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David Elder

1 Solubility – definition and basic
physicochemical considerations

1.1 Introduction

Solubility is often regarded as one of the most important attributes of a drug substance
[1]. However, solubility of a solid active pharmaceutical ingredient (API) in a solvent
(or mixed solvent) is a complicated phenomenon, and it is generally considered to be a
dynamic equilibrium between the opposing forces of dissolution and reprecipitation.
Under certain scenarios the equilibrium solubility may be exceeded to produce a super-
saturated solution, which is metastable in nature [2]. The first stage in the process lead-
ing to a solution in an aqueous or organic solvent is disintegration of the crystal lattice
and hydration or solvation of the API molecules. The thermodynamic driving force for
this process is defined by the concentration gradient and resulting chemical–potential
gradient between the solid (µs) and solid–liquid interface (µl). Then, the hydrated or
solvated molecules diffuse from the “solid–liquid interface into the solution bulk
phase” [3]. Similarly, the thermodynamic driving force for this latter process is defined
by the concentration gradient and resulting chemical–potential gradient between the
solid–liquid interface (µl) and the solution phase (µsol).

Solubility can be simplistically defined as the “amount of a substance that will
dissolve in a given amount of another substance” [4]. This is often further refined
as the amount of a solute that will dissolve in a given amount of solvent at a speci-
fied temperature and pressure. The latter caveats of temperature and pressure are
important as most solutes become more soluble as the temperature increases, but
the exact relationship is usually not simple [3].

However, these definitions omit an important factor, which is the nature of the
solid-state form of the API. Dependent on the type of solubility measurement se-
lected, this can change, as is typically seen with kinetic solubility or usually remain
the same, that is, equilibrium solubility (see Table 1.1). IUPAC [5] tries to address
this deficiency by defining solubility as “the analytical composition of a saturated
solution expressed as a proportion of a designated solute in a designated solvent”.
The term “designated” implies no change in solid-state form, but this isn’t implic-
itly stated. Solubility may be expressed in units of concentration, mole ratio, mole
fraction, percentage, that is, 1% w/v, molality, or indeed other units [5].

Interestingly, changes in temperature play slightly different roles in the initial
dissolution process depending on the intrinsic solubility of the API. For highly soluble
compounds, it affects the diffusion rate constant and an increase in the intrinsic
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thermodynamic driving force. In contrast, for poorly soluble APIs, it affects the sur-
face reaction rate constant as well as the intrinsic thermodynamic driving force [3].

The pharmacopoeias such as the USP (United States Pharmacopoeia) [6] tend to
describe solubility using much broader based terminology, for example, very solu-
ble, freely soluble and soluble (see Table 1.2), which are based on the amount of
solvent (in mL) needed to dissolve a specified amount of solute (1 g). The same

Table 1.1: Definitions of differing types of solubility.

Type of solubility
measurement

Definition

Kinetic The concentration of a solute in solution when an induced precipitation
first appears; this precipitate is often a thermodynamically metastable
solid-state form.

Thermodynamic or
equilibrium

A saturated solution in equilibrium with the thermodynamically stable
solid-state form. No phase change occurs during the experiment if the
thermodynamically stable solid-state form is introduced into the assay.

Intrinsic The thermodynamic solubility at pH where API is in its neutral form (S).

Apparent The solubility measured under given assay conditions.

Biorelevant (see
Chapter )

The solubility measured using biorelevant media, for example, SGF, SIF,
but more typically using FeSSGF, FaSSGF, FeSSIF, or FaSSIF media.
Measurements are often performed at controlled body temperature, that
is,  °C ±  °C

1Performed at controlled room temperature, that is, 25 °C ± 1 °C, unless specified otherwise.
SGF, simulated gastric fluid; SIF, simulated intestinal fluid; FeSSGF fed state simulated gastric
fluid; FaSSGF, fasted state simulated gastric fluid; FaSSGF fed state simulated intestinal fluid;
FaSSIF, fasted state simulated intestinal fluid.

Table 1.2: USP definitions of solubility [6].

Descriptive term Solubility (g/mL)

Very soluble < part solvent needed to dissolve  part solute

Freely soluble – parts solvent needed to dissolve  part solute

Soluble – parts solvent needed to dissolve  part solute

Sparingly soluble – parts solvent needed to dissolve  part solute

Slightly soluble –, parts solvent needed to dissolve  part solute

Very slightly soluble ,–, parts solvent needed to dissolve  part solute

Practically insoluble >, parts solvent needed to dissolve  part solute
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terminology and definitions that are used in the USP are equally applicable in other
pharmacopoeias, for example, European Pharmacopoeia and British Pharmacopoeia.
Although all the pharmacopoeias provide information on the solubility of majority of
the test articles in specified solvents (typically water and certain stated organic sol-
vents), the broad-based nature of these definitions renders this information to be less
than useful for more than just a characterization of the respective substance.

1.2 Why is solubility important?

Generally, solubility plays a major role within pharmaceutical research and devel-
opment with regard to different areas:
– Discovery, that is, utility in assay formats, for example, high-throughput

screening (HTS)
– API manufacturing
– Formulation development for preclinical, clinical, and commercial formulations
– Drug bioavailability for per-oral drugs

1.2.1 Drug discovery

During “hit” identification and lead discovery phases of drug discovery, it is neces-
sary to start to develop compound screening assays. This typically involves either
(i) HTS of the company’s entire compound library using biochemical or cell-based as-
says to screen for activity against the drug target and other proteins to get an under-
standing of selectivity of research compounds, (ii) fragment-based screening using
small molecular weight (MW) compound libraries, or (iii) a tissue-based screening ap-
proach [7]. In all cases, compound solubility in DMSO (dimethyl sulfoxide) or, to a
lesser extent, ethanol is required. These solvents are typically used because of their
near universal solubilizing power and water miscibility [8]. Handling research com-
pounds that are dissolved in such solvents facilitates compound handling to a large
extent. Instead of handling and weighing of solid material, compounds can just be
dosed by pipetting. This reduces time required for compound handling, allows for
automation, and reduces consumption of research compounds.

The various compound libraries are typically stored as frozen DMSO solutions at
storage conditions varying between –20 and 4 °C, at various concentrations (2–30 mM)
[9]. These frozen solutions are then diluted further with buffers or water to perform
the subsequent assays, which are typically performed at 1–10 µM concentrations.
However, it is important to be aware of the final DMSO concentrations in these assays,
as biochemical assays can be performed at DMSO concentrations of up to 10% v/v,
whereas cell-based assays are much less tolerant and need DMSO concentrations of
<1 % v/v.

1 Solubility – definition and basic physicochemical considerations 3
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However, sometimes the compound can show poor DMSO solubility [10].
Approximately, 10–20 % of compounds in compound libraries are not soluble in
DMSO at the preferred concentrations [11]. In much the same way that the in silico
prediction of aqueous solubility is useful in early-phase screening programmes,
similar efforts to predict DMSO solubility have been undertaken [12]. In addition,
DMSO solubility can change on storage. A combination of storage time,
freeze–thaw cycling, DMSO hygroscopicity, and intrinsically low DMSO solubility
can result in drug precipitation – often as a less soluble crystalline solid-state
form [10]. Indeed, some researchers have advocated that concentrations of drugs
in compound libraries should be reduced to 1 mM to address precipitation issues
[13], whereas some researchers have also advocated automated storage in single-
use mini-tubes [11].

Finally, DMSO has a non-linear effect on aqueous solubility of research
compounds. Therefore, for a typical early-phase solubility assay utilizing 0.5–
1.0 mL of aqueous buffer, only 10–50 µL of DMSO stock solution can be mean-
ingfully added to the aqueous buffer component before the results become
meaningless [14].

1.2.2 API manufacturing

Solubility in non-aqueous solvents at different temperatures is critical in selecting an
appropriate solvent system for crystallization of the drug substance, which is a
major factor in defining the purity and solid-state form, for example, polymorph, hy-
drate, solvate, co-crystal, or pharmaceutical salt of the drug substance [15]. These
aspects will also be discussed in chapter 9 of this book. Also working with supersat-
urated solutions during API manufacturing without being aware of this can lead to
uncontrolled precipitation of the API or precursors that can be difficult to control
and lead to real manufacturing challenges. Nonetheless, the selection of the optimal
solvent(s) and crystallization conditions for novel APIs is typically still mainly trial
and error. However, in silico approaches aimed at optimizing solvent selection have
seen greater utilization [16]. For example, a non-random two-liquid segment activity
coefficient (NRTL-SAC) model was utilized for solvent selection as part of optimizing
the crystallization process design. NRTL-SAC was used to screen crystallization sol-
vents with the objective of optimizing API solubility and minimizing solvent usage.
The NRTL-SAC model parameters for the candidate molecule are first identified from
a small set of solubility experiments in selected solvents. The solubility behaviour of
the API in other solvents and mixed solvents was then modelled. The optimal solvent
systems were validated in the laboratory and utilized for process scale-up [16]. A
more in-depth discussion of solubility in API manufacturing as well as in silico pre-
diction of solubility will be given in chapter 10 of this book.
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1.2.3 Formulation development for pre-clinical, clinical,
and commercial formulations

Increased solubility can be achieved using several different formulation strategies. As
high concentrations of the API are desirable in early animal experiments such as phar-
macokinetic (PK) studies or pharmacodynamic (PD) studies, especially in toxicological
studies that require administration of high doses and in human trials, realizing appro-
priate solubility of the API by formulations is key. As an example, high solubility of the
API by a formulation can reduce the required administration volume and accordingly
allow formulations that are more convenient to administer.

1.2.3.1 Using buffer systems to optimize solubility

pH also affects the solubility of ionizable drugs as it influences the degree of ioniz-
ability and the amount of drug present in the neutral and charged forms. The for-
mer is much less soluble than the latter based on Henderson–Hasselbalch equation
[1]. Modification of the formulation pH is the simplest and most common approach
to increasing the solubility of poorly soluble drugs [17]. Solubility enhancements of
several orders of magnitude (≥103) can be readily achieved by modifying, then con-
trolling the formulation pH (using buffer systems), at values of >3 pH units away
from the respective pKa [18]. Typically, strong acids or bases, for example, HCl or
NaOH, will be used for making large changes in formulation pH, and buffer systems
will be used to control the pH at the designated value. Citrates, acetates, phos-
phates, glycine, and TRIS (tris(hydroxymethyl)aminomethane) are commonly used
buffer systems [17, 19]. The pH of maximal solubility isn’t always the pH of optimal
stability, and selection of the optimal formulation pH can involve “trade-offs” be-
tween solubility and stability.

1.2.3.2 Use of co-solvents to optimize solubility

Co-solvents are water-miscible solvents that enhance aqueous solubility. The most
commonly used co-solvents for formulations are glycerine, propylene glycol, polyeth-
ylene glycol 400, DMSO, and ethanol. Typically, solubility increases in a logarithmic
fashion with increasing fraction of the co-solvent. However, there may be physico-
chemical, regulatory, or safety considerations that constrain the absolute amount of
the co-solvent within the formulation, particularly for paediatric use [17–19]. The
EMA has recently published useful background information on propylene glycol and
ethanol [20, 21].

Co-solvents are used in about one-sixth of all FDA-approved injectable products
[22], and this figure is almost certainly higher now, given the increase in the numbers

1 Solubility – definition and basic physicochemical considerations 5
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of poorly soluble APIs over the last two decades. Many of these injectable formulations
are intended for infusion use and must be diluted with isotonic media, for example,
saline and dextrose, prior to use. This significantly affects the ability of the co-solvent
to maintain the drug in a solubilized form, with the inherent risk of precipitation.

1.2.3.3 Use of surfactants

Drugs with high lipophilicity can have poor wetting properties, and solubilization
can be facilitated by surfactants. In addition, surfactants can solubilize poorly
soluble drug molecules by micelle formation or by acting as co-solvents [23, 24].
Non-ionic surfactants are widely used, and some typical examples are polysor-
bate 20 and 80 (Tween 20 and 80), sorbitan monooleate 80 (Span 80), polyoxyl 40
stearate, solutol HS-15, polyoxyl 35 castor oil (Cremophor EL), polyoxyl 40 hydroge-
nated castor oil (Cremophor RH 40), D-α-tocopherol polyethylene glycol 1000 succi-
nate (TPGS), and various polyglycol glycerides [18, 19]. The latter class of surfactants,
for example, Softigen 767, Labrafil M-1944CS, Labrafil M-2125CS, Labrasol, and
Gellucire 44/14, are useful in preparing lipid-based formulations that can signifi-
cantly enhance solubility and thereby oral bioavailability using the various “self-
emulsifying” systems, for example, self-emulsifying drug delivery systems [23–25].
Microemulsions, which are thermodynamically clear dispersions, can also be used to
solubilize hydrophobic APIs [18, 19].

For drugs that are both hydrophobic and lipophilic, where a food effect may be
encountered, a useful formulation strategy is to develop a softgel product [26, 27].
Here the drug is typically dissolved (although suspensions may be applicable if the
dose is high) in a wide range of non-ionic surfactants, oils, and co-solvents. As such,
solubility in these various lipidic vehicles will be important to ongoing development
activities [26, 27]. However, accurate prediction of lipid solubility is complicated be-
cause interfacial effects can play a fundamental role in these formulations and the
solubility can be affected by the lipid microstructure, that is, emulsions, oily solu-
tions, micro-emulsions, nano-emulsions, and so on; as well as by the more funda-
mental physicochemical properties of the oil, surfactant, co-solvent, and the API [28].

1.2.3.4 Use of complexing agents

Complexation between a solute and a complexing agent can enhance the APIs
aqueous solubility. The complexation reaction is dependent on relative size of the
solute and the complexing agent, charge, and lipophilicity. Complexing agents
form non-covalent inclusion complexes with the hydrophobic API or the most non-
polar part of the API molecule within the complexation agent. In contrast to co-
solvents, this has the advantage compared to other approaches that after dilution, a
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1:1 complex will not precipitate. Complexation agents are typically pharmacologi-
cally inert and readily dissociate in the system or gastrointestinal tracts [29].
Cyclodextrins (CDs) are commonly used complexation agents [30]. They are α-(1–4)
linked oligosaccharides comprising α-D-glucopyranose sub-units and they form a
relatively hydrophilic outer surface (facilitating aqueous solubility), with a rela-
tively hydrophobic inner surface that can accommodate the hydrophobic API.
There are three types of CDs (α, β, and γ), which are comprised of 6, 7, or 8 sub-
units, and form cavities with diameters of 5.0 ± 0.3, 6.25 ± 0.25, and 7.9 ± 0.4 Å, re-
spectively [28]. The β-form is the most commonly used, but covalent modifications
(hydroxypropyl-β-CD or sulfobutylether-β-CD) can dramatically enhance the aque-
ous solubility [28]. For example, 400 mg/mL solubility with itraconazole (<5 µg/mL
solubility in water) is achievable [29]. Common development themes for using CDs
are low CD:drug ratios (<2:1), low dose (<100 mg), low drug solubility (<1 mg/mL),
medium drug hydrophobicity (calculated log P, clog P > 2.5) and moderate binding
constants (<5000 M−1) [31].

1.2.4 Drug bioavailability for per-oral drugs

Aqueous solubility is also linked with the drugs’ biopharmaceutical properties as dis-
cussed in Chapter 4 of this book. Thus, for oral drug products, solubility is required in
biorelevant media, that is, gastric and intestinal fluids before a molecule can pass
across a biological membrane of the intestine via either passive permeability or active
transport. As such, without adequate biorelevant solubility, molecules can show solu-
bility-limited absorption, with resultant non-linear kinetics [1] or insufficient bioavail-
ability. The correlation of in vitro drug product solubility and in vivo bioavailability
was first developed by Amidon et al. [32]. They developed a four-class system linking
solubility and permeability properties to in vivo bioavailability. The four classes are
shown in Table 1.3.

Compounds showing pKa in the pH range of 1–8 tend to show pH-dependent solubil-
ity across the gastrointestinal (GI) tract. Tsume et al. [33] proposed a sub-classification
of BCS II drugs into IIa and IIb. Both exhibit pH-dependant solubility; the former are
weak acids, for example, naproxen and ibuprofen, that are poorly soluble at gastric
pH but show good solubility at intestinal pH. In contrast, class IIb drugs are weak

Table 1.3: 4-Box model for solubility and permeability: biopharmaceutical classification system
(BCS) [32].

I High solubility/high permeability III Low solubility/high permeability

II Low solubility/high permeability IV Low solubility/low permeability

1 Solubility – definition and basic physicochemical considerations 7
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bases, for example, ketoconazole, that show the inverse solubility relationship.
Interestingly, class IIb drugs are prone to supersaturation and/or precipitation as they
move from the gastric into the intestinal compartments [34]. This will also
be addressed in chapter 11 of this book.

1.3 In silico approaches

It is just over 20 years since the publication of Lipinski’s seminal paper on experi-
mental and computational, i.e., in silico approaches to estimate the solubility and
permeability of drug candidates [35]. The iconic “Rule of 5” forecasts that absorp-
tion from the GI tract will be adversely impacted by several physicochemical pa-
rameters, including when the clog P is greater than 5, when MW is greater than
500 g/mol, when there are more than 5 H-bond donors or more than 10 H-bond
acceptors. The related concept of “drug-likeness” importantly focused on both bi-
ological potency and physicochemical attributes, using tools such as lipophilic ef-
ficiency [36] or ligand efficiency [37]. This is important, as historically, biological
potency was always seen as the most important parameter, and limited efforts
were undertaken to try and simultaneously optimize the physicochemical attrib-
utes. Drug-likeness and related concepts are now widely used across the pharma-
ceutical industry to try and reduce the very high attrition rates currently seen with
unprecedented pharmacological targets. Unfortunately, both combinatorial chem-
istry and HTS tend to favour leads with higher MW, higher clog P, and lower solu-
bility [38].

As such, successful drug discovery strategies need to be a balance between opti-
mizing both the “hydrophobicity-driven potency and hydrophilicity-driven biophar-
maceutics properties” [38, 39]. Accordingly, an over-reliance on potency optimization
resulting in non-optimal physicochemical properties will yield inferior ADMET
(absorption, distribution, metabolism, excretion, and toxicity) properties and reduce
the likelihood of clinical success [40]. Although the sub-optimal physicochemical
characteristics can often be addressed using sophisticated formulation strategies [41,
42], and deficiencies in these properties can often still be rate limiting to the progres-
sion of drug candidates, particularly with respect to ADMET properties. Therefore,
computational methodologies that can qualitatively predict certain physicochemical
properties, for example, solubility, before a compound is even synthesized, based on
molecular structural attributes are an essential requirement within drug discovery.

In silico approaches have also been applied to predicting solubility of the API
in various organic solvents or mixtures of solvents [12, 43–45]. Computational mod-
els for predicting DMSO solubility showed a twofold decrease in the number of non-
soluble compounds. However, a significant, that is, four- to ninefold increase was
observed if only the most reliable predictions were considered. The structural
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features that influenced DMSO solubility were also assessed [43]. Models for pre-
dicting API solubility in various organic solvents (up to 85) have been described.
The premise is that the relative partitioning of a solute between water and an im-
miscible organic solvent is given by the ratio of the solubilities in these solvents.
Therefore, the solubility in an organic solvent can be predicted using the partition
coefficient and solubility in water [44]. In addition, solubility prediction in mixed
solvents, that is, water/co-solvent 1, water/co-solvent 1/co-solvent 2, using partial
solubility parameters have been reported [45]. Within this book we have dedicated
chapter 3 to the in silico prediction of solubility.

1.4 Relationships between solubility
and physicochemical properties

There are significant numbers of in silico methods reported within the litera-
ture for predicting solubility from underlying molecular properties. However,
these computational methodologies need to be able to cope with significant num-
bers of compounds and filter out “non-drug-like” compounds and/or attributes to
focus chemistry initiatives on programmes with improved physicochemical attributes,
thereby enhancing productivity. Importantly, it should be clearly appreciated that
these early discovery methodologies will provide qualitative and not quantitative out-
comes [46].

The intrinsic difficulties inherent in solubility prediction were graphically
highlighted by the recent solubility challenge. An academic research group [47] mea-
sured the equilibrium solubility of 100 “drug-like” molecules under defined condi-
tions, that is, fixed temperature(25 ± 2 °C), media (KCl buffer), and ionic strength
(0.15 M). Utilizing this “training data set” they publicly requested other research
groups to predict, using their own preferred computational approach(es), the intrin-
sic solubility of a further 32 “drug-like” compounds. The “training set” was selected
to represent a broad chemical space with MW ranging from 115 (proline) to 645 (amio-
darone), which had pKa in the range of 1–12. The intrinsic solubility of the “training
set” covered about seven orders of magnitude ranging from poorly soluble, that is,
amiodarone to highly soluble compounds such as acetaminophen, with a relatively
even distribution of intermediate values.

The authors received over 100 entries to the solubility challenge [48]. Participants
used the full spectrum of available computational tools and approaches. Therefore,
this solubility challenge provided an over-arching view of the industry’s ability to ac-
curately predict aqueous solubility. However, the authors felt constrained in their
ability to recommend an optimal approach. Rather they highlighted several method-
ologies that were equally successful at predicting aqueous solubility. Several partici-
pants in the solubility challenge were surprised that the simpler methodologies were
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better than the more complex approaches [49]. Some authors [50] went further claim-
ing that any perceived advantages of these complex approaches were debatable, pre-
ferring instead a simple clog P correlation [51]. Hewitt et al. [49] highlighted that data
quality was fundamental to the predictivity of any computational model. Indeed,
even the “high-quality” data set provided by the organizers of the solubility challenge
elicited concerns and questions concerning data quality. As such it is critical to recog-
nize and understand the applicability domain, that is, the chemical space, where the
model works best. Understandably, predictions made outside of this domain will be
less reliable, but no “hard-and-fast” guidance can be provided.

Despite the impressive size of some of the participants’ training sets, that is, in
one case 46,000 compounds of known solubility, their methods still performed sub-
optimally for both soluble and insoluble compounds [52]. Interestingly, Kramer et al.
[53] demonstrated enhanced solubility predictions with their meta-classifier ap-
proach, notwithstanding the fact that their “training set” was based on kinetic rather
than equilibrium solubility. The authors showed a high prediction accuracy for the
solubility of three quarters of these unknown compounds, but typically and perhaps
unsurprisingly, they also showed a high bias, probably because their training set
used small levels of DMSO as a co-solvent. However, despite this high level of predic-
tivity, their model still only correctly predicted about one-third of the insoluble com-
pounds in the data set. Finally, the accuracy of these in silico models needs to be
further improved so that they mimic better the experimental determinations [40].

By far the biggest impediment to accurate solubility predictions is still the unpre-
dictable nature of the solid-state forms, that is, presence of polymorphs, solvates and
hydrates [54]. In other words, how to effectively model enthalpy and entropy within
the system, that is, moving from an ordered, structured low entropy solid-state form to
a disordered, unstructured high entropy solution state. Thus far, polymorphs still can-
not be reliably predicted [55] and accordingly their effect on solubility cannot be accu-
rately predicted by in silico tools. Case studies have shown that the reported solubility
can be affected by a factor of 2 or more by factors such as temperature, differences in
solid-state form, impurities, and water (in the case of solubility in anhydrous organic
solvents) [56]. For more in-depth discussions, see chapters 9 and 10 of this book.

1.5 Solubility theory

Yalkowski and co-workers [57] derived the general solubility equation (GSE), to try
and better model solubility:

log So = − log P −0.01 * ðMPt − 25Þ + 0.5 (1:1)

where So is the intrinsic solubility mg/mL, P is the octanol/water partition coeffi-
cient, and MPt is the melting point.
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The GSE describes the influence of solvation energy, which the system gains
after dissolution, arising from the log P term. Similarly, the crystal lattice energy that
must be overcome prior to dissolution is addressed by the melting point term. Thus,
the general concept as qualitatively introduced in Section 1.1. is defined quantita-
tively by the GSE.

However, the melting point term is only partially successful in helping to address
solid-state complexity and its impact on aqueous solubility. It is also evident from the
GSE that log P is the major variable in the GSE equation [57]. Indeed, medicinal chem-
ists can usually modify log P far more easily than the melting point. This is because
the melting point is more difficult to predict or indeed to control. The melting point
today is not typically measured anymore during early discovery initiatives, as it was
the case during the old days of medicinal chemistry. Consequently, optimizing log P
tends to be the focus in many discovery organizations. Most marketed drugs have
clog P of about 2.5 and it is probably no coincidence that this value also corresponds
to the upper limit of “good solubility” predicted by the GSE [58]. Regrettably, poor
aqueous solubility is therefore the logical outcome of introducing overly hydrophobic
characteristics into potential new drug candidates.

The GSE limitation of clog P of >2.5 is probably the worst-case scenario as it
does not accurately reflect the positive impact that ionization can have in improv-
ing aqueous solubility; therefore, replacing log P with log DpH 7.4 produces a more
predictive GSE:

log SpH7.4 = − log DpH 7.4 −0.01 * ðMPt − 25Þ + 0.5 (1:2)

Hill and Young [38] evaluated a large data set of ca. 20,000 compounds, utilizing
measured log DpH 7.4, together with calculated values for hydrophobicity (i.e.
clog P and clog D7.4), accurate kinetic solubility measurements at pH 7.4, MW,
and the number of aromatic rings in the molecules. The authors showed pro-
nounced differences between the measured and calculated hydrophobicity with
compounds of decreasing solubility. Indeed, poorly soluble compounds, that is,
<30 μM showed a particularly bad correlation, that is R2 = 0.11. This correlation
improved slightly, that is, R2 = 0.32, as the solubility increased from 30 to 200 μM,
with the optimal correlation occurring with compounds exhibiting “good” solu-
bility, that is, >200 μM, with R2 = 0.462. Interestingly, these data supported the
perspective that calculated log D7.4 (or clog P) might be a better predictor of hy-
drophobicity rather than using the measured value [38].

Recently, the undesirable effects of aromaticity on aqueous solubility have been
reported. These include the aromatic portion [59, 60], the number of aromatic rings
[61, 62], and the percentage of sp3 hybridized atoms [63] within the molecule.
Molecules with limited lipophilicity are more likely to display poor aqueous solubility
due to solid-state issues, i.e. ‘brick dust molecules’; whereas highly lipophilic com-
pounds are typically solubility limited due to inadequate solvation (poorly wetting),
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i.e. ‘grease ball molecules’ [60]. Numerous scenarios were modelled, and they showed
that for compounds with a melting point of >250 °C and clog P of >2, the GSE estab-
lishes that solid-state considerations will prevail (over 50%); whereas, when the
clog P is increased above 6, then the solid-state issues decrease markedly (about
25%). Thus, planar, flat and rigid molecules with extended ring systems have a high-
likelihood (86%) of demonstrating reduced aqueous solubility [60]. How molecular
planarity reduces aqueous solubility and how solubility can in turn be improved by
modifying planarity has been evaluated by Ishikawa [64]. This is explainable by con-
sidering the increased lattice energy and consequently higher melting point that is
arising from enhanced π- π stacking of the planar aromatic systems. Hill and Young
[38] also demonstrated extended correlations between the number of aromatic ring
systems and clog DpH 7.4 (as opposed to log P) and ultimately aqueous solubility.
Consequently, they proposed a solubility forecast index (SFI):

SFI = clogDpH7.4 + number of aromatic rings (1:3)

In those cases where SFI < 5, there is typically good aqueous solubility and the au-
thors contended that each aromatic ring system was equivalent to one extra log
unit of clog DpH 7.4. They noted that the average number of aromatic ring systems in
marketed oral products is 1.6 [38] and thus the average SFI would be 2.4.

