicity, reprotoxicity, and appropriate pharmacokinetic and pharmacodynamic
parameters, having collected all necessary information required for the IND/IDE or
CTA application, testing in humans can begin upon approval by the responsible
authorities.

With the aim of increasing the chance of success in later stages of drug and treat-
ments development, with particular attention to anticancer products (only 5% of ap-
plications for new oncology drugs submitted to the FDA under an IND application are
successful [30]), in 2006 the FDA released a document entitled “Guidance for Industry,
Investigators, and Reviewers: Exploratory IND Studies,” offering recommendations
regarding safety testing, manufacturing, and clinical approaches to be used in very

5 www.fda.gov/forpatients/approvals/fast/ucm20041766.htm
6 www.ema.europa.eu/ema/index.jsp?curl=pages/regulation/general/general_content_000955.
jsp&mid=WC0b01ac05809f843a
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early studies, the so-called exploratory or phase O trials, as guidelines to distinguish
promising products from those that are not.

Phase O trials are characterized by the utilization of subtherapeutic doses (gener-
ally less than 1/100 of the dose calculated to produce a pharmacological effect, and no
higher than 100 pg) of the product under investigation, (thereby allowing reduced ini-
tial pharmacologic and toxicological testing requirements) in a few patients in order to
reduce the cost and time while acquiring a better understanding of the mechanism of
action, pharmacokinetics or imaging, pharmacodynamics, and target localization of
a new compound, or a series of related compounds, before undertaking phase I trials
[31]. Phase 0 trials exploring microdosages have been also considered in the EMA doc-
ument “Guideline on the evaluation of anticancer medicinal products in man” issued
in December 2012 (EMA/CHMP/205/95/Rev. 4).

Phase I trials (also known as “entry in a human”) are designed in order to assess
the safety, tolerability, pharmacokinetics (PK), and pharmacodynamics (PD) of the
new product. Specifically, the aim of phase I is to determine the maximum tolerated
dose (MTD) of the new treatment, according to methodologies briefly schematized in
Table 8.2.

Tests are usually carried out for 6-12 months on a group of approx. 20 healthy
volunteers (to avoid confusing data in the presence of comorbidities); involvement of
patients occurs in case of anticancer therapies, cytotoxic drugs, AIDS therapy or for
those having exhausted all other therapeutic options to treat their disease. Informed
consent is a basic prerequisite for human volunteers or patients.

Clinical trials for marketing authorization for human medicines in the European
Economic Area (EEA) have to meet the requirements set out in Annex 1 of Direc-
tive 2001/83/EC, i.e. compliance with European Union clinical trial legislation as
expressed in Directive 2001/20/EC or, for clinical trials conducted outside the EEA,
compliance with international good clinical practice (GCP) and with the Declaration

Tab. 8.2: Phase | methodological approaches to identify the maximum tolerated dose (MTD).
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of Helsinki on Ethical Principles for Medical Research Involving Human Subjects.
In the EEA, approximately 4000 clinical trials are authorized yearly; approximately
61% of clinical trials are sponsored by the pharmaceutical industry and 39 % by
noncommercial sponsors, mainly academic institutions.”

The main limitations of phase I consist in the preliminary nature of the tests con-
ducted and in their restriction to a low number of homogeneous subjects. Therefore,
a phase II is designed and implemented in order to confirm the effectiveness, safety,
and tolerability of the product, and to monitor any side effects on patients with the
disease being studied. The primary objective of phase II trials, conducted on a small
number of patients (usually around 50-200 subjects), is to determine the efficacy of
the product (optimal therapeutic dose regimen, duration, frequency of administration
etc.); and secondly, to further investigate safety aspects [32].

Phase Il is usually divided into two subphases, often referred two as phase IIA and
phase IIB, each of which addressing different objectives associated with the new treat-
ment. Phase IIA indicates exploratory, nonpivotal, multiple-stage single arm studies
(a single arm study means that every patient enrolled in the clinical trial is treated
in the same way, and no data are collected from people with a similar condition who
do not get the drug) of the clinical efficacy, mechanism, dose range, and including
pilot studies. Trials are single blind: i.e. information about the test is masked from the
participant, to reduce or eliminate bias, a placebo effect, or conscious deception.

The phase IIB trials are pivotal since a “go/no go” decision must be made before
proceed into phase III testing. In phase IIB, randomized multiple arms studies are
employed to examine the impact of subgroups (inducing heterogeneity) on the treat-
ment efficacy, safety, and dosage amount and/or frequency. Trials are double-blind to
eliminate subjective, unrecognized biases carried by an participants and conductors
of an experiment.

Phase III trials are the final hurdle to be overcome before entry into the market.
Multicenter (and, often, multinational) tests are designed in order to investigate the
efficacy and safety in a patient population varying from a few hundred to thousands
of subjects, and can take up several years. Phase IIl includes randomized and double-
blind trials as a standard, but also uncontrolled trials, historical controls, nonrandom-
ized concurrent trials, factorial designs, and group sequential designs [33]. Traditional
endpoints for trials have included overall survival as a priority, as well as the disease
progression rate, and the time to treatment failure. For an accelerated time-to-market
in case of potentially life-saving treatments, surrogate markers are possible.