Two key parameters that impact solubility but are not directly covered by these
various “solubility” eqs. (1.1)–(1.3) are (i) purity and (ii) particle size. In the former
case, impurities can affect the melting point term in eqs. (1.1) and (1.2), by introducing
disorder into the crystal lattice and changing the chemical potential of the solid phase
[65]. However, the nature of the impurities can also radically influence outcomes.
Some impurities can increase solubility, whereas and perhaps counter-intuitively
(given the above explanation), others can decrease solubility. Perhaps the best-known
example of an impurity significantly decreasing aqueous solubility was that of ritona-
vir. The presence of a newly emerging, but poorly purging impurity was responsible for
a four- to fivefold decrease in aqueous solubility. The impurity was a cis-geometrical
isomer, whereas up to that point ritonavir in its known polymorph had exhibited
trans-geometry. The impurity that was less soluble than the parent acted as a template
during the crystallization process for the formation of a new conformational poly-
morph, which had cis-geometry [66]. Therefore, if the source, grade, or purity of either
the solute or the solvent is modified in any way, then the solubility of the solute can be
affected.

Particle size reduction is a well-known strategy for improving the bioavailabil-
ity of poorly soluble compounds [26]. This approach increases the surface area that
is available for dissolution and also increases the available surface energy. This in
turn increases the dissolution rate, but typically not the solubility, at least not
markedly unless the particle size is <1 µm [67].
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The effect of particle size on solubility constant can be quantified as follows,
using a modification of the Kelvin equation [68]:

Log ð*KAÞ = Log ð*KA!0Þ + γAm

3:454 RT
(1:3)

where *KA is the solubility constant for the solute particles with the molar surface
area A, *KA→0 is the solubility constant for substance with molar surface area tend-
ing to zero (i.e. when the particles are large), γ is the surface tension of the solute
particle in the solvent, Am is the molar surface area of the solute (in m2/mol), R is
the universal gas constant, and T is the absolute temperature [69].

Nonetheless, particle size is rarely reported as being an important parameter in
the determination of solubility. Indeed, accurate measurement of the equilibrium
solubility of nano-sized drugs is often complicated by the inability to separate out a
supernatant fraction, even after ultra-filtration or centrifugation, due to the pres-
ence of very small, suspended particles [26, 67]. Light scattering and turbidity meas-
urements have been utilized to address this issue [67, 70].

1.6 Approaches to measuring solubility during
different phases of research and development

Once the new chemical entity (NCE) has been initially synthesized in appropriate
quantities, solubility can be measured the first time. Procedural approaches for sol-
ubility measurements at this early discovery stage vary from organization to organi-
zation. Solubility could be measured for every NCE developed by the organization
or alternatively solubility could be measured upon request. However, whatever the
process, solubility measurements will be required for a very large number of NCEs
and therefore efficient procedures must be in place. There are two main purposes of
measuring solubility at this stage [71]:
– The initial solubility measurement tries to answer the fundamental question: is

the compound dissolved in the assay medium or has it precipitated out? This
question is relevant for many types of assays, for example, biochemical and
cellular assays that demonstrate the intrinsic activity of the compound. The
same question also applies to assays that support non-clinical safety testing,
which are now initiated at much earlier stages of research. In this case, low sol-
ubility of an NCE might result in a false negative and consequently hide safety-
related risks of a compound or a whole series or scaffold.

– Second, solubility is an important parameter for compound optimization. The
goal should be to deliver NCEs with appropriate solubility to ensure sufficient
bioavailability and to simplify formulation development and clinical progression.
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From a technical standpoint, delivering the required throughput to fulfil both
objectives require a high degree of automation. The key to this – as for many other
assay formats – is to use pre-dissolved compounds as described in Section 1.2.1.
Typically, 10 mmol solutions in DMSO are utilized. This avoids handling of the solid
material, which might be non-crystalline, oily, sticky, or highly electrostatic. This
overcomes a potential tricky weighing stage and instead compound handling can be
carried out by simple volumetric dispensing, that is, pipetting steps. Accordingly, it
becomes feasible to implement solubility determinations on robotic systems that
carry out manipulation such as volumetric dispensing, compound precipitation, and
solid–liquid phase separation by filtration or centrifugation. Typically, these liquid
handling systems can be combined with highly sensitive analytical systems, for ex-
ample, high-performance liquid chromatography (HPLC) or ultra-HPLC (UPLC) utiliz-
ing generic methodologies and can be applied to automated solubility assessments
with throughputs of 10–100 of compounds per day [65, 72–75]. See further discus-
sions on the analytical approaches in Chapter 7.

However, one must bear in mind that this type of kinetic solubility does not an-
swer the critical question “to what extent does my compound dissolve?” but instead
provides the answer to the related question “to what extent does my compound precip-
itate?” As most drugs are intended for oral administration using solid dosage forms,
the first question is more relevant during later research and development phases. The
key differentiating point between kinetic solubility obtained using the pre-dissolved
compound and thermodynamic solubility obtained using the solid compound is that
metastable phases, that is, metastable polymorphs or amorphous phases, are often
generated by the former technique. Solubility by the kinetic assay refers to these meta-
stable forms, whereas the thermodynamically stable form will typically be used for fur-
ther development. In a kinetic solubility assay, the compound will have only very
limited time to precipitate out and accordingly will be mainly amorphous in nature.
Consequently, solubility will be significantly higher compared to thermodynamic solu-
bility, which typically utilizes the stable crystalline phase [76, 77].

Kinetic solubility is designed to facilitate high-throughput measurements, rather
than necessarily providing accurate estimations of the true solubility. Consequently,
turbidimetric or similar methods are often used, which allows the rapid determination
of solubility using small amounts of compounds (5–50 µg) [78]. The main – and in
many cases only – difference between kinetic and thermodynamic solubility assays is
the use of DMSO stock solutions, rather than solid material. Handling steps for the
solid materials can be difficult to automate and typically become more labour inten-
sive and can constrain throughput of thermodynamic solubility assays. Assessment
of solubility by the kinetic or thermodynamic solubility assays is typically limited to
generic conditions such as one pre-defined buffer system, typically at neutral pH.

To get a physiologically more relevant understanding – especially for orally admin-
istered drugs, thermodynamic solubility can be measured using biorelevant conditions
simulating the prevailing conditions within the GI tract. Initially, a pH-solubility profile
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is typically generated using different buffers simulating the different pH conditions en-
countered during the transit of the GI tract. However, a recent Innovative Medicines
Strategy (IMI) Innovative tools for oral biopharmaceutics (OrBiTo) collaborative survey
challenged the consensus that this is “typically” generated. Margolskee et al. [79]
showed that in over one-fifth of cases, pH-solubility measurements are not performed.
pH solubility evaluations use simple inorganic or organic buffer systems and they
allow investigations of the pH-dependent solubility of the compound. A typical exam-
ple was recently reported by Sieger et al. [80]. A robotic 96-well-plate automated
method was utilized. A small quantity of accurately weighed solute (1–10 mg) was
added to the appropriate well, and aqueous buffers (0.5–1.0 mL) of varying pH (typi-
cally in the physiological range, i.e. pH 1.2–6.8) were added. The wells were then
shaken for 24 h, the contents filtered using 0.45 µm polytetrafluoroethylene (PTFE) fil-
ters and assayed using UV spectroscopy. Other standard approaches include the minia-
turized shake-flask method [81], potentiometric titrations [82], and small-scale
dissolution baths [83].

The standardized saturation shake flask (SSF) methodology for equilibrium solu-
bility determinations was harmonized and validated by Baka et al. [84] and Völgyi
et al. [85]. This approach involves accurately weighing the solute and adding it to an
excess of buffered medium at controlled room temperature (25 ± 1 °C). The sample is
vigorously stirred for 6 h and then left for a further 18 h to sediment, giving a total
“incubation” time of 24 h, before centrifuging and sampling the supernatant and
measuring the concentration. However, the total incubation time is often defined by
the intrinsic dissolution rate of the solute, which in turn is dependent on morphol-
ogy, crystallinity, particle size, wettability, quantity of solute added, and the intensity
of the agitation [86]. In all cases, the equilibrium time must be shown to be appropri-
ate and, sometimes, very long incubation times are needed. This can range from sev-
eral days or longer. The CheqSol, that is, Chasing Equilibrium Solubility approach
represents a systematic method to assess the time required for equilibrium to be es-
tablished [82, 87]. Long times that are required to reach equilibrium bring their own
challenges, that is, analyte stability, pH stability, evaporation of solvent, even in
some cases microbial contamination of the aqueous buffer. The reader is referred to
the excellent review article of Brittain [87] for a more detailed overview of recom-
mended approaches to improve data quality.

An additional approach that can be used to reduce long equilibration times for
solutes with low dissolution rates is the facilitated dissolution method (FDM) [88].
This approach employs a small volume, that is, ≤1 % v/v of a second organic solvent
that is totally immiscible in the aqueous phase, for example, iso-octane, octanol, and
dichloromethane. The organic solvent partially solubilizes the solute thereby rapidly
facilitating its equilibrium with the aqueous phase. As long as the system continues
to contain three phases, aqueous, non-aqueous, and undissolved solid, the thermo-
dynamic solubility is unaffected by the presence of the non-aqueous phase. The solu-
bility of the solute in the water-immiscible organic phase used in the FDM approach
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should be at least two orders of magnitude greater than the corresponding solubility
in the aqueous phase [86]. For lipophilic solutes, octanol is the best solvent; for less
lipophilic solutes, 1,2-dichloroethane is the preferred solvent. Aliquots of the sepa-
rated aqueous layer are removed, diluted as appropriate, and measured using UV-
spectroscopic or HPLC methods. Takács-Novák et al. [86] demonstrated that the FDM
method gave similar outcomes to the standard SFF approach. They also commented
that the FDM approach can identify those scenarios where the inadequate equilib-
rium has been attained using the classical SSF method, that is, SSF > FDM, and
where the quality of the data from the latter approach should be questioned.

1.7 Application of biopharmaceutical solubility
approaches

The GI tract is a complicated biological system with discreet compartments, pro-
nounced changes in pH, ionic strength, and the presence of naturally occurring sur-
factants, that is, bile acids [89, 90]. As such, even the aforementioned approaches to
determine pH-dependent solubility do not provide the complete picture of solubility
behaviour of the drug substance that will underpin drug absorption considerations.

Consequently, biorelevant solubility and phase stability, that is, inter-conversion
between different salt forms (and polymorphs) in the GI tract should also be assessed.
For example, conversion of the free base form of a weak base to the corresponding
hydrochloride salt may take place within the acidic conditions found within the stom-
ach. Alternatively, conversion of the designated salt into the less or more soluble hy-
drochloride salt can occur. Hydrolysis of the designated salt into the less soluble free
base (or free acid) form can also occur in these biorelevant media. Although most of
the transitions are reported in the literature within the context of dissolution assess-
ments, they are equally or more germane due to the extended duration of the equilib-
rium solubility experiment, that is, ≥24 h (see Table 1.4 for overview). See chapter 11
on the relationship between solubility and dissolution rate.

Accordingly, there must be a sound knowledge of the phase-stability or con-
version of the designated solid-state form during the equilibrium solubility exer-
cise [91]. However, evidence of phase-conversions is still useful information as it
almost certainly has biorelevant implications (see Chapter 9). In addition, the sol-
ubility of hydrochloride salts can be less than the corresponding free base [92],
and other salts of that NCE due to the common ion effect in gastric media [93, 94].
Some examples of such phase transitions are provided in Table 1.4.

Indeed, the challenge of accurately measuring solubility of pharmaceutical
salts has necessitated the development of novel computational approaches not de-
pendent on explicit solubility equations, such as p-DISOL-X™ [91, 95, 96]. Salt solu-
bility can also be dependent on experimental design [95]. The reader is referred to
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the excellent review article of Brittain [87] for a more detailed overview of this
issue; in particular, the case study covering the various haloperidol salts: hydro-
chloride, phosphate, and mesylate.

Equilibrium solubility is more appropriate than kinetic solubility for later
stage development, where API supply is not constrained. However, from a bio-
relevant solubility perspective, kinetic solubility or indeed dissolution testing
(see Chapter 11) can have some advantages. Or rather the time-based, that is,
temporal nature of thermodynamic solubility should also be studied. This is
because residence times in the stomach and small intestine are typically sig-
nificantly less than 24 h (see Table 1.5). If the solubility is time dependant or
changes with time, this will be biorelevant but will be not be captured using
the classical 24-h-based equilibrium solubility methodologies.

Table 1.4: Overview of typical physical transitions that can be observed in biorelevant solubility
determinations.

Typical physical
transitions

Overview Media utilized Reference

Conversion of free form to
salt

Haloperidol free base converted to
hydrochloride salt

pH . [, ]

CI- free base converted to less
soluble hydrochloride salt

pH . (with
tween )

[]

Conversion of salt to
hydrochloride salt

Haloperidol mesylate salt converted to
hydrochloride salt

pH . [, ]

E dihydrochloride converted to
mono-HCl salt

Water (various
pH)

[]

Disproportionation Haloperidol mesylate salt converted to
free base

pH > ca.  [, ]

Compound A converted to parent over a
-h period

SGF (pH .) []

Compound A converted to metastable
form of parent over a -min period

FaSSIF (pH .) []

Bromocriptine mesylate partly
converted to amorphous free base

Phosphate
buffer (pH .),
FaSSIF (pH .)

[]

Flurbiprofen tromethamine converted
to flurbiprofen once the concentration
of salt exceeded . mM

Water (pH .) []

1pH max of haloperidol system was ca. 5. pH max is the pH of maximum solubility for that salt
system. At pH max, both salt and free form (base or acid) can coexist in the solid state.
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There are two scenarios where the equilibrium solubility could change signifi-
cantly over the designated 24-h time period. The first scenario is where there is a
change in the solid-state form, typically from a more soluble (metastable) to less solu-
ble (stable) form, that is, polymorph, salt, or co-crystal. Changes to more soluble
forms have also been reported. He et al. [91] described µDISS solubility assessments of
a zwittterionic NCE (compound A) over a 10-h period in SGF and 1.5 h in FaSSIF. The
NCE was a sulfate salt with pKa of 3.9 (basic) and 7.1 (acidic). In SGF, the authors ob-
served 10-fold higher solubility over a 5-h time course compared to the parent.
Thereafter, there was a gradual decrease in aqueous solubility until it equalled that of
the parent. The authors showed that after 10 h, the salt had converted to the parent
NCE. In contrast, in FaSSIF the initial solubility of the sulfate was 10-fold higher com-
pared to the parent and after 30 min it decreased to fivefold higher and retained this
value for the rest of the experiment. Interestingly, in FaSSIF media the residual solid
was found to be a higher solubility, metastable polymorph of the parent. The relative
bioavailability of the salt was assessed in fasted dogs and the exposure was fivefold
greater than the parent. The authors indicated that if the equilibrium solubility had
been measured at completion, that is, 24 h, these transitions would have missed.
A second example of in situ conversion was recently reported for bromocriptine mesy-
late in pH 6.5 phosphate buffer and pH 6.5 FaSSIF using µDISS approach [99]. In this
case, the undissolved solid was partially amorphous free base.

The second scenario is where the API is poorly wetting over GI-relevant time-
scales (<4 h), but it will adequately wet and thereby solubilize over an extended
24-h time period.

This is a relatively common phenomenon for “grease ball molecules”, but it is
typically under reported [104]. The use of surfactants to facilitate wetting of these
hydrophobic APIs is well established, both in dosage form development and disso-
lution testing [19]. Certain researchers have used wetting kinetics as an alternative
approach towards understanding the enhanced dissolution rate of poorly soluble
drugs [105]. However, this issue rarely receives any focus within the scope of solu-
bility testing. An additional reason for using biorelevant media, for example,

Table 1.5: Residence time in stomach and small intestine compartments1.

GI compartment Residence time (fasted state) (h) Residence time (fed state) (h)

Stomach (fundus) [] . .
Stomach (antrum) [] . .
Small intestine (proximal) [] . –
Small intestine (distal) [] . –
Small intestine . [] . []

1Only the stomach and small intestine have been reported. The colon is significantly less important
from an absorption perspective, having reduced the surface area and blood volumes.
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FaSSIF and FeSSIF, is that they contain naturally occurring surfactants, for exam-
ple, bile acid salts, which facilitate wetting of hydrophobic APIs. However, even
here the time course of the biorelevant solubility determination should be assessed.
For a more in-depth discussion on biorelevant media, see Chapter 6. Interestingly,
in a recent IMI OrBiTo collaborative initiative, biorelevant solubility information
was missing in nearly three quarters of cases [79].

Finally, methods to predict drug absorption and bioavailability have been im-
proved significantly over the last decade. This includes approaches that go beyond
allometric scaling [106] and use Biopharmaceutical Classification System (BCS) ap-
proaches [32]. During the last few years, the BCS has been refined into the
Development Classification System (DCS) [107]. These systems address solubility,
permeability, and the dose of the drug. The DCS approach additionally considers
dissolution rate and distinguishes between solubility-limited absorption and disso-
lution-limited absorption, thus providing insights in formulation strategies for
poorly soluble compounds. The use of PK simulation software has also become
widespread [108] and allows a more detailed understanding of the behaviour of the
research compound in humans and animals, including dissolution, solubility, and
an understanding of how a drug might precipitate in the GI tract.

1.8 Conclusion

Solubility is one of the most important physicochemical parameters that is used
across pharmaceutical research and development. Although solubility is relatively
easy to define, it can be difficult to predict using computational methods primarily
due to solid-state constraints, for example, enthalpy and entropy considerations. In
parallel, experimental methods to assess solubility have been improved and auto-
mated during recent years and currently allow measurement of solubility for large
numbers of compounds. This holds especially true for measurement of kinetic solu-
bility. The use of kinetic and thermodynamic solubility should be clearly distin-
guished as the erroneous use of kinetic solubility for compound optimization can
be misleading.

However, in later stage of development when API availability is increased, ther-
modynamic (or equilibrium) solubility, typically over 24 h, becomes significantly
more relevant. Additionally, to gain a deeper understanding of the role of solubility
in drug absorption in animals and humans, methods and media to mimic in vivo
behaviour, that is, behaviour in biorelevant media, have become more and more
widespread and easier to use over the recent years. Similarly, just as the transit
times in the gastric and small intestinal compartments influence absorption, the
temporal aspects of thermodynamic solubility should also be assessed. For exam-
ple, the solubility should be measured after times such as 1, 4, and 24 h. There is
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also a significant overlap between solubility and dissolution. This is particularly im-
portant for poorly wetting hydrophobic APIs, where the time course of solubility,
which is often dictated by the wetting of the API surface, can significantly influence
drug absorption.

Acknowledgements: This chapter is loosely based on an earlier article in American
Pharmaceutical Review; Elder DP, C. Saal C. 2012. Solubility in pharmaceutical R&D:
predictions and reality. Am. Pharm. Rev., 2014, 17(1), 1–6.
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Annette Bauer-Brandl and Martin Brandl

2 Solubility and supersaturation

2.1 Introduction and fundamental considerations

Solubility and supersaturation are classical issues – for example in chemical
engineering – regarding crystallization processes of chemical compounds. This aspect
is addressed in detail in Chapter 10 of this book. Solubility and supersaturation are
also relevant for pharmaceutical drug delivery: Supersaturable drug delivery systems
are often used to increase the bioavailability of poorly soluble drugs that are adminis-
tered as oral solid dosage forms (see Chapter 8). In order to understand their properties
in a biopharmaceutical context, transient states of supersaturation need to be consid-
ered in settings, where dissolution media gradually change their compositions as is
the case during passage through the digestive system. Under these circumstances, a
clear distinction between solubility and supersaturation can become difficult, and the
impact on dissolution rate, drug absorption rates, and bioavailability can be confus-
ing. This chapter is intended to promote the understanding of these questions.

2.1.1 Definitions and significance of solubility
and supersaturation

2.1.1.1 Classical definitions of solubility and supersaturation

2.1.1.1.1 Solubility
Solubility of a solute (e.g., a drug substance) refers to the qualitative and quantitative
composition of its saturated solution. This means that the solution is in a dynamic
equilibrium between the solid particles of the solute in the form of a suspension in a
given solvent that is kept under constant conditions (with respect to temperature, sol-
vent composition, etc.). The solubility is expressed as the proportion of the desig-
nated solute in the designated solvent system.

The equilibrium refers to a certain solid-state form of the solute. If the suspensions
contained different crystalline polymorphs of the compound or the same compound in
its amorphous state, each of them would strive towards its individual equilibrium ac-
cording to different solubilities for different solid-state forms. For the same reason that
there is an equilibrium between the solid state of the solute and the solvent, the solubil-
ity dependswidely on solvent composition. If a pure solvent contains any compounds in
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addition to the solute, again the equilibrium will be different. Examples of such addi-
tives that are frequently used in a pharmaceutical context are buffer salts, cosolvents,
polymers, and surfactants.

2.1.1.1.2 Supersaturation
A supersaturated solution has a higher concentration of a given solute in a given
solution as compared to the equilibrium state. A supersaturated solution is thus
necessarily unstable.

Such instability of supersaturated states is frequently found in the literature
designated as “metastability” (which translates to “beyond stability”). This term is
designated to those cases where the “metastable” conditions can be preserved for
some time. This time is not specified and may range between seconds and hundreds
of years and beyond. Thus, IUPAC [1] in general suggests avoiding the term “meta-
stable”, because it relates a thermodynamic term (stability) with a kinetic property.

With respect to the solubility of drugs, it is worth to not only consult literature in
chemistry but also in the pharmaceutical field, for example, FDA Guidelines for ANDAs
[2]. The term “true thermodynamic solubility” is used for the condition “which is
reached after infinite time”. This definition is perfectly in line with the classical
(IUPAC) definition of solubility, namely, the state that is reached at infinite equilibrium
time. The term “solubility” is clearly distinguished from the term “apparent solubility”,
which literally means the solubility that is observed. However, when it comes to appar-
ent solubility and supersaturation in a pharmaceutical context, FDA defines it as
follows:

“Apparent solubility refers to the concentration of material at apparent equilib-
rium (supersaturation).”

This use of the terms is difficult to bring in line with the aforesaid. The difficulty
arises from the IUPAC definition of supersaturation that is an instable state. Such
instable states may be observed (i.e., they are apparent) for quite long-time periods,
but still they are not at equilibrium.

The following text refers strictly to the IUPAC definition. However, when discus-
sing apparent solubility and its impact on biopharmaceutics, the intention of the
FDA wording will become more obvious.

2.1.1.2 The concept of differential solubility

Consider an apparatus containing a solution in a flowing system, for example, along a
process line of a crystallization plant in chemical industry. For practical reasons, differ-
ent parts of this system may be exposed to slightly altered conditions. Examples
thereof are temperature gradients or concentration gradients that are generated by
physico-chemical conversions or the gradual introduction of additives. Depending on
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stirring effectiveness, local differences in additive or temperature distributions induce
local (small) differences in solubility. Such conditions may be denoted as “differential
solubility” because here the infinite solubilities are connected to the global solubility
value in the same system. It is acknowledged that differential solubility addresses the
borderline between thermodynamic solubility and kinetic effects (gradually changing
conditions) if the differences are very small. Therefore, differential solubility may have
very limited effect in terms of solubility enhancement factors. However, if these small
gradients persist over a long-time period, they will lead to considerable solute trans-
port by dissolution and diffusion processes. In such a dynamic system where the com-
position of solutions changes with both time and location, possibly supersaturated
transitional states may also be generated. They are much more difficult to describe
quantitatively as compared to homogeneous systems. In most cases the existence of
differential solubility is therefore disregarded, unless it leads to supersaturation fol-
lowed by precipitation of the solute and thus its significance becomes obvious.

2.1.1.3 Significance of solubility, differential solubility and supersaturation
for oral drug delivery systems

Solubility restricts the amount of a drug substance that will be dissolved at equilib-
rium, for example, from an oral dosage form, in a closed system. Typical closed sys-
tems in this context are shaked flasks in which solubility is measured
experimentally, and for dissolution studies in single-vessel set-ups (including cer-
tain transfer models).

After the oral intake of a dose of a drug, high drug concentrations occur in the
gastrointestinal fluids as compared to the concentration of the drug in the rest of the
body, e.g. in the blood circulation or in tissues. High concentration gradients be-
tween the gastro-intestinal tract and the blood lead to high transfer rates for the pas-
sive transport processes of drug molecules from the inner lumen of the gastro-
intestinal tract into the blood stream. This process is called (passive) drug absorption.
The higher the concentration gradient, the faster is the absorption. During the time
period over which the concentration gradient is maintained, the amount of drug that
is transported over the intestinal wall (but not metabolized) can be accumulated to
be defined as the drug fraction absorbed. It is often denoted as “bioavailability” and
expressed in percent of the full dose given reaching systemic circulation in un-
changed form. In this view on transport processes, to enhance oral bioavailability,
increasing drug concentrations in the gastro-intestinal tract as much as possible ap-
pears as a straightforward formulation approach for poorly soluble drugs, if possible
even above the solubility limit. In other words, it is advantageous to choose those for-
mulations that may induce supersaturation. Such formulations are designated as
“supersaturable” or “supersaturating” formulations. Experimental data of such sys-
tems is accessible through dissolution studies.
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However, for several reasons this perception may fall short because it is too
simple as compared to the real biopharmaceutical situation:

First, classical solubility studies take (many) hours to reach equilibrium. In most
cases 24 h is regarded appropriate. Typical oral drug formulations have a much
shorter transit time along the sites of absorption in our gastro-intestinal tract. This is
one reason why in many cases the solubility of the drug may not be reached in vivo,
and supersaturation thus will not be reached either.

Second, solubility limits as well as supersaturation may not be indicative in vivo
because absorption processes occur simultaneously with dissolution. Absorption con-
tinuously decreases the dissolved drug concentration. The more drug is dissolved,
the higher is the concentration of the drug; thus, the higher is the concentration gra-
dient and the higher is the absorption rate, which in turn lowers the concentration of
the drug in the gastro-intestinal tract. Solubility limits (i.e. supersaturation) may thus
not be reached and thus precipitation will not occur. In such dynamic biopharmaceu-
tical system, it is decisive if dissolution or absorption has the higher rate to possibly
reach or surpass solubility limits after a certain period of time.

Another effect on solubility that needs to be regarded in an in vivo situation is
the highly dynamic properties in the gastro-intestinal tract in terms of media com-
positions: Media widely change composition along the gastro-intestinal tract. There
is a pH difference between the acidic stomach and intestines where the pH in-
creases gradually to neutral and slightly basic pH values. The composition also
gradually changes with respect to bile, and thus bile salt and phospholipid compo-
sition, not even mentioning food components that may also be present. This sce-
nario results in differential solubility, which in turn induces gradually changing
concentration gradients. Furthermore, possibly supersaturation may be induced,
especially for weak bases being well dissolved in the stomach, which may become
supersaturated during the transit to the intestines due to the related pH shift.
Depending on the dose of the drug and the volumes and compositions of the intesti-
nal fluids, supersaturation of the drug may be kept over a considerable time period
and thus contribute to better drug absorption.

The in vivo situation can be summarized analogously to the aforesaid a differ-
ential solubility. Bioavailability is governed by concentration gradients in a highly
dynamic system. In general, better soluble and supersaturating systems are advan-
tageous because they dissolve faster as compared to other systems, yielding higher
concentration gradients and thus faster drug uptake and absorption.

It may be concluded that for drug development it is productive to first look at
solubility, but not to forget dissolution processes in the dynamic system. In other
words, drug development takes place at the intersection between thermodynamics
and kinetics.
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2.1.2 Factors affecting solubility

The solubility of a solute of a certain solid-state form in a given solvent is a single
value under the given conditions. It depends on the interactions between drug mol-
ecules in the solid-state form and the intermolecular interactions between drug and
solvent molecules in solution. In simple molecular solutions, a solvation shell of
solvent molecules is formed around the solute. Such interactions comprise both en-
thalpic and entropic terms. Therefore, the solubility of solutes in solvents changes
with temperature and typically increases with temperature. Increased temperatures
are relevant in synthesis, chemical engineering, particle engineering, and process-
ing. For physiological considerations, however, body temperature (and possibly
room temperature) is most relevant.

The effect of the pressure on solubility of drugs is also of limited significance in
the in vivo situation. It may play a role during manufacturing, for example, by su-
percritical gas methods.

A general perception of the energy relationships regarding dissolution of a solid
and solvation of the molecules is given in Figure 2.1 where the thermodynamic cycle of
sublimation, solvation, and dissolution is depicted. Energetic relationships for Gibbs
free energy, enthalpy, and entropy are connected to each of these processes. The en-
tropy has a considerable contribution to the dissolution process, in particular, for sol-
vation. For several drugs, solvation enthalpies and entropies have been experimentally
determined as the differences between the respective energy terms for sublimation and
dissolution. Even structurally closely related drugs may differ widely in the mechanism
of solvation and dissolution in terms of the contributions of entropy and enthalpy [3].

There are two principle causes that can make substances poorly soluble: either the
solid-state form or the solvated state is non-favourable to yield a high solubility.

solid

gas

solutiondissolution

ΔG0
solv = ΔG0

sol - ΔG0
sub

ΔH0
solv = ΔH0

sol - ΔH0
sub

TΔS0
solv = TΔS0

sol - TΔS0
sub

Figure 2.1: Thermodynamic cycle of sublimation, solvation, and dissolution; figure adapted from
[3]. Grey dots represent API; blue dots represent solvent.
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Accordingly, the following distinction between the two properties has been made:
solid-state-limited and solvation-limited solubility [4, 5]. In terms of poorly soluble
drugs, they have also been denoted more figuratively as “brick dust” and “grease
ball” type substances, respectively, as is outlined as follows:

The solid-state-limited type of poorly soluble drugs is restricted by the crystal lat-
tice energy. The interactions between drug molecules in the solid-state form are very
high and typically, melting temperatures are also high. Furthermore, it needs, high
activation energy to remove a solute molecule from such a crystal. Thus, solubility is
compromised by both thermodynamic and kinetic effects. This type of solutes is
therefore referred to as “brick stone” type materials, referring to very low solubility,
although the material is reasonably well wetted. The high energy needed to remove a
molecule from the crystal is compensated for by the energy of solvation when this
molecule is dissolved in the aqueous medium (enthalpy-entropy compensation).

The other group of poorly soluble drugs are not solid-state limited but they are
difficult to wet like “grease balls”. The removal of a molecule from the solid-state
form requires comparably less energy; these substances typically have low melting
points. However, in this case, the interaction between the drug and the solvent is less
advantageous. The energy gained by building a solvation or more specifically hydra-
tion shell is limited because of largely lipophilic properties of the drug. This type of
drugs is said to have solvation-limited solubility.

2.1.2.1 Impact of solid-state on solubility and supersaturation

2.1.2.1.1 Solid-state forms
Equilibrium solubility is defined for each solid-state form, for example, for each poly-
morph. Yet, the solubilities of different polymorphs differ from each other as discussed
in chapter 9 of this book. At any given condition, one of the polymorphs will be the
thermodynamically most stable, and all the others are thus less stable. Therefore, this
most stable phase will be present when thermodynamic equilibrium is established.
However, kinetic factors may prevent the formation of the most stable solid-state form,
and a thermodynamically instable phase (polymorph or amorphous precipitate) may
be preserved for considerable time. This means that an increased solubility is observed
as compared to the stable system of solid-state form in the solvent. The solubility mea-
sured in such a case can be designated as the apparent solubility, and the solution as
supersaturated with respect to the most stable solid-state form.

As to the relationship between different polymorphs, it is useful to consider
the crystallization process. Starting with a concentrated solution of the solute,
the Ostwald rule of stepwise crystallization suggests that typically the most unsta-
ble solid-state form crystallizes first, followed gradually by the more stable solid-
state forms. The energy relationships of stepwise crystallization are schematically
depicted in Figure 2.2.
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From the energy relationships it can be concluded that the solubility of the most
stable solid-state form is lowest, while the solubility of the least stable solid-state
form (of highest energy content) is highest. In other words, increased free energy of
the solid-state form leads to instability, but less activation energy for the dissolution
process is needed. Thereby a higher dissolution rate is achieved. Furthermore, due to
a larger free energy difference between the solid state and the dissolved state the sol-
ubility is higher. This relationship is schematically shown in Figure 2.3.

In brief, the advantage of thermodynamic stability is a trade-off of decreased
solubility and low dissolution rate. An advantage in solubility and dissolution rate
comes with decreased stability.

2.1.2.1.2 Particle size effects
In a dynamic equilibrium of solubility under constant conditions, small crystals
would tend to gradually disappear, while the large crystals grow even larger. The
reason is a decrease in total surface energy for the system with the larger par-
ticles; it is due to the reduction of the overall surface area when the larger par-
ticles are present. The growth of large particles to the disadvantage of the small
particles over time is called “Ostwald ripening” [6]. This process is technically uti-
lized for the preparation of crystals of certain particle size-distributions. The ex-
tent to which the crystal enlargement occurs depends on both solvent and solute.
It is typically induced by transient temperature variations, which lead to solubility
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Figure 2.2: Schematic illustration of Ostwald rule of stepwise crystallization.
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differences, whereby the equilibrium is disturbed on purpose to increase both the
rate of dissolution and the rate of recrystallization.

Solubility constants are defined for comparably large particles of the solute. For
very small particles (i.e., well below 1 µm in diameter) of materials of poor solubil-
ity, the solubility is postulated to increase with decreasing particle size. The reason
for this phenomenon is the additional surface energy of such small (nano-) particles
due to higher “curvature” of the particles. Based on this assumption, the solubility
enhancement effect of small particle size on solubility can be derived from the
Ostwald–Freundlich relationship (eq. (2.1)):

ln
Cs

Cinf
= 2 σ VM

R T ρ r
(2:1)

Cs is the saturation solubility of the small (nano-) particles, Cinf is the solubility of
the solid with infinitely large particles, σ is the interfacial tension (surface tension)
of the solute particle in the solvent, VM is the molar volume, R is the universal gas
constant, T is the absolute temperature, ρ is the density of the solid, and r is the
particle radius.

For drug crystals, one may argue for an increased solubility of very small particles
as follows: The enlarged surface-to-volume ratio of small particles provokes that a
larger fraction of molecules is positioned on the surfaces, as well as a larger fraction
at the edges and the corners of the crystals. At these positions there is less interaction
with neighbouring molecules. Molecules at the surface, edges, and corners of a crystal

Solid state

Dissolved state
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ΔG = −RT ln K
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Figure 2.3: Relationship between energy contents of solid-state forms. (a) Stable solid phase as a
reference; (b) unstable solid phase with increased energy content leads to decreased activation
energy Ea; larger Gibbs free energy IΔGI for dissolution, thus increased solubility and increased
dissolution rate.
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exhibit less lattice interactions, as these are not present in all three dimensions
around the molecule, but only to the direction towards the inner part of the crystals.
Thus, larger fractions of less tightly bound molecules are exposed to the solvent. This
may lead to a higher dissolution “pressure” as compared to more spacious particles.
Furthermore, it has been argued that the diffusional layer thickness above the surface
of small particles is also reduced. From theoretical considerations, it has been con-
cluded that the discussed effects become practically significant below 10 nm of parti-
cle diameter [7]. Theoretical dependence of solubility on particle size is depicted in
Figure 2.4.

There are alternative scientific opinions about the particle size limits below which
the solubility increases; however, all of them would agree that the particles must be
at least below 1 µm in diameter.

For the estimation of the practical significance of the theoretical considerations
regarding the particle size effect, it needs to be kept in mind that particle sizes of
small drug particles are typically in the higher 100 nm range. The solubility of such
particles is difficult to measure. For classical experimental methods (filtration and
centrifugation), the results largely depend on the respective separation conditions
used and are prone to artefacts (filter pore sizes, centrifugation conditions, caking of
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Figure 2.4: Dependence of solubility enhancement factor derived from Ostwald–Freundlich
relationship (Equation 2.1), for a model system.
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the centrifugation pellet and adsorption of drug on device surfaces). Experimental re-
sults also tend to be rather poorly reproducible. For example, solubilities have been
reported to be increased by factors of 10- to 100-fold for nanocrystal suspensions
treated by centrifugation if the separation between supernatant and pellet is difficult.
Variation is expected to be less for samples treated with ultracentrifugation, but the
absolute values will be different due to different cut-offs of particle size for different
methods. However, much better reproducible results can be expected from bulk meth-
ods, for example, for turbidimetry or for light scattering [8]. In this case, the relative
solubility for the same systems was found to be increased by max. 15 %. This value
was in good agreement with the Ostwald–Freundlich relationship keeping the ex-
pected experimental error in mind.

Figure 2.5 depicts an example of experimental data for a drug nanocrystal sus-
pension of particle sizes from 150 to 350 nm and their respective solubilities mea-
sured by bulk methods. The figure also shows calculated data.

In contrast to the solubility, it is generally accepted that smaller particle size –
given the same solid-state form and crystal habit – leads to faster dissolution. It is
possible to take advantage of (possibly) increased solubility and even more of the
higher dissolution rate for drug nanocrystals. Nanocrystals are often prepared from
larger particles by intensive milling and particle comminution. These processes
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Figure 2.5: Experimental dependence of solubility on mean particle size, for loviride nanosuspensions
as an example, analysed by bulk methods, and theoretical factors for the same system taken from Ref.
[8]. Key: (◊) experimental values measured by scattering monitoring (n = 3); ( ___ ): calculated data
using interfacial tension 5 mN/m; (-) ( . . . . ) calculated data using the estimated interfacial tension of
27.5 mN/m; (- - -) calculated data using an interfacial tension of 50 mN/m.
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bring in a lot of energy into the bulk of the powder and into individual particles:
they are mechanically activated. The milling is typically done in wet state in the form
of suspensions to distribute the energy, to lower surface (interfacial) energies, and to
prevent agglomeration. Nevertheless, the processes activate the material and may in-
duce solid-state form changes such as amorphization – at least at the particle surfa-
ces. After longer milling times, the material may entirely have transformed to the
amorphous state. Furthermore, if surfactants are used as additives to reduce interfa-
cial tension and to prevent agglomeration tendencies, the surface properties and sur-
face energies of the particles are also largely affected. It is very difficult to distinguish
and quantify these effects and to quantify their respective contributions to solubility.
The solubility of nanocrystal dispersions may be increased not only by the sole effect
of the small particle size but also by changes in solid-state form and by the presence
of the surfactants.

For crystal particles larger than approx. 1 µm, particle size effects on solubility
are generally negligible for crystals of the same quality. However, the effect of parti-
cle size on dissolution rate is highly significant. For highly soluble substances, the
effect is less pronounced compared to poorly soluble substances.

2.1.2.1.3 Degree of crystallinity
Ideal crystals have no defects. Amorphous materials have no long-range order and
no crystallinity. This leads to the definition of the degree of crystallinity [9]: Degree of
crystallinity is a crystal’s position on a scale between the ideal crystal (with no de-
fects) and the amorphous state (containing the maximum number of defects). A to-
tally amorphous particle corresponds to zero crystallinity. There is only a short-range
order (interaction with the nearest neighbouring molecules) while the long-range
order of a crystal structure, which continues indefinitely through the entire particle,
is absent. Amorphous particles may contain ordered domains that under certain con-
ditions can act as nuclei for crystallization. Decreased degrees of crystallinity for real
crystals, for example the presence of lattice defects and amorphous domains, in-
crease both the enthalpy and the entropy of the material. As the increase in enthalpy
upon lowering the degree of crystallinity is not fully compensated by the increase in
entropy, Gibbs free energy typically increases for such systems. Therefore, the lower
the degree of crystallinity of a solid, the higher is its solubility and dissolution rate,
but again the lower the thermodynamic stability as well.

Powders that contain particles with different degrees of crystallinity can be the rea-
son for physical instability during storage, for example, if recrystallization is induced
by moisture uptake leading to higher degree of crystallinity and to crystal growth.

In other cases, the crystallization of particles with a low degree of crystallinity
is kinetically hindered even in the presence of crystalline domains. In these cases,
the solubility of each sample depends on its specific degree of crystallinity and is
observed as unchanged during considerable experimental time. The solubility of
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such a sample will also depend on the amount of suspended material that is not yet
dissolved. Such observation should lead the analyst to the conclusion that the crys-
tallization of this sample is hindered; the analyst may want to induce crystallization
by other means in order to confirm this hypothesis.

This effect can be of practical consequence; an example of which has been de-
scribed in detail with drug substance griseofulvin [10]. Thus, the detection and
quantification of the degree of crystallinity by a suitable method is important for devel-
opment, manufacture, and quality assurance of pharmaceutical preparations.

2.1.2.2 Impact of the solvent on solubility and supersaturation

2.1.2.2.1 Solvents and co-solvents
It is common knowledge that the solubility of a compound will largely vary in differ-
ent solvents. Solubility may also strongly depend on the composition of solvent mix-
tures, that is, the presence of additional compounds dissolved in the same solvent,
for example, co-solvent systems. The relationships are non-linear except for ideally
miscible mixtures. For water–solvent mixtures, the solvent might influence the water
structure (hydrotropic effect) and thus affect both solvation and solubility.

2.1.2.2.2 Common ions and common co-formers
The solubility of a pharmaceutical salt “AB” depends on the respective solubility of
the ions A + and B−, which it is composed of. The solubility of salts can be estimated
by calculation of the solubility product. Increased concentration of one of the ions
will affect the equilibrium and decrease the solubility of the counter ion. Solubility
will therefore depend on the presence of common ions that increase the concentra-
tion of this ion in the solution (for [A +] or [B−], respectively). Typical examples are
ions from buffer salts or from other additives. A similar effect is described for the
common co-former effect that decreases the solubility of co-crystals.

Solubility also depends on the ionic strength of the solution, but typically to a
minor degree unless high concentrations are used. However, in cases where salts
change the cluster structure of the aqueous media with a significant entropic effect,
solubility of a compound can change considerably (“salting in”; “salting out”; hy-
drotropic effect).

2.1.2.2.3 pH values of aqueous systems
Many drugs are weak acids or weak bases. In such cases, the pH value of an aque-
ous solvent has a huge impact on solubility. Depending on the difference between
pKa-value of the drug and pH value of the solution, solubility enhancement factors
of 1,000 and above are common.
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The effect of pH on solubility is depicted in classical (schematic) pH solubility
plots as shown in Figure 2.6.

It should be noted that the difference in solubility of a compound at different pH
values – even within the physiological range – can be huge. This fact leads to high
degrees of transient supersaturation when solutions are exposed to a pH shift in the
gastrointestinal tract, in particular, for bases at transition from the stomach to the
intestines.

2.1.2.2.4 Solubilization/supramolecular assemblies
The use of surface-active ingredients – also termed surfactants – above their CMC
(critical micelle concentration) is a common means to increase the solubility of
poorly water-soluble drugs. Micelles are supramolecular assemblies of such amphi-
philic molecules that can associate with drug molecules. The drug molecules are
typically incorporated into the hydrophobic interior of the micelles that shield the
drug molecules from the aqueous bulk. Thus, surfactants increase the saturation
concentration of the drug. Complexes such as cyclodextrin (CD) inclusion com-
plexes are very similar in this respect. As such micellar solutions and CD complex
solutions are in equilibrium and thermodynamically stable. Sometimes they are
wrongly denoted “supersaturated” just because the solubility of the drug is higher
when compared to the pure solvent without the additives such as surfactant or CD.

The term “supersaturated” should be clearly defined with respect to solvent com-
position. If a drug is solubilized in a micellar solution, its saturation concentration is
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Figure 2.6: Schematic representation of the pH-dependence of solubility S for acidic drugs (left),
ampholytic drugs (middle), and basic drugs (right). S0: intrinsic solubility of free acid or base,
respectively.
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higher than that in the surfactant-free solvent, where the drug is dissolved (and not
solubilized). The micellar solution is thermodynamically stable and thus not super-
saturated. It may only become supersaturated if the concentration of surfactant de-
creases over time (e.g., due to digestion or absorption).

2.1.2.2.5 Local solubility differences (differential solubility)
Changes in pH values along the gastro-intestinal tract can determine the dissolu-
tion–precipitation-driven drug behaviour (see above). In addition, changes of the
composition of intestinal fluids, most prominently regarding bile salt concentra-
tions along the transit, affect the degree of solubilization of drug molecules in bile
salt micelles and mixed micelles with phospholipids. This again implies local solu-
bility differences and affects drug absorption.

2.1.3 Factors affecting supersaturation

The term “supersaturation” implies that the actual observed concentration is higher
compared to equilibrium solubility in the same solvent under the same conditions.
In a pharmaceutical context, typically mixtures consisting of physiological media
or artificial biomimetic media and the respective drug together with the formulation
additives are studied. Therefore, it is necessary to explicitly define the term super-
saturation and its degree with respect to the reference solubility regarding the me-
dium, for example, in water, buffer, biomimetic media, and/or in the presence of
formulation additives.

Let us consider solubility in simple aqueous solvent without solubility enhanc-
ing additives: A commonly used means to express the degree of supersaturation
(DS) is by the ratio of the observed dissolved solute concentration (Cb) and the equi-
librium saturation concentration (Cs) in the solvent (eq. (2.2)):

DS=Cb=Cs (2:2)

The tendency to spontaneously recrystallize or precipitate depends on the degree of
supersaturation in a solution: The higher the degree of supersaturation, the less ac-
tivation energy needs to be overcome, and the more probable is spontaneous re-
crystallization or precipitation.

This relationship is illustrated by the classical Ostwald–Miers diagram as a func-
tion of temperature as shown in Figure 2.7. For any concentrations above the solubil-
ity line precipitation may occur, depending on the conditions such as cooling rate,
stirring conditions, presence of foreign particles, and so on. Above the precipitation
line, the degree of supersaturation is so high that precipitation necessarily occurs. The
Ostwald–Miers region is between the lines, where precipitation of supersaturated sys-
tems may occur or delayed or fail to appear.

40 Annette Bauer-Brandl and Martin Brandl

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



However, for drug delivery systems and in vivo situations, temperature changes
can be largely disregarded. Therefore, Figure 2.8 illustrates the Ostwald–Miers re-
gion or metastable zone width introduced by supersaturation at constant tempera-
ture. Again there is a limit for the degree of supersaturation above which
precipitation (phase separation) must occur; it is highlighted in Figure 2.8 with an
asterisk. Phase separation may be in the form of immiscible fluids (saturated drug
solutions) or amorphous precipitates; nucleation/growth mechanisms lead to crys-
talline precipitates.

Nucleation is either spontaneous (primary nucleation), or it may continue to
occur in the presence of existing seed crystals (secondary nucleation). Primary nucle-
ation refers to the first nuclei to form and those that form independently from other
pre-existing nuclei of the new phase, while secondary nucleation depends on pre-ex-
isting crystals that cause the formation of secondary nuclei, for example, by shearing
forces while stirring. Crystal growth attributes to solute that is deposited on the surfa-
ces of the nuclei. These competing mechanisms determine the number of crystals
that are formed in a system and via crystal growth thus also their size distribution.

The relationship between degree of supersaturation and nucleation/growth is
defined by the following simplified equations (eqs. (2.3) and (2.4)):

dG
dt

= kg ·DSg (2:3)

dN
dt

= kn ·DSn (2:4)

dG/dt, growth rate; kg , growth constant; g, growth order;
dN/dt, nucleation rate; kn, nucleation constant; n, nucleation order; and DS, degree
of supersaturation.
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Figure 2.7: Classical schematic Ostwald–Miers diagram.
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For small organic molecules such as drugs with a molar mass below 500 g/
mol, the value for crystal growth order g is typically between 1 and 2. The value
for nucleation order n is typically between 5 and 10. From the difference of the
kinetics of nucleation and crystal growth it follows that at low degree of supersat-
uration, crystals grow rather than they nucleate resulting in fewer but larger crys-
tals. In contrast, at higher degrees of supersaturation nucleation rate overpasses
crystal growth, resulting in many small crystalls which occur.

Figure 2.9 illustrates how the degree of supersaturation affects particle size dis-
tribution of the precipitated crystals.

Depending on precipitation conditions, the solid phases differ not only in parti-
cle size distribution but also in the quality of the crystals. The probability of defects
in the crystal lattice is also affected. The faster the crystallization, the higher the
proportion of defects in the crystals. Similar relationships apply to the formation of
amorphous domains, with an effect on the degree of crystallinity. The higher the
crystallization rates, the lower the degree of crystallinity of the product.

Even at a low degree of supersaturation, a supersaturated solution would readily
crystallize when seed crystals of a more stable phase are introduced. By the exposure
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Figure 2.8: Concentration-dependent transient region (Ostwald–Miers region) at constant
temperature for drug delivery systems. Dissolution beyond a certain concentration necessarily
leads to spontaneous phase separation (“precipitation line”) as marked by the asterisk. This may
be followed by nucleation and growth. Under other circumstances, nucleation and growth may
occur in the unstable region already at lower concentrations; solubility of an amorphous phase
(“amorphous solubility”) may not even be reached.
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to the crystal surface architecture of the stable structure, molecules would readily in-
teract and the activation energy is thus lowered by the seed crystal. Crystal growth is
induced and rapid equilibration from supersaturated state to solubility level will
occur. There are also other conditions that can lower the activation energy for precip-
itation such as local concentration differences, temperature gradients, foreign nuclei,
agitation, and so on. These may induce rapid precipitation and crystallization.

As nucleation rates and crystal growth depend on the degree of supersaturation
and the composition of the medium, degree of mixing, viscosity, etc., different
types, shapes and solid-state structures may be formed. Therefore, not only the
composition but also the conditions under which a precipitate is formed determine
its properties and thus solubility and dissolution rate.

2.1.4 Solubility and supersaturation in composed solvents

Pharmaceutical scenarios both in vivo and in vitro typically comprise aqueous media
composed of water, buffer, and solubility-enhancing additives. These additives may be
excipients used in drug formulations that can form micelles or complexes, or physio-
logical gastric and intestinal fluids or biomimetic fluids containing bile salts and
phospholipids.
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Figure 2.9: Schematic representation of the relationship between degree of supersaturation and
the particle size distribution of the precipitated crystalline material.
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2.1.4.1 Apparent solubility: alternative terms and definitions

Apparent solubility literally is the observed solubility. Only in the rare case of ideal
experimental results it is identical with “true” solubility. The observed result de-
pends on the method of solubility determination including several parameters such
as suitable observation time given to reach equilibrium. It also depends on the
method used for phase separation: in experimental solubility studies it is common
to separate the solution from the solid by centrifugation or by filtration. Depending
on centrifugation conditions or, respectively, the filter type, the limit to classify dis-
persed small particles as “dissolved” is set at a different particle size cut-off. The
observed solubility result will vary accordingly.

Yet another situation applies to colloidal states of the drug, for example, in
composed solvents comprising colloidal complexes and in micellar solutions: It is
impossible to separate these colloids from the true molecularly dissolved material
by classical methods. In this case, the term “apparent solubility” is used to high-
light that the effect of the additives is included into the perception of the increased
concentration of the solutions as compared to the pure compound in the plain sol-
vent. The same term also covers dissolution media that contain multiple-component
colloidal additives, such as biomimetic media containing bile salts, phospholipids,
and so on. The use of the term “apparent solubility” stresses in this context the fact
that there is a difference between the freely dissolved (solvated) molecules and
those apparently dissolved, that is, supramolecularly assembled molecules. Both
states of the solute molecules are embraced by the term “apparent solubility”. Such
solutions are stable and thus not supersaturated.

However, some scientific publications including the FDA guideline [2] use the
term “apparent solubility” as a synonym for “supersaturation”. The FDA guideline
states as follows: “Apparent solubility refers to the concentration of material at ap-
parent equilibrium (supersaturation). Apparent solubility is distinct from true ther-
modynamic solubility, which is reached at infinite equilibrium time.” The
reasoning behind this wording may be that it is an experimentally found value, and
in that sense, it is apparent. It is distinct from the thermodynamic solubility.
However, supersaturated states are not at apparent equilibrium, which would mean
that they do not change concentration over time. Apparent solubility may, on the
other hand, be a stable state, for example, in the case of micellar solutions, and
thus not be supersaturated at all.

On the other hand, the term “apparent solubility” has been used for the solubil-
ity of partly amorphous materials in cases, where no recrystallization was observed
during experiment times. The solubilities of the samples followed their degree of
crystallinity for the observation periods [10].
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2.1.4.2 Apparent supersaturation

The definition of supersaturation in general and thus the degree of “supersatura-
tion” in a broad sense depends on the respective reference value, namely, if the
true or the apparent solubility is used.

If the undissolved material is exclusively amorphous, the dissolved concentra-
tion of a solute is higher as compared to the solution above the crystalline form of
the same material, as long as the unstable (“metastable”) system persists and the
amorphous material does not crystallize. This is a case of “true” supersaturation. It
is an unstable state.

However, the same term “supersaturation” is frequently but less correctly found to
be used in the literature for any increased drug concentration as compared to the solu-
bility referring to the pure crystalline solid residue in simple aqueous solutions includ-
ing approaches that are not only based on solid-state forms of the same material, but
also include the use of additives to the solvents (composed solvents) or to the solid
material (e.g., co-amorphous material, polymer matrix, surfactants). However, if addi-
tives are present, the system can very well be in thermodynamic equilibrium, presum-
ing the additives in the composition increase equilibrium solubility. A good example
would be the introduction of surfactants above their CMC, where the drug molecules
are solubilized in the micelles to form stable micellar solutions. Therefore, in this case
the use of the term “supersaturation” should be avoided and can be better denoted as
“apparent supersaturation” because it describes a stable state [11].

These relationships are depicted in Figure 2.10.
Increasing the solubility of a drug substance by special additives in a formulation

leading to apparent supersaturation can be a valid approach to reach a better absorp-
tion and bioavailability. Whether and how much this approach can increase the bio-
availability in a specific case depends on the kinetics of the release of the drug
molecules from the supramolecular assemblies by the disappearance of the solubility-
enhancing agents from the solution via dilution, absorption, digestion, and other ef-
fects. In contrast, enhanced absorption is always expected for truly supersaturated
solutions.

2.1.4.3 Kinetic solubility; dynamic solubility

The term “kinetic solubility” is sometimes used for transient states of improved solu-
bility. The term is a contradiction in itself. In the current context, it would be a syno-
nym for the well-known term “supersaturation”. As the degree of supersaturation is
variable, supersaturation is not a single value but depends on experimental condi-
tions and may change over time. In general, it is unfortunate to connect kinetic issues
and with thermodynamic nomenclature. “Dynamic solubility” has also been sug-
gested as an alternative term for supersaturation which reflects the dependence of
the found values on the actual experimental conditions in a better way [10].
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2.2 Distinguishing truly, molecular dissolved from
apparently dissolved and supersaturated states

It is useful to distinguish solutes that are molecularly dissolved by solvation in a
solution from those solubilized in micelles and complexes: In supramolecular as-
semblies, the drug molecules are not “free”, not truly dissolved, but “apparently”
dissolved. The difference of the solubilized state when compared to free, truly dis-
solved drug molecules is reflected in their diffusion rates. Even more importantly,
colloidal states such as complexes and micelles cannot permeate through biological
barriers. They need to first release the drug in its free form, the rate of which will be
dependent on solution composition. These processes affect drug transport kinetics
and oral absorption. This fact is relevant for the understanding of the performance
of drug delivery systems including bioavailability.

2.2.1 Solubility/dissolution

The simplest mechanism of dissolution processes is described for crystals composed
of neutral molecules that dissolve from the crystal surfaces by the formation of a
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Figure 2.10: Relationships and terminology of solubility, supersaturation, and their respective
apparent counterparts.
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saturated solution at the very surface of the crystal, and diffusion processes of the
molecules into the bulk solution.

However, for weak acids and weak bases, solubility is widely pH dependent.
The drug compound will act as a buffer in the aqueous solution. If such solutions
are gradually changing their pH by titration with HCl and NaOH, respectively, su-
persaturated solutions can be formed for transient periods that may last for hours.
Therefore, pH/solubility profiles measured by titration can be inaccurate.