Phase IIl is subdivided in two subphases: (1) phase I1IA is designed to get sufficient
and appropriate data on efficacy and safety before NDA submission; (2) phase IIIB
allows patients to continue treatment after NDA but prior to product approval and
market launch, investigates possible label expansions (checking if the new product

7 www.ema.europa.eu

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

254 —— 8 Regulatory framework and ethical issues

works for additional types of patients/diseases beyond the original target) and pro-
vides additional safety data. Phase III closely studies the clinical trial activities and
determines the “go/no go” decision for marketing.

Even after release and marketing of a new product, the FDA, EMA, and relevant
regulatory agencies require continued evaluation of efficacy and safety, and benefit-
risk ratio. Phase IV trials, conducted after the new product has been marketed (post-
marketing surveillance, PSM), aim at evaluating the real effectiveness and safety pro-
file in various and large populations, and the eventual occurrence of side/harmful
effects, rare or associated to long-term use, that may necessitate regulatory actions or
that may results in a product being withdrawn. These studies have an inherently obser-
vational, nonexperimental, and noninterventional nature. Phase IV also assesses new
indications, formulations, dosages, duration of treatment, medication interactions,
etc. [33]. Table 8.3 compares the specific objectives and peculiarities of phases I-1V.

Tab. 8.3: Comparison of clinical trial phases I-IV.

Phase | Phase Phase lll Phase IV
Objectives  Study of metabolic  Evaluate effective-  Evaluate effective-  Postmarketing
and pharmaco- ness, short-term ness on clinical surveillance,
logical actions, side effects, risks outcomes, risk- identify eventual
identification of for a specific benefit ratio in a long-term or rare
maximum toler- population and demographically side effects
ated dose disease diverse sample
Factors Bioavailability; Bioavailability; Drug-disease/ Epidemiological
studied dosage; metabolic  efficacy and drug-drug inter- data; efficacy and
mechanisms; safety; drug- actions; dosage; safety
pharmaco- disease/drug-drug  risks-benefit ratio;
dynamics; interactions; phar-  efficacy and safety
pharmacokinetics macodynamics; in subgroups
pharmacokinetics
Sample 20-30, healthy 200-300, indi- Hundreds to Large population,
size and volunteers or viduals with the thousands, individuals with
population individuals with target disease individuals with target disease

the target disease
(cancer, HIV)

target disease

The term phase V does not officially appear in either FDA or EMA lexica; this term
indicates transnational research designed to “move from bench to bedside” and refers
to comparative effectiveness research and community-based research.

printed on 2/10/2023 5:10 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8.5 Ethics = 255

8.5 Ethics

Since tissue engineering deals with in vitro regeneration or reconstruction of human
tissues for clinical applications — including implantation of human tissue engineered
products - it is increasingly a subject for ethical inquiry. Different philosophical and
religious positions influence the ethical debate, focusing on the impact that new tech-
nological developments may have on the principles and norms of human communi-
ties, and analyzing the conditions for their acceptance or rejection. In Europe, the legal
framework is defined by EU directives that ratify the respect for fundamental human
rights, the informed consent for tissue and organ donors, the respect for the privacy,
anonymity, and confidentiality of the donor, the voluntary and gratis donation, and
the protection of the safety of recipients through quality testing, risk management,
good manufacturing, and clinical practices.

Biomedical research involving human beings is also driven by fundamental eth-
ical principles, as enunciated in the Charter of Fundamental Rights of the European
Union (incorporated as part Il of the draft treaty establishing a Constitution of Europe),
and the Convention on Human Rights and Biomedicine and additional protocols is-
sued by the Council of Europe; both these documents provide the background for
national legislation on medical applications. Additional contributions are given by
the European Group on Ethics in Science and New Technologies (EGE), an indepen-
dent advisory body of the President of the European Commission. Since its inception
in 1991, the EGE has provided the Commission with high quality and independent ad-
vice on the bioethical aspects of new technologies in connection with EU legislation
or policies.

The EGE addressed in depth ethical aspects related to human tissue banks, em-
phasizing the principles of respect for human beings, their dignity and autonomy,
safety and protection, the protection of privacy, the confidentiality and safety of the
donor and the recipient, the prevention of possible discrimination in terms of equal ac-
cess to the availability of tissues. Concerning the specific issue of umbilical cord blood
banking, the EGE raised some ethical concerns regarding cord blood banking for autol-
ogous uses, recommending complete and transparent information to consumers, cord
blood storage or families at risk of specific diseases or with rare HLA types in public
cord blood banks in order to ensure fair access to healthcare services, fair access to
transplantation for any citizen whatever his/her ethnic origin by promoting specific
measures to have enough donations from different ethnic groups with different HLA
patterns [34].