Pharmaceutical salts are much more soluble than their corresponding free acids or
bases; in many cases, the solubility is enhanced a thousand-fold or more. The salts
would also dissolve much faster, and this is widely independent of the pH of the solu-
tion. An example of such relationship for salicylic acid and sodium salicylate this has
been studied in detail [12]: even at low pH (pH 1) where the free acid is being formed in
the bulk of the solution, the salt dissolves much faster than the acid (as has been mea-
sured by intrinsic dissolution rate to normalize for specific surface area). At pH 2 the
substance is more than 300 times more soluble as compared to pH 7. However, at pH
2, the intrinsic dissolution rates of salicylic acid and sodium salicylate, respectively,
are equal to those at pH 7. In both cases the salt dissolves approximately 100 times
faster than the acid. The dissolution process appears to depend on the pH in the diffu-
sion layer, which is determined by the solid rather than the pH of the bulk of the aque-
ous medium where the protonation/deprotonation reaction takes place. This is an
example of reaction-limited dissolution processes. Such models are not frequently
used. However, they may be a very useful alternative to mathematically describe disso-
lution processes of formulations [13].

The outlined processes, their respective kinetics, and related modelling are rel-
evant for in vivo drug dissolution, for example, regarding pH changes during pas-
sage, presence of digestion fluids, food effect, changes of viscosities, and
mechanical agitation. All these effects will affect solubility, supersaturation, and
precipitation kinetics.

2.2.2 True, molecular supersaturation

For technical applications in the field of crystallization and particle engineering, su-
persaturation is used to induce precipitation under controlled conditions according
to the desired precipitate properties. Supersaturation is often approached starting
from a well-defined concentrated solution. Then a change of conditions, for example,
solvent composition, pH, or temperature is introduced to enter the Ostwald–Miers re-
gion of supersaturation, and precipitation started by seeding.

Depending on the solvent properties, different crystal faces may be developed ac-
cording to different kinetics and in turn in different specific surface area fractions.
Therefore, the habit of the prepared crystals may vary with crystallization conditions.
This will, in turn, have an impact on dissolution rate in addition to the crystal size
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(total specific surface area). Furthermore, transient supersaturation may occur during
dissolution from the better soluble crystal faces.

If the crystallization process is very fast, partly amorphous material may be ob-
tained. Amorphous systems can also be prepared by other means, for example, ex-
tensive milling, quench cooling, freeze drying or spray drying of solutions. They
will exhibit true supersaturation during dissolution; however, being unstable, they
may recrystallize at any time.

2.2.2.1 Examples of truly supersaturated systems

Truly supersaturated situations are unstable. In a strict sense, they apply to molec-
ularly dissolved, free molecules in a certain solvent. The classical examples are
amorphous and partly amorphous systems. Also different polymorphs will have dif-
ferent solubilities. Typically, their solubilities would not differ by more than ap-
proximately a factor of 2, in many cases much less. An unstable solution is being
formed by the better soluble polymorph because the most stable polymorph may
precipitate at any time. Similar relationships would apply to co-crystals. Hydrates,
however, are typically less soluble than their anhydrates. A solution of a stable an-
hydrate polymorph may in contact with aqueous medium, spontaneously transform
to the hydrate as discussed in chapter 9 of this book.

In dynamically changing solvent compositions, for example, pH shift, transient
supersaturated states may occur.

For any other examples involving additives, it is necessary to study their effect
on solvent, enhanced solubility, and enhanced apparent solubility, because en-
hanced concentrations may not be supersaturated.

2.2.3 Apparently supersaturated systems

Apparent supersaturation can be induced by using co-solvents or alternative sol-
vents and other types of additives. The term is often used in connection with supra-
molecular assemblies, such as micellar solubilization. The solutions have a high
concentration. However, they are not necessarily supersaturated in a strict sense,
and not necessarily unstable, as is depicted in Figure 2.10.

By using additives, the solvation shell of a drug molecule is altered when com-
pared to the pure solvent due to the interaction between drug molecule and the ad-
ditives. There is a dynamic equilibrium between the truly (freely) dissolved and
solubilized molecules. In this sense, compositions with several ingredients may be
truly and apparently supersaturated at the same time.
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2.2.3.1 Examples of apparently supersaturated systems

In many cases the formulation of poorly soluble drugs is based on the principle of
apparent supersaturation as discussed in chapter 8 of this book. The poor solubility
is enhanced by additives in the formulations, such as polymers, micelles, mixed mi-
celles, CDs, and so on. The most common formulation principles of such formula-
tions are discussed in Section 2.4.

2.2.4 Experimental considerations for the determination
of solubility

2.2.4.1 Solubility by classical shake flask methods

Saturated solutions are made by exposing an excess of the solid material to the respec-
tive solvent in a closed system and waiting until the equilibrium has been reached. It
is a dynamically equilibrated state where the fraction of material dissolving per time
and the fraction that precipitates per time are equal, leading to a constant solute con-
centration. The samples for solubility measurements are kept at a certain temperature
for a certain time, while they are shaken to ensure homogeneity and to decrease wait-
ing time. Typically, this time is between several hours and days. This approach is too
time consuming to be suitable for high-throughput studies, but it leads to valid data if
it is carried out carefully. It is also good practice to prepare control samples at another,
slightly higher temperature to supersaturate the solution with respect to the target tem-
perature. These samples are then cooled down to the same target temperature as the
standard samples. If the two experimental solubilities for the original samples and the
control samples coincide, the solubility value found is probably close to the “true”
value. The optimum experimental outcome of such approach is depicted in Figure 2.11.

In any case, it is useful to confirm that the solid-state form of the precipitate has
remained unchanged after the incubation time in order to exclude any transformation
to more stable polymorphs or hydrates/solvates. This is an important control experi-
ment to confirm which solid-state form does the measured solubility value refers to.

2.2.4.2 Methods for phase separation

For solubility studies, the separation of solid from liquid is needed. Any phase sep-
aration method collects a different sub-set of the particle size distribution of the
solid residue and defines it as undissolved material while the remaining solid par-
ticles are defined as dissolved.
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The most common methods to separate solutions from the undissolved particles
are filtration and centrifugation.

It is crucial not to change temperature of the equilibrated samples during the
separation steps, for example, in centrifuges or during filtration, because the equi-
librium will be lost instantly and additional dissolution or precipitation will occur,
leading to wrong results.

For filtration, the filter material as well as pore size are the most obvious pa-
rameters that will significantly affect the separation. It is good practice to discard
the first filtrate to remove manufacture additives that may have remained in the fil-
ter material. In addition, it needs to be checked whether the filter material may re-
tain considerable amounts of solute by adsorption and whether adsorption occurs
anywhere else during sample preparation, for example, to plastic disposable equip-
ment. Non-specific adsorption is frequently observed for poorly soluble and lipo-
philic solutes. If this is the case, one may pre-saturate the adsorption capacity or
coat surfaces prior to exposing the actual sample.

For centrifugation, the gravitational forces (e.g. rotation speed) and time period
affect the particle cut-off of the separation into pellet and supernatant. These experi-
mental parameters usually need to be optimized for each single case according to the
stability of the pellet cake to avoid particles of a fluffy solid residue contaminate the
supernatant by accident.

Both for filtration and for centrifugation, the definition of the fractions of the dis-
solved and the undissolved material is a matter of the chosen experimental details.

In the case of clear solutions, optical bulk methods can also be used to deter-
mine solubility (e.g., turbidimetry and diffraction). However, these methods may
not be useful in the case of colloidal solutions.
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Figure 2.11: Idealized outcome of solubility measurement by shake flask approach including
control experiment starting from conditions of higher solubility. Convergence of the two curves of
both experiments confirms the “true” result.
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If a distinction should be made between colloidal associates that contain both
apparently dissolved drug and freely dissolved drug, other experimental methods
than centrifugation/filtration or optical methods need to be used to separate the su-
pramolecular assemblies from free molecules. The separation of truly dissolved
drug and the colloids can be done by equilibrium dialysis [14]. These studies take
several hours/days to reach equilibrium. The results depend on the molecular
weight cut-off of the dialysis membrane.

2.2.4.3 Kinetic solubility

The term “kinetic solubility” in this context addresses an experimental approach to
solubility that can be carried out in high throughput. It starts from a concentrated
solution of the studied compound in a water-miscible solvent (usually DMSO) in
which the solute is well soluble. This concentrated solution is added to the aqueous
medium of interest until precipitation occurs. The mixture is left to reach equilibrium.
Precipitation is a kinetic process and may be hindered, that is, supersaturated states
may be present during the experiment. Due to the kinetic approach of the method,
the solubility is designated “kinetic solubility”. Different solid-state forms may be ob-
tained where according to Ostwald rule of stepwise crystallization, the most unstable
phase would precipitate first. Therefore, the kinetic solubility approach may lead in
the first place to comparably high solubility values due to the equilibrium with an
unstable phase. There is yet another effect that may lead to increased solubility val-
ues: The presence of even a small fraction of the “good” solvent in the aqueous me-
dium may alter the solubility of the compound in comparison to the pure aqueous
medium.

Therefore, kinetic solubility is generally higher or equal compared to thermody-
namic solubility. It is very rarely lower.

Figure 2.12 depicts the time course of experiments illustrating the increased
value of kinetic solubility as compared to thermodynamic solubility. Additional dis-
cussion of this topic is provided in chapter 7 of this book.

2.2.4.4 Experimental considerations for supersaturation assays

Transient instable states are difficult to detect experimentally because, depending
on the conditions of preparation and sampling, they may reach different degrees
of supersaturation for different time periods before they collapse. For example,
amorphous material may recrystallize at any time if the activation energy in a sin-
gle spot is reached. Special care must be taken to avoid sudden precipitation that
may occur at any time during sample preparation and handling. The closer the
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concentration is to the maximum degree of supersaturation, the higher is the
probability of premature precipitation. The experimental techniques used to de-
termine concentrations of such unstable systems, therefore, need to be carefully
chosen. Special care is also needed in terms of temperature control. Samples are di-
luted with a suitable solvent as soon as possible before the assay to make sure that
they stay dissolved under any conditions they may meet. If this is not possible, an
aliquot of the solution may be allowed to precipitate, and the precipitate is re-dis-
solved in a good solvent prior to quantification.

Furthermore, if the recrystallization just concerns the very surface of the amor-
phous particles, solubility will decrease. However, due to the fact that only a small
fraction of recrystallized material is deposited on the surface , the bulk material will
stay unchanged and the recrystallized phase will be difficult to detect. Similar con-
siderations apply to hydrates being formed on surfaces of anhydrates.

Even for crystals of one single phase, there is a theoretical expectation of true
supersaturation if there is a large difference of the dissolution rates above the differ-
ent crystal faces. In this case alternative crystal habits can provoke a dissolution
rate advantage of a certain habit. In such case, if the differences are large, transi-
tionally enhanced concentrations may occur. The supersaturation along with habit
differences will vanish with equilibration time. The dynamic equilibrium in the re-
spective solvent will lead to the most advantageous habit and to large crystals for
this current solvent (Ostwald ripening).
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Figure 2.12: Schematic representation of the concentration time course for kinetic solubility in
comparison to classical thermodynamic solubility.
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2.3 Supersaturation: biopharmaceutical aspects

The most obvious use of the supersaturation principle in the field of pharmaceuti-
cals is the oral administration of poorly soluble drugs. Supersaturation may enable
to enhance bioavailability.

Orally administered drugs experience LADME:
– Liberation
– Absorption
– Distribution
– Metabolism
– Elimination

To increase oral bioavailability, the first two, namely liberation, i.e. the release of
the drug from the drug delivery system, and absorption are the most important
steps that can be addressed by drug formulations. As far as liberation is concerned,
enhanced solubility and thus true supersaturation is the goal. Concentration gra-
dients drive the absorption process. For optimum bioavailability, they should be as
large as possible and persist for a long time.

To predict oral bioavailability, it is beneficial to study the respective solubil-
ities in fluids mimicking the content in the gastro-intestine (“biomimetic media”).
Furthermore, the pH changes and the effect of food on both pH and the composi-
tion of the fluids should to be taken into account as well. The simulated biomi-
metic media (e.g., FaSSIF and FeSSIF) are complex blends revealing a set of
different micelles and mixed micelles that interfere with both solubility and super-
saturation. However, it has been shown that aspirated human intestinal fluids can
show quite different degree of stabilization [15].

A simplified representation of absorption processes from solutions showing su-
persaturation by amorphization (enabling formulations) of the drug and/or micelli-
zation is given in Figure 2.13. It is restricted to passive transport. In all cases
micelles are contained in intestinal fluids (bile salt micelles and mixed micelles) to
a different extent depending on food intake. In addition, formulation additives may
also form micelles and other supra-molecular structures. Thus, Figure 2.13 repre-
sents also the possible effect of food on permeation and absorption.

In vivo, dissolution and absorption are parallel and simultaneous processes. Fast
dissolution rates will lead to a higher absorption rates and to increased bioavailability.
The critical degree of supersaturation may thus not be reached and precipitation may
not occur.
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2.3.1 Extent and persistence of supersaturation

To increase the rate and extent of absorption, fast dissolution to a high, preferably
even supersaturated concentration is desired. Moreover, the high concentration should
be kept for a considerable time at the site of absorption. Both the extent and the dura-
tion of supersaturation will increase the absorbed amount of drug and thus increase
bioavailability.

This perception has been vividly illustrated by the “spring and parachute” prin-
ciple as depicted in Figure 2.14. The figurative terms “spring” and “parachute” are
used to illustrate a high concentration of the drug in gastrointestinal fluids main-
tained for a prolonged time period.

It is desirable to dissolve as much drug as possible and as fast as possible,
while avoiding precipitation, because precipitates cannot be absorbed as such.
They first need to re-dissolve when the solution is deprived of drug and its concen-
tration decreased by the absorption process.

Keeping the spring and parachute model in mind, the dissolved drug over time
that is prone to absorption correlates with the area under the curve (AUC) in concen-
tration vs. time profile as depicted in Figure 2.14. Highly supersaturated systems that
precipitate faster lead to less absorption leading to a smaller AUC and to a lower bio-
availability. Thus, it appears beneficial to restrict the degree of supersaturation that
is reached by a formulation to a lower level that in turn can last for a longer time.
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Figure 2.13: Schematic representation of the contribution of freely dissolved drug, true
supersaturation, and micellar solubilized drug (i.e., apparent supersaturation) to the permeation
and absorption.
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When comparing literature data, there are many cases of large discrepancies
between reported kinetic solubilities and the degrees of supersaturation. This fact
may be due to different rates at which the supersaturation has been generated: If a
supersaturating system is produced at a faster rate, the degree of supersaturation
will reach a higher value. Consequently, the real solubility advantage of supersatu-
rating drug delivery systems cannot be determined accurately.

Precipitation inhibitors allow to keep a higher degree of supersaturation be-
fore precipitation occurs. They increase the metastable zone width: the critical
concentration for the precipitation is increased, and higher degrees of apparent
supersaturation can be reached without the risk of precipitation. In such case the
AUC can be even further increased and bioavailability can be enhanced.

However, precipitation inhibitors – as well as any “parachutes” – are additives in
the solutions that may increase the equilibrium solubility of the drug compound, and
thus the degree of supersaturation may be less than estimated by comparison to the
pure solvent. It can be disputed about the effect of “parachutes” on the molecular level:
Would they let the drug remain as free, truly dissolved molecules, or are the drug mole-
cules possibly associated with larger assemblies thus being apparently dissolved? If the
latter is the case it will influence diffusion kinetics, drug transport, and bioavailability.
By which mechanism a “parachute” works – may it leave the molecules dispersed, dis-
solved, associated, re-dispersed or re-dissolved, replenishing the solution from associates
or from precipitate may be disputed. However, the common aim is to avoid the crystalli-
zation of large stable crystals, because in any case these hamper better bioavailability.
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Figure 2.14: “Spring and parachute” principles affecting the available dissolved drug over time. The
figure distinguishes parachutes that increase the (apparent) solubility of the drug as well as increase
the concentration of spontaneous precipitation (red colour) and those that do not show this effect.
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The “spring and parachute” principle is a useful illustration for the increased
bioavailability of poorly soluble drugs by enabling formulations.

2.3.1.1 Springs

Fastest dissolution rates are not achieved by presenting the drug in the form of
large crystals. The reduction of particle size can already increase the dissolution
rate to a significant degree. However, even better dissolution rates are achieved by
presenting the drug to the dissolution medium in already molecularly distributed
form rather than as pure drug crystals. Amorphous “blends” of the drug with hydro-
philic excipients are useful. Typical examples are solid solutions in hydrophilic
polymers, co-amorphous systems or co-solvent solutions, and others; for a brief dis-
cussion of these, see Section 2.4. and Chapter 8. In all of those, the drug molecules
are “separated” from each other. The additives readily dissolve or disperse in the
respective dissolution medium, and “free” drug molecules are left alone in the solu-
tion. Supersaturation is generated. It is a matter of the kinetics of nucleation and
growth how long this state can be preserved.

2.3.1.2 Parachutes

Avoiding precipitation and crystallization bears thermodynamic and kinetic aspects.
From a thermodynamic perspective, “parachute” additives may strictly speak-

ing not only act by precipitation inhibition, but also by increasing thermodynamic
solubility. Such solutions are by definition not supersaturated. Known examples for
substances increasing solubility are co-solvents, surfactants above their CMC and
CDs. The same types of excipients are frequently found in the literature denoted as
“parachutes” and precipitation inhibitors although they have solubility-enhancing
effects by solubilization or complexation [16, 17].

Kinetic parachutes delay drug precipitation from supersaturated states by delay-
ing nucleation or growth of particles. Increased viscosity of the solutions affecting
diffusion rates plays a role. Furthermore, hydrogen bonding between drug molecules
and precipitation inhibitor molecules increase the activation energy for the nucle-
ation, leading to a nucleation delay. The interaction between precipitation inhibitor
and drug may also inhibit the growth by interaction with the surface of small nuclei.

Drug molecules rich in hydrogen bond donors typically interact best with polymers
that act as precipitation inhibitor with hydrogen bond acceptors (e.g. polyvinylpyrroli-
done, PVP), while drugs with H-bond acceptors interact with polymers of H-bond
donor type (e.g. hydroxypropylmethylcellulose, HPMC). However, this is only a rule of
thumb, as steric hindrance, intramolecular forces, and the flexibility of the molecules
are also involved. In the ideal case, hydrogen-bonding patterns between the drug and
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the polymer with regard to numbers of hydrogen donors and acceptors as well as to
their conformations fit together. However, simulations highlight that hydrophobic
forces and Van der Walls forces may also play a prominent role, in particular, in the
case of poorly soluble drugs [18]. It should also be mentioned that approaches to syn-
thesize “designer excipients” have been reported where polymers were modelled by
high-throughput controlled polymerization and screening. Such excipients have been
found to effectively inhibit precipitation by molecular interaction [19]; however, their
effect on solubility and drug transport properties has not been studied. In summary,
the usefulness of parachutes is plausible. However, to find the optimum parachute for
a given problem relies on screening approaches and the mechanism of action on a mo-
lecular level remains blurred.

2.3.2 Supersaturation for improved bioavailability

2.3.2.1 Truly supersaturated systems: impact on PK

It is the basis of the spring and parachute approach to favour systems that can keep
the supersaturated state for a long period: Even if the concentration of the molecu-
larly dissolved drug is kept at a relatively low degree of supersaturation, there is a
significant impact and good advantage in terms of the total dose fraction that can
be absorbed.

In a kinetic setting, the actual (free) drug concentration over time is decisive for
bioavailability (AUC). Absorption processes continuously decrease the drug concen-
tration while simultaneously the solution may be replenished from a reservoir.
Thus, even if a precipitate has been formed, it is a matter of the rate of re-dissolv-
ing, in how far the replenishing process can balance the concentration decrease
due to absorption processes. In some cases, it can be advantageous if the drug pre-
cipitates in small particles and/or amorphous form, both of which will re-dissolve
fast, and above which a supersaturated state can be kept for a long time.

The higher the degree of supersaturation, the higher is the risk of spontaneous pre-
cipitation. Therefore, solubility enhancement leading only to restricted degree of super-
saturation may be beneficial for bioavailability because such supersaturation may last
for longer time. However, if the precipitate is of high energy, which is in many cases
likely according to Ostwald rule of stepwise crystallization (see Figure 2.2), it will serve
as a reservoir for further dissolution with again improved dissolution rate.

Precipitation inhibitors may or may not be needed in such systems. Other addi-
tives may even be more useful if they help to assure the generation of amorphous
and other drug-rich particles. The use of some of the precipitation inhibitors can
even be counter-productive with regards to enhancing bioavailability, especially if
they interact closely with the free drug molecules, generate supramolecular assem-
blies, and hinder absorption.
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In vivo, the effect of temperature on solubility and supersaturation may appear
very limited at first glance. However, cooling of a supersaturated system can readily
induce precipitation. This effect may need to be taken into account in some cases: a
glass of cold water decreases the temperature in the stomach dramatically and
it may take quite a while to warm up (approx. 20 min from room temperature).
Temperature in the intestines is not as constant as expected swinging in the range
of approx. 2 °C [20].

2.3.2.2 Apparently supersaturated systems: impact on PK

It has been widely acknowledged that the associated state of drug molecules has an
impact on their transport properties. This perception dates back to the middle of
the last century, where absorption from micellar solutions has been studied in ani-
mal experiments.

One of the first mechanistic studies of solubilization of drugs (weak acids and
weak bases) provided the background to predict the total solubility of poorly solu-
ble drugs (both freely dissolved and solubilized) according to pH based on equ-
ilibrium constants [21]. A similar system has been studied in terms of in vivo
absorption, where predictions according to binding constants suggested that ab-
sorption is not connected to the apparently dissolved drug but the free drug [22].

The discussion of the impact of micellization/solubilization has become more
significant since the number of poorly soluble drugs have increased during the
past decades, and the use of enabling formulations as well. Mechanistic studies
have demonstrated that there is a direct correlation between the passive (transcel-
lular) diffusion and the molecularly (freely) dissolved drug concentration. There
is a trade-off for enabling formulations; reducing the free drug concentration due
to partitioning into micelles or other solubilizing carriers goes along with the fact
that the free drug concentration may be enhanced in supersaturating formulations
due to overall increased concentrations [23].

2.3.3 Redistribution from supramolecular assemblies

The replenishing of the solutions for absorbed drug may be decisive for bioavailabil-
ity. Micellar solutions, including the dispersions in gastric fluids comprising bile salt
micelles and mixed micelles that are generated during digestion, may serve as drug
reservoirs and continuously replenish the solutions with free drug. It solely depends
on the interaction between drug molecules and micelles determining the kinetics of
exchange with the “true” solution, which of the processes is rate dependent.

In steady state, and in the absence of a solubilizer, the absorption is described
as a first-order process:

58 Annette Bauer-Brandl and Martin Brandl

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



dA
dt

= − k ·A (2:5)

with A being the amount of drug remaining in the digestive system at any time
point t, and k being the absorption constant.

In the presence of solubilizer or complexing agent, a constant fraction of the
drug is retained in supramolecular associates and if it is assumed that only the free
drug is absorbed; eq. (2.5) becomes eq. (2.6):

dA
dt

= − k · f ·A (2:6)

The absorption rate would decrease by a factor f, which is directly connected to the
energy of the molecular interaction, and thus stability of the micelles/complexes/
supramolecular aggregates. On the other hand, the re-distribution from the colloids
for replenishing the solutions upon concentration decrease by absorption is faster
from surfaces that have less energy of interaction. One can denote the supramolecu-
lar assemblies as compartments of different depth according to interaction energy.

It is difficult to clearly distinguish the different types of interactions of drug mole-
cules with excipients such as solubilizers and precipitation inhibitors and the depth of
these compartments. For the oral bioavailability, it is decisive to which extent the inter-
actions affect the availability of drug molecules for transport processes and absorption.

2.3.4 Precipitates as a reservoir to maintain high,
supersaturated concentrations

The occurrence of precipitates in the gastrointestinal tract is not always a dramati-
cally severe issue for a formulation in terms of bioavailability. It needs to be consid-
ered that precipitation may not in all cases lead to the thermodynamically stable
solid-state forms in the form of large, well-defined particles. Rather the opposite is
the case: According to the Ostwald rule, it would be the most unstable and conse-
quently best soluble solid-state form, which might be a metastable crystalline form
or even an amorphous form of the drug. Depending on the nucleation rate, the par-
ticles may also be quite small. Such small and instable particles may even improve
bioavailability as compared to fully solubilized systems: The particles will in the first
place induce true supersaturation [24]. They will dissolve fast when conditions
change, and they can act as a reservoir, providing more drug to be dissolved fast to
replenish the medium with drug. An example of such behaviour is discussed regard-
ing micro- and nanoparticles of fenofibrate in marketed formulations. It was observed
that biomimetic media enhanced the apparent solubility of fenofibrate via micellar
solubilization, but they did not increase transport rates in in vitro permeation studies.
However, if nano- or microparticles were present, they served as a reservoir and
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maintained high levels of molecularly dissolved drug, which in turn caused high and
constant permeation rates at different levels according to particle size as expected
from bioequivalent doses (200 mg microparticle = 145 mg nanoparticles) [25].

2.4 Drug delivery approaches: supersaturable
formulations and supersaturating formulations

2.4.1 Enabling formulations for poorly soluble drugs

Poorly soluble drug candidates are presented in so-called candidate enabling
formulations, for which the terms “supersaturable formulation” and “supersatu-
rating” formulations have also been used interchangeably.

Bioavailability enhancing formulation approaches for poorly soluble drugs
have traditionally been focused on improving drug solubility. Thus, high-concen-
tration gradients are achieved, and drug precipitation along the gastrointestinal
pathway is avoided. The solubility and solubilization of drugs and formulations in
settings mimicking physiologic conditions has widely been used to optimize such
formulations. This includes the use of solubilizers, precipitation inhibitors, and
other additives.

An overview over formulation principles is found in [26] and more specific dis-
cussion of the principle of supersaturation in [27]. A collection of preparation meth-
ods including high-throughput set-ups and decision guidance on which principle to
prefer in [28].

In the following section very short representations of the most common formu-
lation approaches are provided.

2.4.2 Formulation approaches

2.4.2.1 Solutions

Solutions are non-sophisticated formulations that might be used in commercial
formulations. Due to their simplicity and comparably owing fast development,
they are widely used for toxicological studies, pharmacological or pharmacoki-
netic studies in animals, which require prompt availability of formulations (also
see Chapter 4). However, solutions are in general more prone to stability issues
by chemical degradation as compared to solids [29]. This fact may be the reason
for the limited use of solutions in drug formulations. In early animal and human
studies the storage stability (shelf life) of the formulation is not a critical issue.
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For poorly water-soluble drugs, the use of alternative solvents or the use of
water–co-solvent mixtures is a straightforward approach. In many cases solvents
such as PEG400 and DMSO are used because of their good dissolution ability.
However, especially in the case of DMSO, the tolerability is limited [30]. Upon oral
administration and thus “dilution” with gastrointestinal fluids the systems may be-
come transitionally supersaturated. Excess drug may be solubilized in micelles and
mixed micelles in the media, or precipitation may occur. The precipitate is expected
to be either crystalline or amorphous as discussed above. Amorphous drug might
be solid particles or droplets in a miscibility gap that can be composed of different
components from the gastrointestinal content together with the drug.

If solutions are formulated using surfactants above their CMC, the solubility is
increased by micellar solubilization leading to a high apparent solubility and stable
solutions are achieved. It is difficult to confirm experimentally whether a real su-
persaturation may occur upon administration depending on the composition of the
gastrointestinal media. The supersaturation effect is also highly dependent on food
intake and transition times in the gastrointestinal tract. A re-distribution of the
drug into further micelles may occur, hindering precipitation. The drug-filled mi-
celles can replenish the solution with molecularly truly dissolved drug and thus in-
crease bioavailability.

The case of micellar solutions is very similar in terms of conditions and restric-
tions to the colloidal complexes as will be discussed below.

2.4.2.2 Crystal engineering: polymorphs, habits, particle sizes

For formulations using the solid drug as pure component solid-state properties may
largely impact solubility and dissolution rates. Like formulations based on solu-
tions, such an approach using, for example, “powder in the capsule” formulations
are frequently used for early clinical trials. Again, these formulations are of limited
complexity and can usually be developed quickly.

Polymorphs have different lattice energies. If this difference in lattice energy is
large enough to be of practical relevance, they will show significantly different sol-
ubilities as well as dissolution rates. This makes the choice of the best polymorph
decisive and metastable polymorphs might be useful for such formulations. A more
in-depth discussion of solubilities of polymorphs and pseudo-polymorphs is pro-
vided in Chapter 9.

Crystallization from different solvents can lead to different habits of the same
polymorphs that have altered relative surface areas of the different crystal faces.
Different crystal faces have different surface properties, which promote differences
in solvent–solids surface interactions. Wetting properties as well as dissolution
rates above different crystal faces can differ widely. A closer discussion of this topic
is given in Chapter 9.
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The smaller the particles, the larger becomes the specific surface area of the mate-
rial. This improves dissolution rate and thus bioavailability for poorly soluble drugs
where exposure after oral intake limits absorption. Top-down processing by milling
does not only lead to smaller particles, but it may also lead to a high proportion of less
hydrophilic crystal faces because the crystals most likely breaking plane is that of
weakest interactions. These typically are non-polar and less hydrophilic. Change in
habit may occur by milling and result in a gain of the proportion of the hydrophobic
crystal faces. An example of surface property alteration by milling a drug is described
in [31]. Thus, milling can both increase dissolution rate by increased surface area but
also decrease it by increased proportions of hydrophobic faces.

2.4.2.3 Pharmaceutical salts

For all APIs that are acids or bases, the use of pharmaceutical salts has classically
been a means to increase solubility. Typically salts crystallize better than free acids
and bases, have more reproducible particle and bulk properties, and are therefore
also preferred for processing. There is a wide choice of pharmaceutically acceptable
counter ions. The choice of pharmaceutical salts has many practical aspects beyond
solubility and dissolution rate, for example, habit, stability, propensity for electro-
static charging, tabletability, and so on [32].

Pharmaceutical salts dissolve much faster than the corresponding free acids or
bases. Even at the “wrong” pH, pharmaceutical salts act as “springs” because the
dissolution process starts at the very surface of the crystals where the more hydro-
philic salt form is present. The ions are released into the diffusion layer. The buffer-
ing effect of the released ions in the close proximity of the solid alters the local pH
and allows more salt to dissolve. The pH jump into the bulk medium can lead to
true supersaturation for a transitional period and enhance absorption.

2.4.2.4 Co-crystals

Co-crystals are basically very similar to both pharmaceutical salts and “pseudo-poly-
morphs”, namely by being composed of the active drug molecules and at least one
other compound type in the same crystal. While for solvates and hydrates the guest
molecules of the drug crystals are substances that are liquid at room conditions, the
co-formers for co-crystals are solids. The difference between a co-crystal and phar-
maceutical salt is that for the latter, a proton is transferred between the two com-
pounds and ions are generated. As a rule of thumb, this is the case if the pKa-values
of the two components differ by more than two. For co-crystals, on the other hand,
the proton is not transferred between the molecules but shared due to a smaller pKa-
value difference. From that point of view, co-crystals appear closely related to
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“pseudo-polymorphs” such as hydrates and solvates. However, in contrast to hy-
drates, that typically are less soluble than their respective anhydrates, co-crystals
are usually better soluble due to the typical choice of hydrophilic and well soluble
co-formers. Their solubility and dissolution rates may be higher or lower than for
salts [33].

The solubility advantage of co-crystals may be compromised if the parent drug
precipitates. This is most critical if high degrees of supersaturation are created. In
that case it would be a valuable strategy to limit the dissolution rate and thus also
limit the degree of supersaturation that will be reached. An approach is to use excess
of the co-former: By the “common co-former effect”, the solubility of the co-crystal
and the dissolution rate are reduced. This leads to a lower degree of supersaturation
[34]. Furthermore, the pH partitioning in the presence of micelles will also play a role
and affect solubility, precipitation, and dissolution rates [35].

2.4.2.5 Nanocrystals

For nanocrystal systems the diameters of the drug particles are below 1,000 nm, and
typically not below 100 nm. Increased solubility is probably not the main reason for
their frequent use in drug formulation. Increased dissolution rates – above the pre-
dicted values from larger surface area – are discussed to be due to surface energies
that increase with decreasing particle size, especially if nanocrystals are prepared by
top-down methods, for example, milling. Defects and (partial) amorphization of the
particle surfaces may be induced by the processing. Therefore, in most cases addi-
tives are used to protect the surfaces of the nanocrystals by a stabilizing layer of sur-
factants or other type of surface modifier to prevent crystal growth based on Ostwald
Ripening, aggregation, and sedimentation [8, 36].

Furthermore, presence of surface modifiers has been argued to possibly also
act as wetting agents, precipitation inhibitors and even hydrotropic agents. It is not
necessary to distinguish these effects from one another, because all of them help to
reach the observed high dissolution rates and possible supersaturation, which is a
common feature of nanocrystal systems.

2.4.2.6 Amorphous and partly amorphous solid dispersions (ASD)

In solid dispersions the drug is dispersed in the form of small particles in a hydro-
philic matrix typically being polymers or polymer mixtures. The dispersed particles
might be amorphous or partly amorphous. Their amorphous state is stabilized or
their recrystallization is hindered by the polymer. The dissolution rate and the ap-
parent solubility are increased due to good wetting and dissolution properties of
the hydrophilic matrix.
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Typically, surfactants are added to the formulations to reduce the glass transi-
tion temperature of the polymers and to improve the processing properties. These
excipients, both the polymers and the surfactants, are the same classes of polymers
that are found denoted as “crystallization inhibitors”. They may therefore act as
precipitation inhibitors as well (spring and parachute principle) and stabilize the
amorphous state of the dispersions. Examples of kinetically stabilized ASDs have
been reported to retain their amorphous state even after storage under ambient con-
ditions in closed containers for as long as 25 years [37]. The principle of the ASDs is
successfully utilized in a number of drug products on the market for which ASDs
are typically processed by hot melt extrusion, spray drying, or bead layering.

Upon dissolution of the ASDs, possibly true supersaturated states can be
reached. However, in the case of interactions between drug and polymers or surfac-
tants (depending on their quality), apparent solubility enhancement by solubilization
may be more pronounced. Even if precipitation occurs, it may lead to amorphous
nano- or microparticles which re-dissolve fast [24].

Overviews on the ASD formulation principle can be found in reviews [38, 39].

2.4.2.7 Solid solutions and co-amorphous systems

The ideal case of solid dispersions is the concept of solid solutions where the drug
is distributed in the carrier as single molecules. If the fraction of drug in the carrier
is kept below its solubility level in the carrier, the preparation is thermodynamically
stable. Upon dissolution, supersaturation will be reached. The extent and duration
of supersaturation depends on the co-dissolving matrix material. However, these
ideal conditions of miscibility need to be carefully analysed [40].

In contrast to solid solutions, that traditionally contain polymers as excipients,
co-amorphous drug formulations are based on binary systems of small molecules,
for example, comprising two different APIs or using excipients of the sugar type or
amino acids. Co-amorphous systems are typically prepared in laboratory scale by
melt quench, spray drying, or extended ball milling procedures at low tempera-
tures. If the temperature during ball milling is high, the material will be activated
risking re-crystallization in the form of a less stable polymorph [41]. The principles
regarding amorphization, crystallization, stabilization, solid-state characterization,
as well as dissolution behaviour is similar to the ASDs.

2.4.2.8 Mesoporous silica

Ordered mesoporous silica (SiO2) particles are sub-micron particles with pores of
intermediate size – width 2 –50 nm – in hexagonal arrangement [42]. Drug mole-
cules are deposited from a solution onto the large inner surface area of the pores.
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The dimensions of the pores shall be as small as to prevent nucleation and crystalli-
zation inside. On the other hand, the high mobility of the drug molecules in the sys-
tem promotes assembly of crystalline nuclei and thus crystallization. Therefore, the
critical amount of drug relative to silica has to be experimentally determined. The
formulations increase the dissolution rate and reach supersaturation. Precipitation
inhibitors may be useful additives.

2.4.2.9 Complexes: inclusion complexation with cyclodextrins

CDs are “basket”-shaped cyclic glucose oligomers that yield stoichiometric drug:
CD complexes. The CDs shield lipophilic parts of API molecules in the interior of
their “basket” while the outside of CD molecules is quite hydrophilic. Thus, CD for-
mulations increase the apparent solubility of the drug. Depending on the drug, CD
complexing constant, and local concentrations of competing molecules (e.g., bile
salts), the complexes may rapidly release free drug molecules and possibly reach
supersaturated states. By using amounts of CD above the stoichiometric fraction
needed for full complexation the extent and persistence of supersaturation can be
tuned: Slowing down the release rate may avoid too high degrees of supersatura-
tion and thus minimize the risk of spontaneous precipitation (also see Chapter 8).

2.4.2.10 Polymeric micelles

The principle of polymeric micelles is very much the same as for complexes: There
is hydrophobic–hydrophobic interaction between the micelle-former and the drug
molecules. Colloidal associates of stoichiometric or non-stoichiometric composi-
tions are formed. Polymeric surfactants are built from a diversity of building blocks
to tailor-make the balance between hydrophilic and lipophilic domains. Polymeric
surfactants have typically lower CMCs and better tolerability as compared to small-
molecule surfactants. Such surfactants are typically not used for oral administration
but for intravenous administration where the priority is on the prevention of precip-
itation rather than on supersaturation [43].

2.4.2.11 Lipid-based formulations (LBFs)

There are several approaches to take advantage of the better solubility of lipophilic
“grease ball”-type drugs in LBFs. For all of them the digestive processes are key to
the understanding of bioavailability upon oral intake [44].

Liquid formulations in which the drug is pre-dissolved are composed of mixtures
of oils, surfactants, and hydrophilic co-solvents. An example is self-emulsifying drug
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delivery systems [45]. LBFs avoid the solid-to-liquid phase transition process of the
drug substance. Upon dispersion into the digestive system the formulations meet
other dietary lipids, bile salts, and phospholipids as well as digestive enzymes. The
composition of the dispersion changes widely, as well as its pH, both locally with
transit and during time. Differential solubility and a complex interplay between dif-
ferent types of micelles, mixed micelles, and oil droplets occur. The absorption rate
for drug molecules may be increased by local supersaturation in terms of molecularly
dissolved drug when lipid metabolites are absorbed. Local precipitation may also
occur. However, re-dissolution of drug in the dynamic environment replenishes the
media with drug molecules and promotes further absorption.

Formulations based on phospholipids include solid phospholipid nanopar-
ticles, pro-liposomes, and liposome dispersions. Similar conditions regarding diges-
tion and absorption apply.

Solid formulations are prepared in the form of solid lipid nanoparticles. Only
few examples of drug-loaded solid lipid nanoparticles have been studied in vivo so
far. Their colloidal size is hoped to qualify for transcytosis, for example, lymphatic
uptake in M-cells of Peyer´s patches. The lipid digestion process takes advantage of
increased surface areas by their small particle size [46].

2.4.2.12 Prodrugs

Molecular structure alterations such as prodrug approaches reveal new substances that
are created with the aim to widely alter their physico-chemical properties. One of the
most obvious aims is to increase solubility of the poorly soluble “mother” drug. In such
a case, the solubility and supersaturation aspects become less prominent. On the other
hand, for such prodrugs the in vivo transition reaction to the original API is the key, in-
cluding questions about the kinetics of the respective chemical or enzymatic reactions.

2.5 Conclusion

Supersaturating drug delivery systems achieve high dissolution rates and high local
drug concentrations. Thus, faster passive drug transport and better oral bioavailability
can be expected. This makes supersaturation an attractive formulations approach in
the development of drugs with limited oral bioavailability. Several promising drug de-
livery systems based on supersaturation as a principle have intensively been studied
and quite a number of them have entered the drug market [47].

For a consistent and meaningful description of the mechanism behind such
drug delivery systems, the correct use of nomenclature is necessary to differentiate
true supersaturation from stable systems with increased solubility. It is proposed to
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clearly distinguish true solubility from apparent solubility, as well as true, freely
dissolved drug molecules and their apparently dissolved and solubilized states. If
so, the term “supersaturation” also needs to distinguish the unstable and stable
states, implying their potential to increase bioavailability.

Drug formulation principles to increase bioavailability have briefly been summa-
rized with respect to their general principles regarding true and apparent solubility,
ditto supersaturation states, and their potential and limitations for bioavailability
enhancement.
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3 In Silico methods to predict solubility

3.1 Solubility: What is all the fuss about?

Solubility is a vital parameter in many different scenarios like for the direct question
“will compound A dissolve in solvent B?” to questions such as “what is the toxicity of a
substance?” [1], “what environmental impacts may a substance have?” [2], and “how
sensitive are humans to a particular odor?” [3]. As a result, many industries have an
interest in determining solubility at an early stage in molecular discovery and devel-
opment, as well as in later stages of chemical and product formulation. Some may
even wish to optimize a molecular design to maximize or minimize solubility depend-
ing on the use case [4]. As a result, the computational prediction of solubility is an
attractive idea as no chemicals are required to be used. Hence, many predictions can
be run in parallel at minimal cost in terms of human research time, chemical usage
and chemical disposal. Computational methods, therefore, offer the potential to dra-
matically shorten the time to solution, minimize the environmental impact of molecu-
lar discovery and reduce research costs. Nonetheless, the general aim in applying
computational methods is not to completely replace laboratory experiments, but
rather to guide investigators towards focusing their experimental resources on the
most promising areas of research.

Solubility is a particularly important property in the pharmaceutical industry,
playing a critical role in determining pharmacokinetics – the mechanism by which a
substance is transported around the body and excreted; and pharmacodynamics –
an active substance’s pharmaceutical action in vivo.

Pharmacokinetics covers the absorption, distribution, metabolism, excretion,
and toxicity (ADMET) properties, which are all influenced by a substance’s bioavail-
ability, that is, in what concentration and how fast an active compound will be
available under physiological conditions at the point of action. For orally adminis-
tered pharmaceuticals, active substances are required to pass through gastric flu-
ids, cell membranes, and blood to reach their sites of action. This covers a wide
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variety of environments: hydrophobic, hydrophilic, acidic stomach, and slightly
acidic to neutral intestinal tract. Many drug molecules are weak acids or bases,
meaning that ionization can occur in response to such environmental changes, af-
fecting the probability of absorption at different sites within the gastrointestinal
tract. Because of these factors, if a substance has a low solubility, or a significant
shift in its solubility due to these changes in environment, then the quantity of that
substance available within the gastrointestinal tract and bloodstream may conse-
quently be low. This leads to difficulties in formulation as there may be a high vari-
ance in the quantity of the active substance available in different patients [4].

Pharmacodynamics describes the pharmaceutical’s therapeutic action. Solubility
can affect how easily an active substance can reach a target, and hence contributes
to a substance’s pharmacological activity. Solubility has become a major source of
attrition in the development of new chemical entities (NCEs), and the subject of regu-
latory conditions for low solubility active substances [5].

3.2 Definitions and concepts

A solution is a homogenous mixture of solute(s) and solvent(s) in any physical state,
solid, liquid, or gas, where the solute is the substance dissolved in the solvent. A sub-
stance’s solubility describes the extent to which the substance can be dissolved in a
given solvent, resulting in a solution. Solubility is a thermodynamic property, related
to the equilibrium between the solute and solvent. From these general ideas, we can
begin to discuss the finer details of solubility and the process of solvation.

3.2.1 Solubility data and experimental determinations

Solubility data, particularly in the pharmaceutical industry, tend to be of two distinct
types: equilibrium solubility measurements, also called thermodynamic solubility,
and kinetic solubility measurements. In the following paragraphs we provide a short
overview of how solubility data can be measured. A more in-depth discussion of this
topic is provided in the chapter 7 “The role of solubility to optimize drug substances –
a medicinal chemistry perspective” of this book.

3.2.1.1 Equilibrium solubility

Equilibrium solubility is the concentration of solute in equilibrium with its saturated
solution. These measurements are often made at the later stages of pharmaceutical
research or during development [6, 7].
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The classical method for determining equilibrium solubility is the shake flask
method [8], which involves mixing a sample of a solute with a solvent. The suspen-
sion is then shaken until equilibrium is reached and a final solubility determined
by the dissolved concentrations after liquid-solid phase separation. This is often
achieved using high-pressure liquid chromatography. This method relies on long
shaking times, as it is difficult to determine when the solution has reached
equilibrium.

A more modern approach is the CheqSol (chasing equilibrium solubility) method
[9–12]. The procedure involves acid-base titrations between concentrations slightly
above and slightly below that where precipitation occurs. A major advantage of the
CheqSol method over others is its speed. The CheqSol experiment takes approxi-
mately 20–80 min [10], whereas traditional shake-flask methods can take days, and
other titration-based methods [13] can take up to 10 h.

Another commonly used method is the syntheticmethod [8], which is particularly
useful for viscous solutions. This method uses a laser and detector to determine the
equilibrium point by a significant drop in laser light reaching the detector, signifying
that the solute is no longer entering solution.

3.2.1.2 Kinetic solubility

Kinetic solubility is the solubility at which an induced precipitate is first detected.
The kinetic solubility value is attributable to a metastable state, which results
from a supersaturated solution, a solution in which the concentration of the sol-
ute is greater than its equilibrium value. Hence, typically these values suggest a
compound’s solubility to be higher than the true equilibrium solubility. As men-
tioned in 3.2.1.1, equilibrium measurements often require a long time, and thus
kinetic solubility measurements have emerged as an alternative due to their
speed, allowing fast screening in the early stages of research. Kinetic solubility
values can be helpful in guiding the experimental design of a NCE towards an op-
timal solubility [6, 7]. On the other hand, they have to be considered with care as
results frequently refer to the amorphous solid-state form and accordingly they
can also be misleading.

Kinetic solubility is often determined using turbidimetric assays. Turbidimetry
is a process that measures the loss of transmitted light intensity due to the scatter-
ing effect of suspended particles. This usually involves mixing the solute with a
solvent and using UV spectroscopy for detection when precipitation occurs. The
solubility is then determined based on the concentration that has been added to
the solvent. Experimental solubility determinations have been discussed in much
more detail by Lipinski et al. [14], and by Alsenz & Kansy [15], and in chapter 7 of
the current volume.
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3.2.2 Intrinsic solubility

An important definition in the solubility literature is intrinsic solubility. The intrinsic
solubility of an ionizable molecule is defined as the equilibrium solubility of the
unionized form at a given set of thermodynamic conditions [16, 17].

This is a significant quantity in many industries where it is used to indicate the
bioavailability of a substance. This is important for pharmaceuticals – where bioavail-
ability determines how effective an API can be and the dose required – as well as in
industries like agrochemicals where environmental concerns are critical for pesticide
and insecticide development. Several well-established models also link the intrinsic
solubility to pH dependent solubility and the dissolution process through the Noyes-
Whitney equation [18] (eq. (3.1)) and Henderson-Hasselbalch equation [19] (eqs. (3.4a) &
(3.4b)), as discussed in more detail below. Intrinsic solubility is generally referred to
using the notation S0 or, for its base 10 logarithm, log S0. The solubility is most often
referred to units of moles per litre (M), though when considered as an equilibrium con-
stant it is technically unitless.

3.2.3 The solvation process and factors which affect solvation

3.2.3.1 Solvation: equilibrium solubility and dissolution

The process of solvation involves two clear and distinct concepts, the first is equilib-
rium solubility (described in 3.2.1.1) and the second is dissolution. Dissolution is a
kinetic property and describes the rate at which molecules become available for dis-
persal from the solid solute into solution. Dispersal of solute molecules through a sol-
vent continues until a constant equilibrium concentration is achieved. Solubility and
dissolution are important concepts, particularly in the context of pharmaceuticals, as
drug delivery is impacted by the dissolution rate and solubility whilst drug activity is
impacted by a solute’s equilibrium solubility [8]. The dissolution rate can be de-
scribed by the Noyes-Whitney equation [18]:

dW
dt

= k A Cs −Cð Þ
L

(3:1)

Equation (3.1). Noyes-Whitney equation: dW/dt is the rate of dissolution, A stands
for the solute surface area that is in contact with the solvent, C represents the instan-
taneous solute concentration in the bulk solvent, Cs is the diffusion layer solute con-
centration (given from the solubility of the molecule with the assumption that the
diffusion layer is saturated), k is the diffusion coefficient, and L is the diffusion layer
thickness.
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3.2.3.2 Thermodynamic effects on solubility

There are several physical and chemical factors that affect a substance’s solubility.
As discussed above, solubility is a thermodynamic property, thus thermodynamic
variables such as temperature and pressure influence a substance’s solubility.

Temperature affects a substance’s solubility in accordance with the second law
of thermodynamics: for an isolated system a spontaneous change will occur in the
direction of increasing entropy. The Gibbs free energy of solvation is composed of
enthalpic and entropic terms:

ΔG*
sol = ΔH*

sol − TΔS*sol (3:2)

where the asterisks refer to the 1 M standard state (see below). The entropic term plays
an increasingly important role as the temperature increases, since molecular motion
increases at higher temperatures, leading to a more disordered system. For example, a
gas has a much greater available volume, is more dispersed, and therefore has a higher
entropy than a liquid or solution. Hence, dissolving a gas in a liquid is entropically un-
favourable, and a gas will generally be less soluble at a higher temperature. Therefore,
gas solvation must be enthalpically driven. The opposite is true of a solid, since break-
ing up an ordered crystal lattice is an entropically favourable process. Thus, a solid
generally becomes more soluble at higher temperature, an observation so familiar that
it can be considered common sense, with the solution representing a higher entropy
state. Solid solvation can therefore be entropically driven.

The partial pressure of a gas (the pressure that a single gas component of a mix-
ture would have if it alone occupied the same volume at the same temperature as the
mixture) is another example of a thermodynamic variable that affects a substance’s
solubility. The solution is in equilibrium with the surroundings. So, if the composi-
tion, temperature, or pressure of the surrounding gas changes, the partial pressure
also changes, and the equilibrium responds giving a change in solubility. This is the
thermodynamic explanation of the process which, for example, occurs when one
opens a carbonated drink and carbon dioxide escapes from the solution.

When discussing the solubility of a solute material, molecular interactions that
exist between the solute molecules need to be accounted for. Where the solute is a
solid, due consideration of the nature of the solid-state form is required, whether
that be amorphous or crystalline, as discussed in chapter 9 of this book.

The polymorphic form of a crystalline material must also be considered. Closer
packing of molecules within a crystal lattice, and stronger interactions, lead to ener-
getically favourable lattice energies. More enthalpy is required to dissociate the ener-
getically favourable crystal, which makes it less soluble. Therefore, the lowest energy
polymorph of a compound is the least soluble. A more weakly bound structure, such
as a less stable polymorph or especially an amorphous state, is enthalpically easier
to break up, and thus the solubility is higher as these structures can dissociate more
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easily. Polymorphism is highly relevant in the pharmaceutical industry, as polymor-
phic transitions can substantially change the solubility, pharmacokinetics, and other
physicochemical properties of a substance. This is perhaps most famously presented
pharmaceutically in the case of the HIV protease inhibitor Ritonavir [20–22].

Ionization also plays an important role in determining a substance’s solubility.
Many biologically active ingredients fall into a category of being a weak acid or
weak base, meaning the active molecules ionization changes, depending on envi-
ronmental pH. This ionization occurs due to a reaction with the solvent, which
forms an equilibrium. An example of the equilibrium states, where water is the sol-
vent, is given in Eqs. (3.3a) & (3.3b) (for an acid – 3a, and for a base – 3b):
Acid:

HA+H2OÐA− +H3O
+ ∴ pKa= − log10

A−½ � H3O+½ �
HA½ �

� �
(3:3a)

Base:

B+H2OÐBH+ +OH− ∴ pKb= − log10
BH +½ � OH −½ �

B½ �
� �

(3:3b)

Equations (3.3a) and (3.3b). (a) Acid and (b) base equilibria and definitions of pKa

and pKb. HA represents an acidic molecule and B represents a basic molecule, the
ionized species are then represented by the charged forms.

The strength of an acid in solution is measured by pKa, which is the negative base 10
logarithm of the acid dissociation constant Ka. A more positive pKa value represents a
smaller extent of dissociation at a given pH, as shown by the Henderson-Hasselbalch
equation – eqs. (3.4a) and (3.4b). Generally, as ionization increases, the solubility of
electrolytes (substances that dissociate upon solvation into ions and enable the solu-
tion to conduct electricity) also increases and the solubility of non-electrolytes de-
creases. As a result, the pH at which experimental measurements are made is an
important factor when assessing a substance’s solubility. The total solubility of an ion-
izable substance is calculable by the Henderson-Hasselbalch equation (for an acid –
eq. (3.4a), for a base – eq. (3.4b)) by consideration of the intrinsic solubility, pH of the
environment, and pKa of a substance. Note that the exponent of the rightmost term
differs in the case of an acidic or basic solute.

log10SAcid = log10S0 + log10 1+ 10 pH − pKa� �
(3:4a)

log10SBase = log10S0 + log10 1+ 10pKa− pH� �
(3:4b)

Equations (3.4a) and (3.4b). The Henderson-Hasselbalch equation. S0 is the intrinsic
solubility, pKa is defined in eq. (3.3a), and pH is the acidity or basicity of the solution.

Solubility is influenced by intermolecular interactions between molecular species.
This means the interactions between the solute molecules, interactions between
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solvent molecules, and the cross interactions between solute and solvent molecules
all need to be accounted for when performing solubility predictions. In addition, ther-
modynamic variables and ionization need to be considered. This leads to many degrees
of freedom, hence demonstrating the difficulty faced in making accurate predictions in
silico [8, 23].

3.3 Computational prediction of solubility

Methods typically applied to solubility prediction broadly fall into two categories:
first principles calculations and chemoinformatics.

First principles calculations generally apply physical modelling methods such
as coarse-grained simulations, molecular dynamics (MD) [24], and quantum chem-
istry. Whilst considerably closer to physics than are chemoinformatics approaches,
such methods are rarely first principles in the sense of doing fully ab initio quantum
chemistry on both solvent and solute. Nonetheless, these methods look to solve real
physical equations to elucidate the physicochemical processes that are occurring.

Chemoinformatics, in contrast, seeks methods to correlate so called features
with a property of interest, in our current case solubility. These features range in
complexity from simple counts (for example the number of carbon atoms in a mole-
cule), to more complex descriptors such as those representing the topology of a
molecule, for example, shape indices [25, 26].

Both first principles and chemoinformatics approaches have their advantages
and disadvantages. Chemoinformatics is a data-driven discipline whose models have
been shown to provide accurate results quickly once they have been suitably trained.
However, these methods usually provide little in the way of phenomenological or
mechanistic information and can perform poorly outside of the domain they were
trained for. First principles calculations have also been shown to provide good results
but are usually a little less accurate and require much more computational time and
hence higher cost. Such methods do, however, provide chemical and physical in-
sights into the phenomena and mechanisms that physically transpire.

In first principles and some chemoinformatics models, it is common to apply a
thermodynamic cycle to predict the solubility of a molecule. There are two frequently
employed cycles: the fusion cycle and the sublimation cycle. These are shown in
Figure 3.1.

The fusion cycle describes the transition from the solid-state to solution-state
through an intermediate supercooled liquid-state. From a physical perspective, this
provides two free energy changes: the free energy of fusion and the free energy of
transfer. The sublimation cycle couples the solid-state to the solution-state through
a gaseous state, which again consists of two free energy changes: free energy of
sublimation and free energy of solvation or hydration. These cycles, or variations
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on them, have been used for first principles models [17, 27–31], chemoinformatics
models [32], and model equations [33].

3.3.1 Standard state conventions

Sublimation energies are typically quoted or calculated in the 1 atm standard state.
In contrast to this, solvation free energies are often given using the 1 M or Ben-Naim
standard-state [34, 35]. This must be accounted for in modelling solubility by a ther-
modynamic cycle. In this chapter, ΔG° will be used to indicate the 1 atm standard
state. ΔG* will be used to indicate the 1 M standard state [34].