Some critical issues are the ethical aspects on human stem cell research and use,
risk-benefit assessment, safety and security in the transplantation of genetically mod-
ified cells, and when stem cells are derived from somatic cells. It is also recommended
that procurement and storage of stem cells in cell banks should be regulated at the
European level in order to facilitate traceability, and that measures to prevent com-
mercialization of cadaver fetal tissue should be implemented [35].
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Opinions expressed by the EGE also cover ethics concerning the patenting of in-
ventions involving elements of human origin, with an ethical dilemma arising due to
the fact that patents can encourage scientific progress and, at the same time, can also
impair access to health care. The EGE belief is that unmodified stem cell lines are non-
patentable, while stem cell lines modified by in vitro treatments or genetically modi-
fied so that they have acquired characteristics for specific industrial application, and
fulfil the legal requirements for patentability. Uses of human embryos for industrial
or commercial purposes are contrary to public policy and morality and not patentable
according to the principle of the noncommercialization of the human body [35].

Among the recent emerging technologies reviewed by EGE, we mention here:
synthetic biology (distinction between natural and artificial life; distinction between
life in a biological sense and its use in a social and cultural context, deserving
particular care and respect which are at the core of the concept of human dig-
nity; “anthropocentric”/“biocentric”/“ecocentric” visions; biosafety risks related to
synthetic microorganisms released into the environment; biosecurity arising from
possible use of synthetic lethal and virulent pathogens for terrorist attacks, biowar,
or other maleficent uses; IPR for processes, such as the production of chimeras from
germ cells, totipotent cells from plants and animals, process for cloning human beings
and modified germ-line cells, etc.); nanomedicine (safety of nanomedical products,
nanotechnology-based diagnostics and therapies; risk assessment, also with respect
to the toxicity of nanoparticles in humans and in the environment; need for prospec-
tive technology assessment, including consideration of social effects; legal regulatory
issues; IPR issues; nanomedicine tests on the market; information and consent; trans-
parent communication and public trust; clinical research and adequate ethical review
process for projects involving studies of nanomedical devices on human beings; medi-
cal and non-medical uses), germline genome editing technology research (suspension
or moratorium for clinical application) [36, 37].

In general, the complexity of the ethical issues raised by the use of human cells
and biological material in regenerative medicine and tissue engineering poses differ-
ent questions and dilemmas form anthropological, social and economic point of view
(Figure 8.3).

Concerns, usually reinforced whenever embryonic stem cells or animal guinea
pigs are employed, are based on the variety of religious and philosophical visions
and are often strengthened by moral prescriptions with regard to the meaning, the
function, and the limits of the human body [38—-40].

The most popular method for harvesting stem cells is still extraction from a fer-
tilized embryo, which, consequently, will die without the possibility of generating a
complete human being. Do the benefits of developing tissues prevail over the life of a
potential individual?

The ethical dimensions of material exchange — especially in the case of the ex-
change of biospecimens — are likely to be subject to ethical guidelines. The Charter of
Fundamental Rights and the Convention on Biomedicine both emphasize the gratuity
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Ethics in TE and HTEPs
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Fig. 8.3: Categorized ethical issues in tissue engineering (TE) and human tissue engineered
products (HTEPs).

and altruistic donation of body material according to the principle that trading human
biological material is at odds with the human dignity of a person. Due to the increas-
ing value of cellular material, the eventual transition from free donation to commercial
ownership will require a careful investigation on the typology and characteristics of
body material in order to alleviate concerns about the commodification of the body
and/or its parts [41].

Despite the evidence that animal models cannot fully mimic the complexity of
the human body, thus resulting in a limited and partial source of information about
the efficacy and safety of ATMP, animal trials are considered to be a necessary step in
the research activity leading up to a clinical trial [42]. Use of animals in experiments
poses ethical concerns and is the subject of heated debate, exacerbated by increased
public awareness of animal welfare issues and the belief that the intrinsic value of a
single animal is higher than the value of knowledge obtained from animal sacrifice.
Reduction or replacement of animals in preclinical laboratory tests, although consid-
ered to be a slow and difficult process, is today a crucial objective: suffering caused by
an investigation must be weighed against the real benefits [43-45].

Due to the long-term nature of biomedical implants, clinical trials on humans re-
quire careful monitoring of events in posttrial follow-ups over a long period of time
in order to minimize the risks for the trial participants. The assessment of safe in-
teraction between the receiver’s body and the implanted living material (to detect
and prevent undesired cell propagation, migration, differentiation, or inflammatory
responses, and even rejection), the evaluation of the efficacy of the regenerative ac-
tion, the confirmation of the therapeutic value of human tissue engineered products
are essential for a correct calculation of the risk/benefit ratio [46, 47]. A risk/benefit
balance is the premise for the ethically acceptability of innovative practices and for
the truly informed consent of the patient.

Ultimately, beyond the different visions and perceptions, the bottom line for eth-
ical guidelines must remain the commitment to primary and inalienable values: the
fundamental principle of respect for the dignity of human beings, the equitable ac-
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cess of patients to safe and effective products, and the respect for the autonomy and
the rights of cell donors and recipients.
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