The energetic difference across these two standard states is calculated from the
work for isothermal expansion or compression of a gas between its initial volume Vi

and final volume Vf as:

ΔG=RT ln
Vf

Vi

� �
(3:5)

Taking the initial condition to be 1 M and the final as 1 atm, this becomes RT ln
(24.46) at 298 K, since the molar volume of an ideal gas at 1 atm is 24.46 L. The
corresponding energy difference at 298 K is therefore 1.89 kcal/mol or 7.91 kJ/mol.

Gaseous

ΔGhydration

ΔGsolvation

ΔGfusion ΔGtransfer

Supercooled liquid

Aqueous solutionCrystalline

1 atm

+ 1.89 kcal/mol
1 mol/L

ΔGsublimation

Figure 3.1: Sublimation and fusion cycles used to predict solubility. Representation of the 1 atm
and 1M standard states with their difference in energies calculated at 298 K.
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When calculating the sublimation energy, the energetic correction is positive in the
conversion from 1 atm to 1 M and negative in the conversion 1 M to 1 atm, this is
shown diagrammatically in Figure 3.1.

3.3.2 Solubility from first principles

It is very striking that a wide diversity of methods exists for computing solubility on
the basis of chemical and physical theory. We will refer to such methods as first
principles approaches, notwithstanding the fact that to varying degrees they all de-
pend in one way or another on empirical parameters.

3.3.2.1 Computational models of the solvent for first principles calculations

Across computational chemistry, it has been shown that the chemical environment
often needs to be modelled to accurately reproduce the chemical and physical char-
acteristics of a system [36]. In some cases, the environment takes an active role in
chemical processes, meaning that the environment needs to be explicitly accounted
for when modelling the system [36–39].

Models for solvents can be split into two distinct categories: explicit and implicit,
although some hybrid models [40, 41] have also been generated. Implicit models are
computationally more efficient but lack the explicit insights into the role of the solvent.
Implicit models are particularly common in quantum chemistry [42–44], and some
coarse grained simulation is common in chemical engineering. Depending on the prop-
erty one is considering, the additional detail afforded by explicit models may not be
strictly required. Implicit models tend to provide bulk response properties such as po-
larization, but do not explicitly represent discrete solvent molecules. Implicit models
model a solvent as a continuous field, which interacts with a bounding surface around
the solute. The reaction field, induced by the charge distribution of the solute polariz-
ing the solvent field, is then evaluated on this surface. This is shown in Figure 3.2.
Notable versions of implicit solvation models include the Polarizable Continuum Model
(PCM) [45, 46], the Solvation Model based on Density (SMD) [47]. A notable variant of
the dielectric continuum models is the Conductor-like Screening Model (COSMO) [48].

Explicit models directly model solvent molecules, thereby accounting for spatial
and orientational degrees of freedom of the solvent. Explicit models pay additional
overheads for accounting directly for all the degrees of freedom but provide greater
insight into the role solvents play in a chemical system. Explicit models are most
common in molecular dynamics [24] – a simulation method for studying the physical
motion of atoms and molecules, where the trajectories of atoms and molecules are
determined from Newton’s equations. Explicit models for various solvents have been
generated over decades, which has allowed the tuning of efficient parameterized
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models to represent the physical processes that are occurring. Genuinely, first princi-
ples quantum chemical methods have also advanced to a state at which a limited
number of explicit solvent molecules can be included in a calculation [49, 50], in
these examples only one or two water molecules are included. In addition, coupled
multi-scale methods such as quantum mechanics/molecular mechanics (QM/MM)
[51] have allowed quantum chemical calculations of reactions in the presence of a
larger solvent environment. Quantum mechanics is used to treat the area in which
chemical processes take place at an appropriate level of quantum theory, and molec-
ular mechanics is used to model the rest of the system with a force field. Such advan-
ces have enabled computational studies of enzyme reactions [52–54].

There are some emerging hybrid models which offer averaged spatial distribution
information without the extra computational cost of explicitly representing the sol-
vent molecules, an important example being the 3-Dimensional Reference Interaction
Site Model (3D-RISM) [40, 55–58]. 3D-RISM stands at a level intermediate between the
respective kinds of solvent representation used in explicit and implicit solvent mod-
els. 3D-RISM uses three-dimensional solvent density distributions, but not spatial co-
ordinates of individual solvent molecules. Although 3D-RISM is based on rigorous
statistical mechanics, carefully chosen 3D-RISM functionals are required to obtain
numerically accurate results.

Figure 3.2: Implicit solvation by a continuum model. A probe shown in yellow is used to trace a
surface known as the solvent accessible surface defining a surface area which is accessible for
solvent interactions with the solute. A reaction field is then induced as a result of the solute
molecule’s electrostatic potential polarizing the continuum field.

80 James L McDonagh et al.

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.3.2.2 Modelling water

Aqueous solution is one of the most critical chemical environments, and the subject
of much computational as well as experimental research. Therefore, many models
have been generated to represent water in various computational methods. In this
section we outline some of the common water models. An exhaustive list of water
models in computational chemistry is outside the scope of this text, but we provide
references to extended discussions on that topic [40, 41, 43, 44, 59, http://www1.
lsbu.ac.uk/water/water_models.html accessed 12 August 2019].

The water molecule is composed of two hydrogen atoms covalently bound to a
single oxygen atom in a distorted tetrahedral geometry. The oxygen lone pairs above
and below the plane of the molecule cause a deviation from the ideal 109.5 ° tetrahe-
dral bond angle, the experimentally determined value being 104.5 °. Water is a polar
molecule, having point group C2v and a permanent dipole moment along its principal
axis. Water can also act as both a hydrogen bond donor and hydrogen bond acceptor.
It can form up to four hydrogen bonds with neighboring molecules. This leads to
highly ordered structures being formed; particularly in its crystalline solid-state form,
ice, which has many different polymorphic forms that differ in the regular 3D arrange-
ments of the water molecules and can be formed under different conditions of temper-
ature and pressure. One of the notable anomalous properties of water is that water’s
maximum density is not in the solid phase, as is the case with most substances. In
fact, water’s maximum density occurs as a liquid around 4 °C.

Generally, explicit water models can be categorized through three characteristics:
1) the number of interaction sites each molecule has, 2) whether the molecule is
treated as a rigid or a flexible body, and 3) whether polarizability is included or not.

The most minimal models in common use are the three site models. These mod-
els generally have a rigid structure and place interaction sites at the atomic loca-
tions within the water molecule. The hydrogen sites are typically represented by a
point charge. The oxygen site is represented by a point charge and a Lennard-Jones
repulsion-dispersion potential. Regularly utilized models of this type are: Simple-Point-
Charge (SPC) model [60], SPC-Extended (SPC/E) [61], and Transferable-Intermolecular-
Potential with 3 Points (TIP3P) [37]. The SPC model was the first of these models to be
published, followed by TIP3P. Both models are rigid with the SPC model having an
ideal tetrahedral HOH angle of 109.5 °, whilst the TIP3P HOH angle is the experimental
104.5 ° [37, 60]. These models were generally fitted to reproduce experimental density
and heat of vaporization and typically have a dipole moment marginally larger than
gaseous water. The SPC/E model was derived using a heat of vaporization that ac-
counted for the energy needed to polarize the model beyond the gas phase dipole mo-
ment. Consequently, this model has a larger dipole moment than SPC. A further
addition to the SPC model is the flexible-SPC model, which has been shown to be a
very accurate three-site model [62–64]. The flexible-SPC model enables O-H bond

3 In Silico methods to predict solubility 81

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://www1.lsbu.ac.uk/water/water_models.html
http://www1.lsbu.ac.uk/water/water_models.html


distance and angle variations during a simulation. Three site models are very compu-
tationally efficient owing to their relative simplicity.

A two-site model also exists, and is based on the SPC model, maintaining the
dipole moment, size, and charge separation of the three-site SPC model. This model
has been shown to capture the solvation properties of water well for apolar solutes
and the bulk solvent [65].

Beyond these models are the four-site models. These models add a fictitious neg-
atively charged interaction site along the principal axis of the water molecule. The
additional site better represents the electrostatic charge distribution over the water
molecule. Of the four-site models, TIP4P [37] is the most commonly applied, and is
used in a variety of forms that have been optimized for different scenarios. One of the
most notable optimizations of the TIP4P is the TIP4P/Ew model [66] that has been
optimized for use in simulations that employ Ewald summation techniques for treat-
ing the long-range electrostatic interactions. The TIP4P/Ew model has been shown to
have significantly improved water property reproduction in comparison to the TIP4P
model [66]. TIP4P/Ice [67] is a model optimized for simulating and recovering proper-
ties of ice structures, with charge and Lennard-Jones parameters used similarly to the
TIP4P/Ew model, and fitting equations of state for different forms of ice. TIP4P/2005
[68] is a general-purpose parameterization for the condensed phases of water which
shows promising reproductions of experimental properties.

Further models have been constructed adding additional sites to the water mol-
ecule with five-site models typically including interaction sites for the oxygen lone
pairs and removing the fictitious site from the four-site models. TIP5P is an example
of this type of model [38, 69], and has been shown to provide some improvements
in reproducing the structure of water clusters.

Most of the models mentioned in the preceding paragraphs are rigid, non-
polarizable models, although many have extensions that aim to add parameters to
model electronic polarization, for example, TIP3P/Fw and SPC/Fw [64]. However,
when introduced as a solvent in biomolecular simulations, or for dilute solutions,
their performance decreases. Polarizable water models aim to account for the instan-
taneous electrostatic environment of each water molecule in solution – that is to say,
individual water molecules in solution are inequivalent, as opposed to classical
water models, which try to produce an “average” representation of a water molecule.

Generally, fixed point-charge models tend to over-stabilize the water dimer, in
comparison to polarizable models [70]. One method to include polarizability is the
Drude oscillator model, where a classical charged Drude particle is attached to the
water oxygen by a harmonic spring. One such model is SWM4 [71], which represents
the permanent charge distribution of water by three point-charges; two on the hydro-
gen atoms, and an additional point at the HOH bisector. There are five charged sites in
total. Other Charge-On-Spring (COS) [72] models include the COS/B1-B2 [73], COS/G2-G3
[74] – based on the TIP4P geometry, and COS/D [75] models. COS/G2 and COS/G3 mod-
els are very similar in performance, and arguably better than the COS/D model.
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BK3 [76] is a polarizable model with Gaussian spatial distributions of atomic
charges as opposed to point charges. Multipolar representations of water molecules
can be used in conjunction with MD. These methods go beyond point charges by
including dipoles, quadruples and sometimes higher multipoles to improve the re-
presentation of the anisotropy of the molecular charge distribution [77, 78], a nota-
ble example being Amoeba [79]. Electronic coarse graining now enables very
accurate water models to be applied to research problems [80].

Coarse-grained techniques have also been produced. These methods enable
larger simulations to be carried out using simplified models. Methods such as
coarse-grained MD and dissipative particle dynamics (DPD) are now becoming com-
mon in industrial and academic settings. Some efforts are now underway to con-
struct optimal coarse-grained models and investigate the transferability of such
models [81, 82].

3.3.2.3 Computing sublimation energies

Those methodologies using the sublimation cycle (Figure 3.1) require the computa-
tion of the sublimation free energy. There are three main approaches to this which
are used either in solubility calculations, or in crystal structure prediction (CSP).
These are firstly the ψmol approach, secondly the ψcrys method, and thirdly the
Einstein Crystal technique.

In chemistry and materials science, for systems where a compound’s crystal
structure is unknown, prediction methods are widely used. These typically involve
generating possible crystal packings and identifying those with the most favourable
lattice energies. These methods fall under the category of CSP. Conveniently, lattice
energy corresponds almost exactly to the sublimation energy described in Figure 3.1,
albeit with a sign reversal. Thus, techniques originally developed for CSP can be in-
corporated into first principles solubility computation.

One approach [83], which has been popular in CSP, is to obtain the lattice en-
ergy with a model potential for the repulsion and dispersion terms, plus distributed
multipole analysis (DMA) [78] for the electrostatics. This approach to CSP or lattice
energy computation is sometimes known as the ψmol approach. The name indicates
that the wavefunction, or charge density for density functional theory (DFT) meth-
ods, is calculated explicitly only for the isolated molecule. From this charge den-
sity, one obtains the DMA, giving an atom-atom anisotropic description of the
electrostatic interactions. The lattice energy is then minimized by relaxing the lat-
tice parameters and the positions and orientations of the molecules within the unit
cell in the lattice minimization programme DMACRYS [83]. This approach is used in
simulation-free solubility calculation [17, 30, 84], with the entropic components
then being approximated using statistical thermodynamics [85].
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A second possibility is to compute the lattice energy by quantum chemistry,
which approaches genuine first principles accuracy. The state of the art is periodic
DFT, which however requires some correction for the missing dispersion energy.
Hoja & Tkatchenko [86], used the PBE0 functional [87] along with a many body dis-
persion correction and mode-by-mode analysis of the vibrational contributions for
their most accurate CSP results. The approach is known as ψcrys since it obtains the
wavefunction or charge density for the periodic crystalline system. Curtis et al. [88],
similarly used a dispersion-corrected periodic DFT ψcrys approach as part of their
genetic algorithm approach to CSP.

Buchholz et al. [84], obtained results for both the ψmol and ψcrys approaches,
and both the melt and sublimation cycles, in their simulation-free study of the rela-
tive solubilities of racemic and enantiopure organic crystals. They also discussed
the benefits of going beyond the statistical thermodynamic approximation of the vi-
brational contributions by explicitly computing the contribution of each phonon or
molecular vibrational mode. Iuzzolino et al. [89], used ψcrys and ψmol approaches
successively in their CSP protocol.

The performance of modern CSP methods is covered in the literature describing
blind tests held periodically by the Cambridge Crystallographic Data Centre (CCDC).
There have been six such tests to date, covering a multitude of different models
from various researchers [90–95].

A third approach to the sublimation energy, more popular in solubility prediction
than in CSP, is to obtain the free energy difference between an Einstein crystal, which
is a simple hypothetical model of a solid, and the real crystal by simulation. This ap-
proach has been used by Li et al. [31], and by Sanz & Vega [96]. Simulation-based
approaches to this problem are discussed at greater length in Moustafa et al. [97].

3.3.2.4 Computing hydration energies

The computation of hydration energies has been reviewed at length by Skyner et al.
[41], and will only be summarized here. There exists a wide diversity of approaches.
Alchemical free energy simulations with explicit solvent models have been used to
calculate hydration free energies by Mobley et al. [98], and Westergren et al. [99],
amongst others. QM/MM approaches [52] are also possible. Moving down the scale of
accuracy and cost, we can consider solvent density without the need for simulations
of explicit water molecules by utilizing an integral equation theory model with a suit-
able free energy functional, for example, 3D-RISM with the UC, PC, or PC + functional
[57, 100–102], or classical molecular density functional theory [103], which describes
the density of molecules in a fluid rather than the more familiar use of DFT to describe
the density of electrons in a molecule. This can provide an excellent compromise be-
tween cost and precision. Hydration energies can also be calculated at relatively low
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computational cost using implicit solvent continuum models [104, 105]. Finally, the
COSMO-RS model can also generate good results [42, 106].

3.3.2.5 First principles routes to solubility

Figure 3.3 shows the variety of different thermodynamic cycles used to obtain the
chemical potential or free energy difference between crystalline solute and aqueous
solution. As discussed earlier, a simple cycle where the total solid-to-solution free
energy change is obtained from considering a route via the gas phase is known as a
sublimation cycle. The archetypical sublimation cycle is the simple crystal-gas-
solution route shown in yellow in Figure 3.3, and as the top half of Figure 3.1. A
cycle proceeding via a liquid, often a notional supercooled liquid at room temper-
ature, is known as a melt cycle and corresponds to the bottom half of Figure 3.1.

Amorphous
solidWeak

solid

Einstein crystal

Ideal gas

Octanol
solutionWater

LJ fluidWeak fluid

Luder et al.

Simulation-free
GSE

Frenkel group
Smith group
Density of states Sanz & Vega

Direct coexistence
Paluch et al.

Cavity
in water

Cavity 
in liquid

Liquid

Crystal
First principles solubility computation

Supercooled
liquid

Vaporized solution

Aqueous 
solution

Figure 3.3: States considered in a sample of nine first principles approaches to solubility
calculation. All such methods require a suitable route, or thermodynamic cycle, linking the crystal
and aqueous solution. This route must permit the change in free energy between crystal and
aqueous solution, and therefore the equilibrium constant describing solubility, to be deduced from
contributions which can all be computed with available techniques and models. States are
included here if they are considered explicitly, visited in simulations, or used as a reference for the
calculation of chemical potential or free energy. Some states correspond to real systems, others
are hypothetical.
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The general solubility equation (GSE) method of Yalkowsky’s group which is also
discussed in chapters 1 and 7 of this book, [33] uses a cycle of this general kind,
though also considering solution in octanol, and corresponds to the red line in
Figure 3.3.

3.3.2.5.1 Direct coexistence
One approach is to run an MD or similar simulation of a solute and solvent until
equilibrium is reached. This equilibrium will then represent the solubility limit of
this system, and the concentration can then be obtained simply by counting the
number of solvent and solute particles in the solution phase in the simulation.
Kolafa [107], used both the SPC/E model of water [61] and the BK3 model [76] to
simulate a slab of crystalline NaCl in direct contact with brine, and obtained solu-
bilities around 3.7 mol/kg, rather less than the experimental 6.1 mol/kg. Such direct
coexistence methods tend to be expensive and on occasion are described rather
harshly as “brute force” approaches, despite the substantial technical and scientific
expertise involved.

3.3.2.5.2 Chemical potentials from simulation
Another popular approach is based on the equality of the chemical potentials of the
crystalline solid and aqueous solution phases at equilibrium:

μsoluteaq = μsolutesolid (3:6)

where the chemical potentials (μ) are functions of temperature, pressure, and, in
solution, concentration [23, 27]. If the absolute chemical potentials of both phases
can be calculated at a given temperature and pressure, then the problem reduces to
finding the solution chemical potential as a function of concentration. The concen-
tration at which the two chemical potentials become equal is the limiting equilib-
rium or thermodynamic solubility. Computing the absolute chemical potentials of
these phases requires comparison with a reference state, for example, an ideal gas
as in a sublimation cycle, whose absolute chemical potential can be obtained.
Alternatively, absolute values are not required if both crystal and solution phases
are referred to the same reference state, since the requirement of eq. (3.6) is simply
that the difference in their chemical potentials is zero.

Recent work in the Frenkel group [31, 108] calculated the chemical potential of
the crystalline phase by using MD to simulate thermodynamically reversible paths
between the Einstein crystal and the full crystalline solute. The solution phase chemi-
cal potential was obtained by MD simulation of the processes of growing a cavity in
SPC water [60], inserting a solute molecule into the cavity, and then finally shrinking
the cavity away to leave the molecule in aqueous solution [23]. Although Li et al., in
fact, simplified their analysis by assuming high dilution, such that only the insertion
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of a single isolated solute molecule into pure water need be considered, their method
is easily extensible to higher solubilities. They applied their approach to naphthalene
and obtained logS0 = −5.32, almost identical to the experimental value of −5.36 [31].
Whilst they suggest that this essentially perfect agreement may be somewhat fortu-
itous, it provides a tantalizing hint that their methodology may be highly effective.
More recently [108], they calculated the solubility of phenanthrene as logS0 = −6.51
compared with the experimental −6.96, an error of only 0.45 logS0 units. However,
their calculations underestimated the solubility of caffeine by approximately two or-
ders of magnitude. To investigate the accuracy of their method properly, a much
larger set of predictions on several tens of druglike compounds would be required.

The Smith group’s work, Moučka et al. [28], similarly seeks conditions where eq.
(3.6) is satisfied. They used an Osmotic Ensemble Monte Carlo Approach to calculate
the chemical potential of NaCl solutions as a function of concentration, carrying out
a series of Monte Carlo (MC) simulations with different numbers of ion pairs solvated
in water. They also used MC simulations to compute the chemical potential of solid
NaCl. Since both solid and solution chemical potentials were calculated relative to
the ideal gas reference state, this work is also an example of the so-called sublima-
tion cycle; see Figure 3.1. Like any approach intended for highly soluble compounds,
their methodology is required to operate without any assumptions of high dilution.
Like most NaCl solubility calculations, their results both depended quite strongly on
the force field used and were underestimated relative to experiment. Their best result
was a solubility of 3.6 mol/kg using a potential function from Joung & Cheatham
[109], a factor of nearly two smaller than the experimental value of 6.1 mol/kg and
similar to the results of Kolafa [107]. Other choices of force field led to values in the
range 0.8–1.0 mol/kg. The inadequacies of potential energy functions are likely to be
a major cause of underestimation of NaCl solubility in simulation studies.

Paluch et al. [27] also computed the solubility of NaCl. Their work contains a
particularly useful discussion of the role of reference states in calculating both rela-
tive and absolute chemical potentials. They also obtain μsoluteaq as a function of con-
centration and seek the conditions where it is equal to μsolutesolid . The solid chemical
potential is found by performing MD simulations along a pathway in which the
crystal is transformed via two hypothetical states, a weakly interacting ordered
solid and a weakly interacting liquid, into an ideal gas. Path integration is per-
formed along this transformation pathway, so that the solid chemical potential can
be found relative to the ideal gas reference state. For the solution, they carry out an
analogous process using what they term an expanded ensemble method, linking to-
gether the ideal gas and the solution in SPC/E water [61] via solutions of varying
concentrations, all simulated with an MC method. Like Moučka et al. [28], they un-
derestimate the NaCl solubility significantly, obtaining 0.8 mol/kg.

Sanz & Vega [96], had earlier used MC simulations and thermodynamic integra-
tion to link the solid chemical potential to that of an Einstein crystal, and the solu-
tion chemical potential to a hypothetical Lennard-Jones fluid. Both were also
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related to an ideal gas reference state. They found the solid and solution chemical
potentials of NaCl to be equal at a concentration of 5.4 mol/kg in SPC/E water [61],
which translates to 4.8 M. Their result is significantly closer to the experimental
value of 6.1 mol/kg, or 5.4 M, than many other simulation-derived solubilities for
NaCl. Possible reasons for this are discussed at some length by Paluch et al. [27].

3.3.2.5.3 Free energy change via amorphous phases
In a series of four publications [29, 99, 110, 111], a Swedish team computed the solu-
bility of druglike molecules using simulations via an elaborately planned route that
visited crystalline and amorphous solids, supercooled liquid, liquid melt, and ideal
gas on its way to the aqueous solution. Rather than explicitly modelling the crystal-
line phase, they linked crystalline to amorphous solubility by the empirical
relationship

Samorph
0 ≈ Scrys0 exp

ΔSm
R

ln
Tm

T

� �� �
(3:7)

where Tm is the melting point and ΔSm is the entropy of melting. Their work is nota-
ble for its use of a simple linear response approximation, whereby the free energy
required to transfer a single molecule from the vapour into an amorphous phase is:

ΔGva = ΔGcav + ELJ +
EQQ

2
(3:8)

This is the sum of the free energy required to form a cavity in TIP4P water (ΔGcav)
[37], the Lennard-Jones energy of interaction of the molecule with the amorphous
phase (ELJ), and only half the Coulombic interaction energy, since the other half is
assumed to be cancelled out by a corresponding entropy change. Their most accu-
rate free energies were obtained by an expensive free energy perturbation method,
but they demonstrated that good results could also be achieved by simpler and
cheaper models which greatly reduced the cost of the simulations.

3.3.2.5.4 Simulation-free approaches
An alternative to simulation is to calculate the free energy changes in a static manner,
without use of dynamics. Two related publications [17, 30] illustrate this approach,
both computing solubility as an equilibrium constant derived from free energy
changes calculated under standard conditions. This contrasts with the approach based
on eq. (3.6) and used by many simulation methods, which seeks the non-standard con-
ditions under which the change in chemical potential or free energy on solvation is
zero. In Palmer et al.’s work a sublimation cycle is used, the crystal-gas leg being com-
puted by the kind of ψmol-based lattice energy minimization common in crystal struc-
ture prediction [83]. In the 2008 publication, the gas-solution leg was computed via a
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simple quantum chemical model of the solution state. The authors looked both at a
direct gas-aqueous route, and at one via octanol solution. The ease of computing logP,
and hence the relevant partition equilibrium constant P, facilitated accurate modelling
of transfer between the two solution environments. The authors found that significant
improvements in accuracy could be obtained by allowing the contributions to the free
energy change to be scaled by parameters fitted from training data. A regression
model including three descriptors – first principles lattice energy, estimated logP, and
the number of rotatable bonds – achieved an excellent root mean squared error
(RMSE) of 0.71 logS0 units over an unseen test set of 26 druglike molecules [17].
Adding the computed hydration energy to the model was found not to improve the
regression statistics.

Modest accuracy in the hydration energy was to be expected, since continuum
solvation models contain many approximations. Solvent structure features from the
solvation shell structure are missing in continuum models, and non-electrostatic
energy terms are not represented in a first principles manner. In Palmer et al. [30],
the more sophisticated 3D-RISM/UC model of Palmer et al. [57], parameterized spe-
cifically to yield numerically accurate hydration free energies, was used for the hy-
dration leg.

Combining the two legs of the cycle, the solubility S0 can be obtained from the
free energy of dissolving the solid into aqueous solution, which is given by the sum

ΔG*
solu = ΔG*

sub + ΔG*
hyd = − RT ln ðS0VmÞ (3:9)

where S0 is the intrinsic solubility in moles per litre and Vm is the crystal’s molar
volume. The molar volume Vm (in litres) appears due to the use of the Ben-Naim
approach with the molecular centres of mass fixed and a standard state (denoted
by *) of 1 M concentration. S0Vm is the ratio of the compound’s concentrations in
aqueous solution and in the crystal, which Ben-Naim and Marcus [35], treat like a
partition coefficient. A useful formula [30, 41] allows one to calculate the sublima-
tion free energy at its usual 1 atm standard state and the solvation term similarly at
the common 1 M, whilst eliminating the crystalline molar volume:

S0 = −
p0
RT

exp
ΔG1 atm

sub +ΔG1mol=L
solv

RT

 !
(3:10)

Palmer et al. [30], achieved a RMSE of 1.45 logS0 units from first principles across a
set of 25 druglike molecules, good enough to be a useful prediction though with a
larger error than is typical of informatics approaches to similar problems.

Also borrowing from CSP, Buchholz et al. [84], considered both ψmol and ψcrys

approaches to the sublimation energy in their investigation of the relative solubil-
ities of racemic and enantiopure crystals of druglike organic molecules. For the
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gas-to-solution leg, they utilized the COSMO-RS model [42]. Their objective was to
evaluate the feasibility of using differential solubility for enantiomer separation.

3.3.2.5.5 Solubility from density of states
A rather different method has been described by the Anwar group [112]. This in-
volves computation of the density of states of the solution, which is carried out by
means of MC simulations on NaCl solutions of different concentrations in SPC/E
water [61], using the force field from Joung and Cheatham [109]. These simulations
visit both solution and gaseous states, to facilitate particle insertion. The solid
phase can be simulated similarly to other methods discussed above, or one can sim-
ply import an externally simulated value of μNaClsolid. Restricting themselves to condi-
tions at which the solid and solution chemical potentials were equal, the authors
then looked at the computed density of states, in the form of the probability distri-
bution function. If the density of states is known, scanning the probability distribu-
tion function in temperature at a given pressure determines the phase coexistence
condition, and vice versa for pressure. The single-component probability distribu-
tion function contains two peaks, one corresponding to pure solute and the other
corresponding to the saturated solution; the mole fraction of this peak is the limit-
ing solubility. Like other simulation-based studies, they found a NaCl solubility
around half the experimental value and noted a counterfactual decrease of com-
puted solubility with increasing temperature.

3.3.3 Solubility from informatics

Informatics methods, in contrast to first principles ones, are designed with the sim-
ple objective of accurate numerical prediction. One seeks any method that will link
the inputs – in this case, representations of molecular structures, to the required
outputs – accurate estimates of experimental solubility, without any requirement to
incorporate real-world physics or chemistry. Any interpretability or mechanistic in-
sight from the model would be a secondary consideration at best. For a property
where we believe that the underlying processes are unknown, difficult, or expen-
sive to compute accurately, this approach of letting the data speak for themselves
has much to commend it. Properties like bioactivity, logP and melting point are
therefore generally computed with informatics methods. On the other hand, some
other properties, such as dipole moments and infrared absorption frequencies, are
relatively easy to compute accurately from first principles, and not generally pre-
dicted by chemoinformatics. Solubility is an intermediate property, where first prin-
ciples computation is tractable, but currently informatics provides both much faster
and more numerically accurate predictions.
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3.3.3.1 Test sets, comparison, and experimental design

The traditional experimental design in informatics-based property prediction is to
train the model on a training set. Optimization of a model on this training set would
ultimately lead to overfitting, and thus any model must be validated on an indepen-
dent external test set which has not in any way been used in the model’s construc-
tion. Alternatively, multiple models are built using different subsets of the data for
training and for testing. Techniques of this kind include cross-validation, bootstrap-
ping, and jack-knifing, and again depend on the test data for a particular model
being independent of its training. Where an algorithm has variable parameters, these
may be optimized using an internal validation set, once more this needs to be entirely
independent of the final external testing. For small datasets, tuning model parame-
ters against a single validation set may induce model bias, which can sometimes be
avoided by using cross-validation rather than simple training and validation to opti-
mize these parameters, see Figure 3.4a. For instance, in a tenfold cross-validation ex-
ercise with an internal validation fold, the roles of the eight training, one internal,
and one external validation set are permuted cyclically, and ten separate models gen-
erated, as shown in Figure 3.4b.

Validation methods, such as in the cyclical process described above, are often
used for model selection. In these cases, the validation method needs to be sensi-
tive enough to estimate differences between models, as discussed by Gütlein et al.
[113]. For example, if the validation method has a bias in calculating predictivity,
the method can still be applied, providing the systematic error applies across all
models. Validation is also sensitive to dataset size, and the distribution of the data.
The data in the training set will only produce a model that is good for predicting
values from the same distribution. Validation estimates therefore only hold true for
unseen data that fall within the same distribution as the training data. Sample se-
lection bias using data biased towards a particular distribution can be reduced or
avoided by using larger datasets for testing, by repeating the splitting of data, or by
using stratified splitting where the folds of data are designed to have a similar dis-
tribution of property values, or sometimes coverage of chemical space, to the over-
all dataset. For example, if the dataset contains a few large hydrophobic and
probably insoluble compounds, the splitting is designed as far as possible to put
them in different folds so that each fold is representative of the distribution of these
selected groups in the complete dataset.

Unfortunately, almost every published study uses somewhat different data.
This makes it almost impossible to compare the quality of prediction between sepa-
rate studies. Although the relative performance and ranking of methods within a
given study may be meaningful, the examples below will show that these relative
rankings are in fact often not maintained when studies are compared. Although
several standard datasets exist, such as the Huuskonen set [114] and the DLS-100
set [115], typically studies adopt a pick-and-mix approach to dataset construction. It
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Figure 3.4: (a) Structure of a tenfold cross-validation experiment. Each model makes unseen
predictions of solubility for ten molecules, such that each molecule is predicted once by the
ensemble of ten models. (b) A detailed view of the tenfold cross-validation experiment, showing
the roles of each fold in the ten different runs. This corresponds to the region outlined in green in
Figure 3.4a.

92 James L McDonagh et al.

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



is well known that some molecules are harder to predict solubility for than others
[116, 117], and by extension predictivity cannot easily be compared between data-
sets drawn from different regions of chemical space or different degrees of molecu-
lar diversity. This means that prediction statistics from different studies can provide
only a rough guideline for comparison.

A rare attempt to standardise solubility prediction was the solubility challenge
[12, 117] where the idea was that 100 accurate solubilities would be provided as a
training set and a further 32 would be held back as a test set. Research groups around
the world were challenged to predict intrinsic aqueous solubilities for these 32 com-
pounds. Of these, 94 training and 28 test compounds had usable numerical solubility
data. The other compounds were either too soluble for CheqSol to detect any precipi-
tate, in which case no numerical solubility is available, or found to decompose or react
during the experiment; as in the cases of aspirin and, it was later discovered [118], in-
domethacin. There were 99 entries received, each of these being a set of predicted sol-
ubilities submitted by one participating research group. The best were high-quality
models, whilst some of the others were not predictively useful. The organizers reported
only R2 on the test set, and number of answers correct to within the exacting margin
of ± 0.5 logS0 units. On these criteria, only 18 entries obtained an R2 above 0.5 on the
28 test compounds, and only 19 predicted at least half of the solubilities correctly.
Fuller reporting of results, and especially a description of the methods employed by
each entrant, would have made the solubility challenge even more valuable to the aca-
demic and industrial communities interested in solubility prediction. Nonetheless,
these 122 compounds and their solubility data provide a standard training and test set
than can be used to evaluate new and existing methods. A second Solubility Challenge
was released by Llinas & Avdeef in 2019, comprising of two separate test sets [119].

3.3.3.2 General solubility equation

Before discussing purely informatics approaches to solubility prediction, we should
mention one method that falls somewhere between informatics and first principles.
Ran & Yalkowsky [33], give a theoretical justification of their general solubility
equation (GSE) in terms of a version of the melt cycle, where the melting point de-
termines the ratio of the solubilities of the solid and liquid phases, whilst the octa-
nol-water partition coefficient logP describes the difference between solubility in an
ideal solvent and in water. This leads to an equation

logS0 =0.5−0.01 MP− 25�Cð Þ− logP (3:11)

where MP is the melting point in degrees Celsius, with the melting point term set to
zero for compounds which are liquid at room temperature. Notwithstanding its the-
ory-related derivation and its parameters being conveniently round numbers, this
equation shares much in common with purely empirical relationships. Where
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experimental melting points and partition coefficients are available, the GSE can be
quite accurate. Ran and Yalkowsky obtained a best root mean squared error (RMSE)
of 0.52 logS0 units for a dataset including both druglike and smaller organic mole-
cules. Yalkowsky’s group later reported RMSEs between 0.53 and 0.86 on a variety
of test sets [120]. McDonagh et al. [121], found an RMSE of 0.77 for 30 druglike mole-
cules using a version of the GSE that incorporated experimental melting points and
in silico predicted logP values, and 0.86 when both melting points and logP were
predicted computationally. Although melting point is hard to predict accurately
[122–124], each 1 K error in the melting point affects the GSE’s predicted solubility
by only 0.01 logS0 units, so even modest quality predicted melting points are ac-
ceptable for this purpose. Ali et al. [125], fitted a version of the GSE using training
data; the coefficients, as expected, changed upon fitting and the RMSE therefore is
slightly better than that of the Ran & Yalkowsky GSE on the same dataset. Ali et al.
also looked at models involving topographical polar surface area (TPSA) as an alter-
native to melting point that is more easily predictable for unsynthesised virtual li-
brary compounds; this change has very little effect on the RMS error. Alternatively,
TPSA can be used as well as melting point, in which case the error falls from 0.71 to
0.61 logS0 units with the inclusion of the one extra parameter.

3.3.3.3 Quantitative structure-property relationships (QSPR)

The idea that there exist property-to-property and structure-to-property correlations
amongst molecules goes back to at least the 1860s [126, 127]. As early as 1863, Cros
related solubility to toxicity in a PhD thesis [128]. Such relationships are predicated
on molecular structure being both physically meaningful and capable of being rep-
resented, notions only gaining widespread acceptance in the mid-nineteenth cen-
tury. Edinburgh chemist Alexander Crum Brown was an early advocate of the
representation of molecular structure as bonds between atoms, using deliberately
two-dimensional topological diagrams showing interatomic connections and bond
orders. His 1868 paper [129] linked “the mutual relations of the atoms in the sub-
stance” to its physiological effect. QSPRs relating structure specifically to solubility
included the work of Fühner [130], and Erickson [131], both of whom observed that
adding extra CH2 units reduces solubility by an approximately constant factor.
QSPR pioneer Hansch demonstrated that solubility could be predicted by assuming
a linear relationship between logS0 and logP [132].

3.3.4 Specific techniques in QSPR and machine learning

A substantial number of different mathematical and computational techniques have
been used in the construction of QSPR models of solubility and other physicochemical
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properties [133]. The more sophisticated and typically non-linear algorithms that have
more recently become mainstream in the field are generally categorized as supervised
machine learning methods. That is, the computer learns the relationship between
chemical structure and solubility by being trained on available data and generates a
predictive model. Below we describe some of the interesting and important techni-
ques, though this list is not exhaustive.

3.3.4.1 Linear techniques

Many historically important and mathematically compact approaches to the QSPR
problem are linear. At its simplest, such a model uses a linear combination of input
properties describing chemical structure and multiplies them by fitted coefficients
to predict the value of the output property, here solubility. This can be simply visu-
alized as an extension of the idea of interpolation from a line of best fit, although
the number of variables used in the model is usually rather greater than one.

3.3.4.1.1 Group contribution and multi-linear regression methods
The constant effect of a CH2 moiety described in Section 3.3.3 is a rudimentary exam-
ple of a group contribution. This concept can be used to build models where each
molecule is broken down into fragments, often similar to conventional functional
groups. By using a suitable training set each such group is assigned a numerical pa-
rameter defining a transferable contribution to solubility, which it is presumed to
make whenever it occurs in a molecule. For each test molecule, logS0 is calculated as
the sum of the contributions from each group in the compound [134–136] – this is
known as an additive group contribution method. Klopman et al. [134], carried out
several predictive tests on different models. Their most generally applicable model
gave an RMSE of 1.25 on 21 organic molecules. Hou et al. [137], defined contributions
per atom, rather than per molecule, and obtained an RMSE of 0.79 logS0 units over
120 test compounds. Wang et al. [138], modified the group contribution idea by calcu-
lating an accessible surface area associated with each fragment, rather than just
counting the occurrences, and added descriptors for other key properties into their
model. They validated their model thoroughly and obtained an RMSE of 0.705 on
their 120-molecule test set, compared with between 1.23 and 2.06 on external data-
bases of druglike compounds. The UNIFAC (UNIversal quasi-chemical Functional-
group Activity Coefficients) approach is effectively a group contribution method but
proceeds via estimation of activity coefficients. Its use to predict organic solubilities
was described by Gracin et al. [139], for nine different organic solutes in a variety of
polar and non-polar solvents. Abraham’s group [140] similarly used linear regression,
but the quantities in their equation were designed to have specific physicochemical
meanings: refractivity, polarizability, hydrogen bond acidity and basicity, and a
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characteristic volume. Their work gave an impressive RMSE of 0.5 over 65 test
compounds. The same concepts can be extended to parameterize solvents, both
allowing solubility to be predicted in different solvents and permitting similarities
between solvents to be identified [141].

Multi-linear regression (MLR) is also applicable based on molecular, rather
than groupwise, descriptors. For instance, Hewitt et al. [142], obtained an RMSE of
0.95 for the 28 usable test compounds of the solubility challenge [12, 117] using an
MLR model based on only three descriptors. Catana et al. [143], implemented an
MLR model, amongst other linear and non-linear methods, and obtained an impres-
sive RMSE of 0.57 over 177 test compounds.

3.3.4.1.2 Partial least squares
Partial least squares (PLS), or projection to latent structures, is a linear regression
method that uses latent variables to project both the input and output variables
into a new space. PLS is essentially modelling covariance, seeking the linear combi-
nation of input features that explains the maximum proportion of the variance in
the output variable, here solubility. Since it is effectively seeking a single, maxi-
mally explanatory, direction in the input space, PLS is robust against redundancy
and mutual correlation amongst the input variables. It can be used similarly to mul-
tilinear regression, but without the need for prior aggressive feature selection.
Catana et al. [143], implemented PLS and achieved RMSE values of around 0.5 over
177 test compounds for their PLS models. Hughes et al. [122], found that PLS was
almost as good as Support Vector Machine (SVM) and a little better than random
forest (RF) in terms of RMSE over 87 test compounds, with RMSE values around
0.95 depending on the exact descriptor set used. However, Palmer et al. [144], had
previously observed that PLS was slightly less effective than either SVM or RF with
an RMSE of 0.773 for 330 test molecules. Boobier et al. [116], had PLS as seventh
best of ten machine learning algorithms, with an RMSE of 1.265 for 25 molecules.
Cao et al. [145], got an RMSE of 0.769 on 45 test set molecules, marginally better
than artificial neural networks (ANN) but behind SVM.

3.3.4.2 Non-linear machine learning methods

Whilst powerful enough often to obtain good empirical fits to experimental solubil-
ity data, the methods discussed above are essentially limited to linear relationships
between descriptors and solubility, although Abraham and Le [140] did consider
taking products of two descriptors as a pragmatic if inelegant means of capturing
inter-descriptor interactions. However, machine learning methods provide a more
natural way of accounting for more complicated, non-linear, QSPRs. In fact, al-
though chemistry has often been rather slow to adopt techniques from computer
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science, several different machine learning approaches have now found application
in solubility prediction and related QSPR problems.

3.3.4.2.1 Artificial neural networks
Neural networks have been studied since the 1950s, with the invention of backpro-
pagation by Werbos [146], being a breakthrough. An artificial neural network (ANN)
is a mathematical approach to pattern recognition and machine learning problems.
Whilst the ANN is inspired by the structure of the human brain, it is not realistically
attempting to simulate or reproduce the way the brain works. Indeed, the ANN is
typically smaller even than the 302-neuron brain of the nematode worm C. elegans
[147]. The ANN consists of nodes known by biological analogy as neurons, which
are joined together by weight-carrying connections and arranged in an input layer,
a hidden layer or layers, and an output layer. The mathematical weights are varied
during training and adjusted through backpropagation. Although there is a signifi-
cant risk of overfitting if ANN training is not stopped at an appropriate stage, the
approach can produce good results.

ANNs have been used to predict solubility by several groups. Hewitt et al. [142],
implemented a number of different models, including ANN, as part of their participa-
tion in the Solubility Challenge [12, 117]. They limited their models to no more than
five input descriptors, albeit chosen by a genetic algorithm from an available pool of
426. Their best ANN model was a multilayer perceptron with only two input descrip-
tors. The first was logP and the second a hard-to-interpret size-and-connectivity fea-
ture known as R2e+, or more fully as the R maximal autocorrelation of lag 2 weighted
by atomic Sanderson electronegativities. Rather disappointingly, their ANN per-
formed worse than multi-linear regression, with an RMSE of 1.51 logS0 units on the
28-compound Solubility Challenge test set. Catana et al. [143] found an RMSE of 0.608
over 130 test molecules using a multi-layer perceptron (MLP), a variety of ANN, with a
single hidden layer. Louis et al. [148] used a backpropagation network to obtain an
RMSE of 0.738 on a small 14-compound test set. Cao et al. [145] used the same meth-
odology to obtain an RMSE of 0.789 on 45 molecules. Boobier et al. [116] also found
an MLP to do very well, being the best of 10 assorted machine learning methods with
an RMSE of 0.985 over a challenging test set of 25 druglike molecules. Erić et al. [149]
used a counter-propagation neural network designed for interpretability, obtaining
an RMSE of 0.679 on a 94-compound test set and interpreting their model in terms of
the computed importances of the seven input descriptors of which logP was the most
significant. Palmer et al. [144] reported that ANN did a little less well than RF in their
study, with an RMSE of 0.751 over 330 test set molecules. Bhat et al. [123] designed an
ensemble technique with 50 neural networks and implemented it to predict the melt-
ing points of organic molecules. This approach could be combined with logP predic-
tion to obtain solubility via the GSE.
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3.3.4.2.2 Random forest
Random Forest (RF) creates an ensemble of many diverse decision or regression
trees, based on distinct samples from the same pool of data [150, 151]. For numerical
prediction of solubility, regression rather than decision trees are used. Each tree is
grown by recursive partitioning of the training set compounds, based on their de-
scriptor representations. The resulting forest of regression trees is described as ran-
dom for two reasons. Firstly, each tree is built from a new bootstrap sample of the
training data, a sample of N out of N compounds chosen with replacement. Secondly,
at each node a tree must make its partition by considering only a random subset of
the descriptors, the size of which subset is a parameter known as mtry. A fresh set
of mtry descriptors is selected for decision-making at each node as the tree is grown.
A Gini-optimal [152] split of the training data is made at each mode, so that the com-
pounds are grouped into increasingly homogeneous sets down the tree. Thus, the col-
lection of molecules assigned to each terminal leaf node will share similar values of
solubility, or of whatever other property is being predicted. Once built, the Random
Forest consisting of a total of ntree regression trees can be used to predict solubilities
of previously unseen test compounds. The consensus of the different trees that forms
the overall prediction of the forest is based simply on the mean of the individual
trees’ predictions. The probability of a given molecule not being selected for the boot-
strap sample of a particular tree is (1–1/N)N, which tends to the limiting value of 1/e
as N becomes large. This means that for each tree approximately 37 % of the training
data are unused, and these can be adopted as a so-called out-of-bag validation set.
RF tends to cope well with the presence of correlated descriptors and is generally ro-
bust against overfitting [150]. Indeed, many different descriptors will play at least
some role in an RF model, given that only a modestly sized sample is available to be
selected at any one node of any one tree.

RF has been applied to various aqueous solubility datasets by different authors.
Schroeter et al. [153] obtained an RMSE of 0.855 on an external test set of 536 com-
pounds. Palmer et al. [144], reported the RMSE of 0.690 for 330 test molecules, and
subsequently [154] compared RF models built firstly on literature solubilities and
secondly on new CheqSol [9] experiments for 80 compounds. Perhaps surprisingly,
they found that the new experiments, despite having a consistent methodology and
reporting scheme for all 80 compounds, generated a model with an almost identical
cross-validated RMSE to that obtained from solubilities harvested from a variety of
literature sources and methodologies, around 0.88 logS0 units. RF methods have
been applied by Hughes et al. [122], Kovdienko et al. [155], McDonagh et al. [32], and
by Boobier et al. [116], who found that it was the joint second best amongst 10 ma-
chine learning predictors tested and of similar quality to the second best of a panel
of 22 human predictors. Kew et al. [156] observed RF to generate an RMSE of 1.02 in
a tenfold cross-validation using 262 molecules from Hughes et al. [122], and thus to
be essentially joint best alongside Support Vector Machine of 15 methods for solu-
bility prediction.
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3.3.4.2.3 Support Vector Machine
Support Vector Machine (SVM) [157, 158] is a popular machine learning method
which transforms the input data into a high dimensional space, by means of a typi-
cally non-linear kernel function. For binary classification, SVM seeks a hyperplane
which optimally separates the data between the two classes, ideally such that they
lie almost entirely on opposite sides of it. This is achieved by maximizing the mar-
gin between the closest points, known as support vectors, and the hyperplane. For
solubility, however, it is usual to generate quantitative predictions, rather than a
binary soluble-insoluble classification, and thus SVM is adapted for regression with
the hyperplane now playing the role of a regression line.

Numerous studies have addressed solubility in this way. Lind et al. [159] reported
cross-validated RMSEs between 0.57 and 0.77 on different datasets. Palmer et al. [144]
found that SVM obtained an RMSE of 0.72 on a 330 compound test set, slightly worse
than RF. In contrast Hughes et al. [122] in the same research group found SVM to
somewhat outperform RF over 87 molecules. Comparison of these two studies empha-
sizes that the performance of these machine learning methods is similar and that
there is unlikely to be a universally best-performing algorithm. Louis et al. [148]
found SVM to do a little better than ANN on a small test set of 14 molecules with an
RMSE of 0.832. Cao et al. [145] found a better RMSE, 0.731 over 45 compounds, with
SVM than with two other machine learning methods. Kew et al. [156] observed SVM
to get an RMSE of 1.01 in a tenfold cross-validation over 262 compounds taken from
Hughes et al. [122], and thus to be essentially joint best with RF of 15 methods for
solubility prediction. Boobier et al. [116] however, found SVM to be only the eighth
best out of 10 methods for a 75-25 training-test split of the DLS-100 dataset [115] with
an RMSE of 1.280 for 25 test compounds.

3.3.4.2.4 k-nearest neighbours
In k-Nearest Neighbours (kNN), the solubility of a query molecule is predicted from
the solubilities of its k nearest neighbours in chemical space amongst the available
dataset. In general, k is a small integer so that only the local variation of the prop-
erty in chemical space affects the kNN prediction. This distinguishes it from other
machine learning approaches, which attempt to generate global models. Although
the predictivity is essentially local, the coverage of diverse chemical structures is as
broad as the composition of the dataset. A quantitative prediction is made by aver-
aging the solubilities of the k neighbours. In some applications the average can be
weighted by distance [124]. The methodology requires a robust measure of distance
in chemical space, so descriptors should be appropriately scaled. Hughes et al. [122]
found that kNN was less effective than SVM, PLS or RF over 87 test compounds,
with RMSE values around 1.10 depending on the descriptor set used. Kew et al. [156]
found kNN to be only 12th best of 15 methods for solubility prediction. Boobier
et al. [116] in contrast, found kNN to be the fourth best of ten machine learning
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algorithms, slightly ahead of PLS and SVM amongst others, with an RMSE of 1.204
for 25 molecules. Kühne et al. [160] employed kNN in a more cryptic way, using it to
select the most appropriate model for each compound rather than directly to predict
solubility.

3.3.4.2.5 Gaussian processes
Gaussian processes are Bayesian methods commonly applied in various fields of ma-
chine learning. A Gaussian process is a stochastic process, which extends a multivari-
ate normal distribution to an infinite number of random variables. As a result, a
Gaussian process effectively represents a probability distribution over functions. The
Gaussian process is completely specified by a mean and covariance function [161].
The covariance function can be selected to represent previous knowledge about the
data such as periodic patterns or how sharply a function may change between points.
Common choices of covariance function include the squared exponential and Martérn
covariance functions [161]. Gaussian processes have over the past decade begun to be
applied to a range of chemical problems with success [162–165].

Gaussian processes have been used effectively to predict ADMET properties and
solubility. Obrezanova and Seagall [166] applied Gaussian process classification to
build QSPR models of a variety of ADMET and bioactivity properties, including blood-
brain barrier penetration and hERG inhibition. They compared the results to a range of
other machine learning classification methods, including RF and SVM, and found that,
whilst no method was notably more successful than the others, Gaussian processes
were often the best performing. Schwaighofer et al. [167] developed QSPR solubility
models for a range of datasets of electrolyte molecules, achieving promising results,
and outperforming many of the commercially available solubility prediction packages.

3.3.4.2.6 Deep learning
The notion of deep learning [168] in the machine learning field comes from the use of
large multi-layer neural networks, which can perform abstractions from data and
hence intrinsically define features, as opposed to traditional ANNs which correlate
fixed feature representations with a given property. The hidden layers are where the
decisions are made in a network. Deep learning for pharmaceutical property predic-
tion has seen widening use over recent years. Deep learning specifically for solubility
prediction has, however, received less attention, though one notable example is the
work of Lusci et al [169]. In this publication the authors produced a novel two-step
approach, using a first ANN to determine the optimal molecular representation encod-
ing chemical structure in silico, and a second ANN to find the best mapping function
between this representation and solubility. They achieved good predictive statistics
over a range of datasets, including cross-validated RMSEs of 0.60–0.92 logS0 units on
the 1026-molecule Huuskonen dataset [114] and RMSEs between 1.00 and 1.41 on the
solubility callenge set [12, 117] for variants of their method.
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3.3.4.2.7 Consensus methods
There is potential to improve the performance of machine learning by taking a con-
sensus of different predictors. RF is itself by design a consensus of different trees,
whilst Bhat et al. [123] created an analogous ensemble of ANNs. Going beyond this,
it is equally possible to combine different machine learning approaches to generate
a single prediction. Kew et al. [156] showed that a Greedy Ensemble incorporating
several other machine learning predictors performed similarly to the best individual
algorithm with an RMSE of 0.83 logS0 units on the Solubility Challenge dataset and
1.13 on the 262 molecule Hughes dataset. Boobier et al. [116] similarly observed that
a median-based consensus was essentially as good as the best single method,
whose identity would not be apparent in advance. Thus, there is scope to leverage
the power of diverse algorithms and take advantage of the wisdom of crowds [170,
171] with consensus approaches.

3.4 Conclusions

This chapter has covered a wide range of methods from physical simulations to che-
moinformatics. Currently, informatics methods provide the best quantitative predic-
tions of solubility in terms of the lowest RMSE and highest R2. Nonetheless, they are
very limited in the physical insight they can offer. Some methods, such as RF, have
inbuilt measures of descriptor importance. However, since descriptors are often corre-
lated with one another, the list of the most numerically significant descriptors for pre-
dictivity may not be a good guide to physical or chemical importance. Further, these
kinds of models demonstrate correlation not causation, and thus do not directly in-
form us about the physicochemical reasons or mechanisms for some molecules being
more soluble than others.

There is no clear or repeatable pattern as to which machine learning methods
are most effective at solubility prediction. Indeed, looking at the various references
cited herein, RF, SVM and ANN are all competitive with one another, but it is not
possible to identify in advance which will be most accurate for any given dataset.
However, all the informatics methods presented herein are data driven and thus
have some dependence on the accuracy and reliability of the experimental meas-
urements used to acquire the data. To this end, reliable and carefully curated data-
sets for solubility and related quantities are of great value to the computational and
modelling community. More laboratory data enabling better estimation of the ap-
propriate error bars for experimental solubility values would help us to understand
whether informatics methods are now close their limiting accuracy, or whether
there remains substantial scope for improvement from new machine learning algo-
rithms, from novel descriptors encoding different information, or from better fea-
ture selection.
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In terms of physical models, we have presented methods which make good solu-
bility predictions and provide varying levels of physical insight. Much work by those
predicting solubility has focused on modelling of the solvent and solution. This has
provided a rich choice of models which can be selected for a particular problem. The
best choice of model depends upon the physics one is interested in representing.
Implicit models are efficient but provide little information on solvent structure.
Hybrid methods such as RISM are also efficient and provide limited statistical infor-
mation on the solvent structure. Explicit solvent representation can be expensive but
will provide maximal information on the solvent’s structure and response to a solute.

Solid-state modelling has not received the same level of attention by those pre-
dicting solubility as solution phase modelling has, but there is considerable expertise
and experience available from CSP. There are many options here also, which range
from lattice simulation methods to periodic quantum mechanical calculations.
Again, the choice depends on balancing compute time against the level of detail
needed to describe the physics of interest. There is much scope in this area to investi-
gate the effects of different solid-state modelling techniques on solubility predictions.

Both the solid-state and solution-states require suitable representation for accu-
rate predictions via thermodynamic cycles. Predictions from both the fusion cycle
and the sublimation cycles have shown similar levels of accuracy, as described by
the references presented herein. Over recent years, physics-based methods have
shown improvements and begun to offer much improved solubility predictions.
Amongst the most pressing priorities is for these methods to be tested on datasets
of sufficient size to assess their accuracy and compare their quantitative perfor-
mance with that of chemoinformatics.

Overall, we foresee a bright future for solubility prediction using both physics-
based models and informatics methods. Informatics provides excellent opportunities
for fast virtual screening, with deep learning offering new opportunities for auto-
mated feature extraction. Physical models will continue to provide deeper insights
into the chemical and physical phenomena which define a substance’s solubility, en-
abling us to discover rules for designing molecules intelligently to enhance or reduce
solubility. The combination of these methods could yield a particularly powerful tool
in the future.
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4 How solubility influences bioavailability

Bioavailability is the result of a complex interplay between the intrinsic properties of
the molecule, the physiology of the species considered, the formulation of the drug,
and the dose. This chapter focuses mainly on oral bioavailability with a specific para-
graph on non-oral routes at the end. The link between solubility and bioavailability
goes back to Fick’s laws of diffusion. For oral delivery, solubility and permeability
are the main contributors defining the fraction of dose absorbed (Fa). The flux (FL)
through the gastro-epithelial tract is governed by the relationship as follows:

FL = Pe ðΔCÞ (4:1)

where Pe is the effective permeability and ΔC the concentration gradient across the
epithelium. ΔC is defined by the dose if the compound is sufficiently soluble and by
the solubility if only a fraction of the dose is in solution. In this case, absorption
will be limited by solubility.

In the context of bioavailability, the notion of high and low solubility has to be
considered together with the intended dose. As a first approach, the concept of
dose number [1] helps to define when solubility is likely a limiting absorption

D0 =
M0=V0

Cs
(4:2)

where M0 is the dose, V0 the administered volume, and Cs the solubility of the API.
In our experience, when D0 > 20, the compound is considered poorly soluble, and
solubility often limits oral absorption.

Another approach that was proposed to give guidance in the discovery and
early development phase is the concept of maximum absorbable dose (MAD), as de-
fined by Curatolo [2]:

MAD = S × Ka × SIWV × SITT (4:3)

where S is the solubility in mg/mL at pH 6.5, Ka the absorption rate constant, SIWV
the small intestine water volume (mL), and SITT the small intestine transit time (min).
The absorption rate constant Ka is obtained directly from intestinal perfusion measure-
ment or can be estimated from Caco-2 or MDCK permeability experiments [3]. More
recently, it has been suggested that MAD tends to under-predict oral absorption [4].

Oral absorption is rarely impacted by solubility in the low dose (<5 mg/kg p.o.)
rodent studies performed in early discovery. The interpretation of solubility
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limitation from a single PK study is difficult and most often identified from the ob-
servation of an under-proportional dose exposure relationship or a comparison of
the AUC obtained with a suspension versus a solution formulation. The relationship
between dose and exposure can be defined as an exposure proportionality (EP), a
dimensionless value that is described by the following equation:

Exposure proportionality EPð Þ= AUCð0− tÞhighest dose=AUCð0− tÞ, lowest dose
Highest dose mgð Þ=lowest dose mgð Þ (4:4)

The key question at the candidate selection stage is more how to predict which mole-
cules will fail to achieve exposure multiples in toxicology studies or simply fail to
reach the efficacious plasma concentration. Another challenge is to extrapolate from
pre-clinical species to human, especially for difficult molecules that were dosed
using a specific formulation in pre-clinical species. Wuehling et al. [5] analysed a
large dataset of more than 900 experiments performed at Merck in an attempt to pre-
dict when EP will become an issue.

In this work, the authors used the pre-clinical dose number (PD0), parameter
that is simply the dose in mg/kg divided by the fasted state simulated intestinal
fluid (FaSSIF) solubility in mg/mL. PD0 values >10,000 in the rat and >5,000 in dog
and monkey were indicative of a high risk of under-proportional dose exposure.
Again, similar to our own observations, under-proportional dose exposure was
rarely observed at doses lower than 10 mg/kg.

In early discovery, solubility is typically obtained from DMSO stock solutions as
the handling of solutions is a lot easier than powders. The impact of DMSO on solu-
bility in FaSSIF is modest at 2.5% DMSO and increasing with 5% solvent with ca.
20% of the molecules showing a significant higher solubility in the presence of
DMSO. Typically, solubility values from solubility screening assays tend to overesti-
mate the true thermodynamic solubility and should therefore be taken as maximum
solubility values.

In early development, one can refine the impact of solubility on absorption con-
sidering the three key parameters defined by Amidon: the dose number (Do), the
absorption number (An), and the dissolution number (Dn). When the dose is in sus-
pension at the beginning of the intestine, the fraction absorbed is the result of a
complex interplay between effective permeability, solubility, and dissolution rate.
The fraction of the dose in solution at the beginning of the intestine is not always
easy to define as supersaturation may happen due to solubilization in the stomach,
particularly for basic compounds (See Chapter 2). If the dose is entirely dissolved at
the beginning of the intestine the prediction of the fraction absorbed (Fa) becomes
easier and the following equation can be used:

Fa = 1 − e− 2An (4:5)
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with An = Peff π RL =Q

where Peff is the effective permeability, R the radius of the intestine, L the
length of the intestine, and Q the flow rate. Equation (4.5) largely applies to low
dose (<5 mg/kg) experiments typically performed in early discovery even when the
compound is given as a suspension generally, including carboxymethylcellulose to
get a homogeneous and stable suspension and a wetting agent like Tween as most
compounds will solubilize in the stomach in low-dose experiments. In this context,
the notion of supersaturation stability appears useful and several teams have pro-
posed to measure the solubility after 15 min starting from concentrated solutions in
either organic solvent (solvent-shift method) or at a different pH value (pH-shift
method) [6, 7]. The supersaturation solubility at 15 min gives an indication of what
formulation will be able to achieve in the best-case scenario. Skolnik [7] reported
that 80% of low supersaturation stability compounds had an EP < 0.8 while all mol-
ecules with a supersaturation solubility target >200 μM at the 15 min time point
demonstrated an EP > 0.8. Brouwers [8] analysed the impact of delivery strategies
using supersaturation principles on oral absorption. These authors suggested that
for high permeable compounds, the production of a highly supersaturated solution
was important, while for medium-to-low permeable compounds stabilization of the
supersaturated solution for a prolonged time period was necessary to provide suffi-
cient time for absorption.

If permeability nor dissolution is rate limiting, the fraction absorbed can be
predicted from the following equation:

Fa = 2An =Do (4:6)

The dissolution rate can be modulated by the particle size of the drug as it changes
the surface area in contact with the medium. Johnson and Swindell [9] looked at
the impact of particle size on absorption for various absorption rate constants and
dose. The largest effect is achieved with low soluble compounds given at a low dose
(<10 mg in humans). For highly permeable compounds, the effect of particle size
reduction is expected to be significant for a low soluble compound also at higher
dose (up to 100 mg) compared to low permeable compounds. The effect is, however,
maximal at lower doses.

4.1 Species differences (physiology)

There is currently no animal model that directly relates to the human physiology in
the whole extension of the gastrointestinal (GI) tract. It is thus important to under-
stand how the GI luminal environment changes along the GI tract of the different
animal models. The GI tract size and anatomy can contribute in a profound fashion
to absorption differences across species (Table 4.1).
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The gross morphology of the mammalian GI tract differs considerably among spe-
cies although it exhibits some basic structural similarities. Indeed, the structural as-
pects such as the volume of stomach and small intestine, diameter, absorptive surface
area, villi, and microvilli structures are greatly related to the diet and nutrient process-
ing, as illustrated in the comprehensive literature review published by Hatton [10].

For example, carnivores (e.g. dog) possess a relatively simple colon but a well-
developed small intestine (long villi). This is consistent with a diet that is low in
fibre but high in fat and protein. Omnivores like human possess a well-developed

Table 4.I: Comparison of the anatomical and physiological features of the GI tract of various
animals and humans.

Mouse Rat Rabbit Monkey Dog Pig Human

BW kg . . .   – 

Stomach capacity
(L)

. . . . . . .

Fluid content
in (g)

Stomach . . .    

Small intestine . . .    

Cecum . . .   

Colon . . .  

Small intestine
diameter (cm)

.–. .– –. .–. 

Small intestine
length (m)

Duodenum . . . .

Jejunum .–. . . .

Ileum .–. . . .

Total . .–. . . . . .

Cecum length (m) .–. . .–. . . .–.

Colon length (m) .–. . . .–. . . .

Rectum length (m) . .–.

Bile flow
(mL/day/kg)

 –  – – .–.

Adapted from Refs [10–14].
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small intestine but have a more complex lower intestine to compensate for their
more diverse diet. The lower intestine of the pigs is differentiated enough to allow
for fermentation.

The small intestine in turn constitutes the majority of gut length in mammals, and
its large surface area is highly specialized and optimized for the absorption of nu-
trients. The small intestine of the dog is about half of that in humans, though the dif-
ference in absorptive surface area is to some extent compensated by the shape of dog
intestinal villi. This is a predominantly dietary adaptive function. These structural pa-
rameters will be of great importance to extrapolate formulations tested in pre-clinical
species to human.

The GI content is a complex mixture of different sources and its composition
and characteristics are key for the solubilization of xenobiotics.

The gastric fluid is mainly composed of saliva, gastric secretion, dietary food,
and liquid and refluxed liquid from the duodenum. The upper small intestine con-
tains gastric mixture secretions from the liver, the pancreas, and the wall of the
small intestine. The fluid composition is affected by fluid compartmentalization,
mixing patterns, absorption of fluid into the intestinal wall, and transit down the
intestinal tract. Secretions from the pancreas include bicarbonate as well as pro-
teases (the major ones are trypsin and chymotrypsin), amylases, and lipases. The
liver secretes bile, which contains bile salts, phospholipids, bicarbonate, choles-
terol, bile pigments, and organic waste. The wall of the small intestine secretes min-
eral ions such as bicarbonate, sodium, and chloride, as well as water. Bicarbonate
is secreted to neutralize gastric secretion in the GI lumen and by the duodenal epi-
thelial cells to protect the duodenal epithelium from acid-related damage. The
buffer capacity and pH in the GI media can significantly affect the dissolution rates
of ionizable drugs.

The two most important properties affecting solubility include hydrogen ion
concentration affecting the pH, and the bile salts that can be combined with lipid
form mixed micelles, enhancing the solubility of some drugs and may also decrease
surface tension and overcome dissolution limitations caused by poor wettability of
the powder.

Solubilization can be enhanced by either native or co-ingested surfactants,
binding to peptides or proteins and solubilization in lipid components of the meal.

4.2 Stomach fluids, intestinal fluids – fed versus
fasted state

Modulation of solubility for drug absorption of oral dosage forms in vivo is largely
determined by solubility in the GI tract. Besides the variation of total fluid volume
available for compound dissolution, factors like pH gradient and fluid composition
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vary along the drug’s journey through the GI tract. As emphasized in the previous
paragraph, one major challenge for drug discovery and development arises from
the differences between pre-clinical species GI tract morphology and fluid composi-
tion and the situation in humans.

Many additional factors are contributing to variability of fluid volumes and
composition, like the permanent fluid recirculation and changes of composition in-
duced by uptake the of food and beverages. Additionally, pH changes have been
observed based on the circadian rhythm, without impact of food [15].

Besides the impact on pH, food intake and the resulting effect for drug absorp-
tion in humans have been widely studied, as discussed in the following sections.

4.2.1 Stomach: fasted–fed

The stomach is not the predominant site for drug absorption but plays a major role
in drug dissolution. The role of stomach fluid for dissolution and thus bioavailabil-
ity is much dependent on the compound’s ionization profile. Absorption of drugs in
a fasted stomach of humans [16] and rat [17] has been already studied in the 1950s.
The authors revealed the role of ionization and typically found rapid absorption of
acidic drugs. In contrast, basic drugs were found to get nearly not absorbed. It is
important to note that acidic drugs in a basic solution were not absorbed by the
stomach, thus emphasizing the importance of ionization and solubility for drug ab-
sorption. Similarly, absorption of basic drugs is facilitated in a basic solution. To
study this aspect of absorption, rat models are still an area of active research [18].

The composition of human-fasted gastric fluid has been published by Vertzoni
[19] and Kalantzi [20]. High variability of stomach pH in the fasted state is reported,
which has been confirmed by more recent studies [21]. Bile salts are typically not
present in significant quantities in the fasted state.

In the postprandial state, conditions vary over the course of gastric residence of
the meal. For instance, after meal ingestion the pH in stomach was reported to de-
crease continuously from pH 6.4 to 2.7 in humans [20]. Even in fed state, bile salt
concentrations typically remain very low in the stomach but may be refluxed after
food intake. Further differences of fluid composition do contribute to drug absorp-
tion and are discussed in Chapter 5.

4.2.2 Intestine: fasted–fed

As the majority of low-molecular-weight drugs are absorbed in the small intestine,
solubility in intestinal fluid is a critical factor for their bioavailability. Due to their
ionization status, acidic molecules generally are better soluble in intestinal fluids
than bases, zwitterions, or neutral compounds.
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With increasing intestinal pH, the ionization of a weak base, and thus solubility,
is typically decreasing. In case the compound has been dissolved in the stomach, the
compound may remain soluble for a certain period of time, as supersaturated solu-
tion, and the stability of supersaturated solutions in the GI tract has been widely in-
vestigated in recent years [22, 23].

Besides ionization, one major component that influences solubility in the small
intestine is bile salts. In humans, average bile salt content has been reported to be
around 3 mM [24] in the fasted state. This value can increase significantly after food
intake, reaching values of approximately 12 mmol in the fed state. These bile salt con-
centrations were found to decrease again and reach the fasted state value 180 min
after food consumption [25]. In addition, significant differences in buffer capacity, sur-
face tension, osmolality, and food components can be observed pre-/postprandially
[26]. A study focusing on buffer capacity reported the influence of buffer capacity on
solubility of the zwitterionic drug Mesalamine. It was found that solubility of this drug
is strongly dependent on increasing buffer capacity down the GI tract, whereas pred-
nisolone did not show this dependency [27].

The role of bile salt content for drug solubilization has been studied in the
1990s by Mithani [28]. The study revealed a direct relationship with log P of the
dissolved compound. Using a more diverse set of proprietary compounds, we
could show that the concentration-dependent solubilization power of bile salts
may often deviate from this relationship [29] but confirmed the strong impact the
bile salt concentration can have on solubilization of drugs for absorption. On the
other hand, other studies have shown that attempts to correlate the solubility of
lipophilic compounds with bile acid phospholipid content in human intestinal
fluid have been less successful [30]. In our experience, about 25 % of discovery
molecules have a substantially higher solubility (3 times or more) in FaSSIF com-
pared to aqueous solubility.

Besides the fluid composition, the absolute amount of fluid available for drug
dissolution needs to be considered, too. Magnetic resonance imaging studies re-
vealed that fluid is not homogeneously distributed along the small intestine. In
fact, fluid is distributed in separated pockets, which leads to highly variable drug
concentration locally [31].

4.3 Absorption across species

4.3.1 Low-dose PK screening (<5 mg/kg)

An animal PK study typically includes two arms, such as intravenous and oral dos-
ing, with 6–12 serial blood samplings for both. These PK screening experiments are
generally performed at low dose, typically 0.1–1 mg/kg for i.v. and 0.3–3 mg/kg for
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oral administration, to provide robust estimates of PK parameters. This approach to
use low doses for PK screening is dictated by different reasons:
– Variability is known to increase with dose as the interplay between animal

physiology and physicochemical properties become more likely to impact ab-
sorption and disposition [32]. In particular, a higher PK variability has been re-
ported in larger species, especially in dogs. This observation may reflect higher
potential for absorption limitation in dogs and/or a higher inter-animal vari-
ability in physiological parameters (e.g., gastric pH, susceptibility to emesis)
for that species.

– The synthesis of the compound at early stage is generally restricted to the mini-
mum required to conduct key in vivo and in vitro assays (generally ≤50 mg).

– The cassette dosing approach, that is, simultaneous administration of several
compounds per animal to increase the throughput of the in vivo rodent PK
studies, calls for low doses to reduce potential for drug–drug interactions.

Given that the early PK screening aims at ranking and identifying the most promis-
ing candidate with a rapid turnaround time, a compound specific formulation de-
velopment is often not conceivable at this stage. Moreover, compounds that do not
show adequate oral exposure at low dose using a simple aqueous formulation prin-
ciple will require more formulation development work to identify acceptable formu-
lations for use in preclinical safety studies, clinical trials, and as the commercial
drug product. Consequently, the general approach is to use a simple oral suspen-
sion with a good suspending agent such as methylcellulose (0.5% w/v) combined
with a surfactant, typically Tween 80 at 0.1% (w/v), to ensure proper wetting and
uniform drug dispersion. At low dose, the extent of oral absorption is rarely im-
pacted by solubility and/or dissolution, so the oral exposure (AUC and Cmax) ob-
tained using suspension formulation does not often differ from the exposure
obtained with a solution dosage form.

Finally, to ensure a reliable decision-making at the compound selection stage
and homogeneity in the data set, a robust control of PK study parameters (age, sex,
body weight, feeding regimen, surgical intervention, dosing and blood sampling
procedures, etc.) is important.

4.3.2 High-dose PK (>10 mg/kg)

Understanding the impact of solubility on exposure at increasing doses is of pivotal
importance to enable toxicology studies, where exposure multiples are required to
establish a therapeutic index and progress a compound into early development. In
general, doses greater than 10 mg/kg, and often exceeding 100 mg/kg are required
for this purpose. Commonly, doses encompass a range greater than 10-fold between
the lowest and highest dose required for a study. In order to select a formulation
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capable of delivering dose-EP in the range required (up to 2 g/kg), solubility in
intestinal fluids has been found to be a useful surrogate prior to in vivo studies.
Utilization of FaSSIF [33] to mimic human physiological conditions in the lumen
has provided a reasonable estimation of in vivo solubility and can provide a rela-
tive guidance on expected EP in non-rodent species (i.e. dog), which are common
choices for pre-clinical toxicology investigations.

Practically, the high-dose PK studies are performed in the selected toxicology
species, using the same strain, gender, and body weight range as foreseen in the
toxicology studies. The design of these high dose PK studies varies markedly ac-
cording to the project, the properties of the molecule, and the formulation used. In
general, one or two more sophisticated formulations (Tox-enabling formulation) are
tested against the early simple formulation (e.g. suspension) in a cross-over fashion
(i.e. same animals used in a consecutive manner) to demonstrate the benefit of the
new formulation principle on the oral exposure (AUC and/or Cmax). For molecules
with low solubility, a large volume of application may be required for dosing but is
limited by animal use and care guidance regulations and practicability (see
Table 4.2). The food intake needs also to be carefully controlled as this factor can
affect the outcome of the study. Large dose volume and food intake will overload
the capacity of the stomach and as a result the drug could pass immediately into
the small intestine and/or cause reflux into the oesophagus.

Besides the volume, the tolerability of the formulation must be considered, as ve-
hicles should be biologically inert and have no toxic effect on the animals. As such,
the excipient biocompatibility (species-specificities exist, see [34]), the pH, the viscos-
ity, the osmolality, buffering capacity, and stability are factors to consider.

Table 4.2: Recommended volumes of oral application (by gavage) of
compounds for common laboratory animals.

Ideal volume (mL/kg)
(single dose per day)

Maximum volume* (mL/kg)
(single dose per day)

Mouse  

Rat  

Rabbit   (empty stomach)
Monkey  

Dog  

Minipig  

Adapted from [34, 35].
*Larger volume may be envisaged when the dose is divided over time (e.g.
10 mL/kg administered 4 times a day to reach a total of 40 mL/kg).
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The maximum dose (mg/kg) that can be applied with a specific formulation
can be estimated by the ratio between the maximum drug load in the formulation
in mg/mL and the dose volume applied (mL/kg).

In a recent evaluation, Skolnik et al. [7] were looking at the relationship be-
tween solubility and EP in 59 non-rodent (dog and monkey) pre-clinical pharmaco-
kinetic studies. It was shown that in order to achieve EP (defined as EP > 0.8) using
a conventional formulation (defined as a formulation that did not impact solubility,
i.e. only dissolution controlled) an equilibrium solubility of minimally 0.1 mg/mL in
FaSSIF is required. When FaSSIF solubility was >0.1 mg/mL, and a conventional
formulation used, five of eight studies (63%) showed EP values >0.8. When equilib-
rium solubility was <0.1 mg/mL 22 of 29 studies (76%) had an EP < 0.8.

When solubility was low (<0.1 mg/mL), supersaturation was investigated as a
surrogate for performance of a solubility-enhancing formulation (i.e. an amorphous
solid dispersion or a stable solution). From the same set of 59 non-rodent studies, it
was found that if the supersaturation solubility in FaSSIF is <0.1 mg/mL and an en-
abled formulation (i.e. solubility-enhancing formulation) was employed, despite this
extra effort in formulation, seven of nine studies (78%) showed EP < 0.8. Conversely,
if measured supersaturation solubility in FaSSIF was >0.1 mg/mL, and an enabled
formulation was employed, 12 of 13 studies (92%) showed EP values > 0.8.

While FaSSIF can be a reasonable surrogate for in vivo solubility in dog and
monkey, due to similar bile salt concentrations in the duodenum in the fasted
state compared to humans (2.8 mM in humans and monkey, 5.0 mM in the dog),
it could be a poor predictor for rats, the most commonly used rodent toxicology
species employed in R&D. In general, rats exhibit similar bile salt concentrations
in the duodenum in the fed and fasted states, about 20 mM, due to lack of a gall
bladder, which regulates the release of bile in higher species. Therefore, rat
in vivo solubility may be more appropriately reflected by fed state simulated in-
testinal fluid (FeSSIF), which has a bile salt concentration of approximately
10 mM. If a compound shows high sensitivity to bile salts for solubility, when
FaSSIF solubility is <0.1 mg/mL, but FeSSIF solubility is >0.1 mg/mL, a conven-
tional formulation approach (dissolution controlled) may be sufficient enough to
provide a linear EP in rodents.

In a study conducted in rats with 11 compounds with solubility <0.1 mg/mL in
FaSSIF, whereas FeSSIF solubility was >0.1 mg/mL (all dosed with a conventional
suspension), five compounds showed dose proportionality >0.8 (45%). This is ap-
proximately double the percentage we typically see in dog. Therefore, in rats, due
to the higher bile flow and hence higher solubility in the duodenum, a conventional
suspension may be possible to support high-dose toxicology studies, even when
solubility is limited in FaSSIF.

Situations in which this may not be successful could possibly include mole-
cules with low permeability.
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4.4 What can formulations do/not do?

Orally administered formulations may impact two critical aspects related to absorp-
tion: drug dissolution and drug solubility. A key aspect of formulation development
is the determination of whether improving the dissolution rate will be sufficient to
increase oral absorption, or whether a formulation must also improve the solubility
of the drug in the GI tract. Dissolution rate improvements may be achieved through
various approaches, including particle size reduction, modification of solid-state
through salt formation or polymorphic control. Solubility improvements may be
achieved through removal of the solid-state completely, such as a solution formula-
tion (co-solvents, polymers, and cyclodextrins), or lessening of the impact of the
solid-state through amorphorization (solid dispersions), emulsification (microemul-
sions), co-crystallization with inactive hydrophilic entities, nanosuspensions, or pre-
cipitation control (addition of polymers).

In previous paragraphs, it is highlighted that rats do not have a gall bladder, and
hence high bile flow may make it feasible to formulate a suspension formulation (dis-
solution controlled) for a compound that exhibits poor solubility (<0.1 mg/mL) in
FaSSIF media, but high solubility (>0.1 mg/mL) in FeSSIF media. For the same com-
pound, a solubility-controlled formulation (i.e. a solution) may be required in dogs,
due to low bile flow in the fasted state, resulting in poor absorption from a suspen-
sion caused by the poor solubility in the GI tract.

An example of this type of scenario is one of our recent kinase inhibitors, named
compound A. Compound A is a phosphate salt and has a solubility in FaSSIF media of
0.6 μg/mL and a solubility in FeSSIF media of 1.25 mg/mL. When dosed as a suspen-
sion to rats the phosphate salt shows an EP of 0.97 (25–100 mg/kg dose), while the
same phosphate salt dosed in a hard gelatine capsule to fasted dogs resulted in an EP
of 0.42 only (20–60 mg/kg dose). The under-proportionality in dog can be attributed to
the presence of much less bile present in the GI tract, compared to the rat. This was
confirmed when dogs were administered the phosphate salt as a suspension at 20 mg/
kg under fed and fasted conditions, as this led to an increase in exposure of approxi-
mately 2.4-fold (AUC, 0–t) in the fed dogs.

Further exploration of solubility versus dissolution rate limitation on absorp-
tion in the rat was conducted between a solution formulation, a suspension of the
phosphate salt, and the suspension of the free base. All three formulations were
dosed to fasted Sprague–Dawley rats, at a dose normalized to 50 mg/kg. The phos-
phate salt suspension improved the absorption compared to the free base suspen-
sion of approximately 2.6-fold (Cmax), indicating the dissolution-limited absorption
of the molecule. However, when the solution formulation was dosed, it did not pro-
vide any further improvement on absorption compared to the suspension of the
phosphate salt (both formulations provided similar Cmax +/−30%). Overall, this
would indicate that compound A was essentially dissolution rate limited in rats, de-
spite its low solubility in FaSSIF.
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As an example of a compound which is limited by both solubility and dissolution,
one can look at compound B, which blocks one component of the hedgehog pathway.
The measured solubility in FaSSIF media is 1 μg/mL, and in FeSSIF media is 148
μg/mL. Another phosphate salt was developed for this compound, and when the
pharmaceutical salt was dosed at 3 mg/kg in suspension compared to the free base in
suspension at the same dose, the salt improved the AUC (0–t) by approximately 16-
fold! Additionally, a solution formulation was dosed at 10 mg/kg, and the dose-
normalized exposure improved the absorption of compound B by approximately 1.8-
fold. Therefore, it could be concluded that compound B is heavily limited in oral ab-
sorption by dissolution rate, and to a much lesser extent by solubility. For compound
B, the dose would play a critical role in absorption. A phosphate suspension was
dosed in rats at 10 and 100 mg/kg, and the EP was found to be limited to 0.32. A solu-
tion formulation was dosed in rats at the same dose range, and the EP was found to
be 0.59. Thus, while solubility-limited absorption at low dose was not too high, it be-
came much more significant as the dose increased, and a solution formulation was
able to improve the EP by almost twofold. In dog, the phosphate salt suspension pro-
vided an EP of 0.73 in a dose range 30–100 mg/kg. The slightly higher EP in dog than
rat may be attributed to narrower dose range or potentially a higher solubility in the
stomach of the dog as a fasted dog will have a stomach pH slightly lower than that of
a fasted rat. Compound B being a weak base, there could be more compound dis-
solved in the dog compared to the rat stomach.

Other factors can also influence oral absorption, most notably permeability,
pre-systemic degradation, and metabolism, and these parameters need to be under-
stood to assess the formulation strategy. A less desirable space is the situation
where a formulation attempts to address a perceived solubility or dissolution limita-
tion, when in fact poor bioavailability may be due to a poor permeability.

In recent years, physiologically based pharmacokinetic (PBPK) modelling has
been successfully used in the pre-clinical space in order to identify the rate-limiting
step(s) for oral absorption across pre-clinical species. This information can help select-
ing the best formulation approach, especially in the context of high-dose PK studies
needed to enable toxicological investigations. This is especially important as physio-
logical differences in rodent and non-rodent species can have a large impact on oral
absorption. The PBPK models that are commercially available from SimulationsPlus
(GastroPlus) and Certara (SimCYP) allow for the incorporation of experimental solubil-
ity values measured in media with varying levels of bile salt. Species and prandial
state (i.e. fed monkey) can be selected and the appropriate physiology is used to pre-
dict cross species differences. These simulation tools also incorporate pH-dependant
solubility, which can be used in conjunction with the bile salt corrections across spe-
cies. The models also allow for inclusion of parameters, which may influence perme-
ability such as lipophilicity and ionization, and pre-systemic metabolism. The models,
through parameter sensitivity analysis (PSA), may provide a reasonable estimation at
which doses a dissolution-limited absorption or solubility-limited absorption may
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occur in a particular species and prandial state, or if neither solubility or dissolution
will be limiting absorption.

To illustrate how modelling can be used to inform formulation decisions, we can
revisit the example of compound A. Solubility data across the pH range of 1 to 7 for
the phosphate salt were measured, and fed into a GastroPlus model, along with mea-
sured solubility in simulated physiological media. The physiology was chosen to be
fasted monkey, and %Fa was determined for a 20 mg/kg dose and 60 mg/kg dose.
The ratio of %Fa of high/low dose calculated is approximately 0.86. This is very close
to the measured value of 0.72 observed in vivo. This model was then taken, and the
physiology was changed from fasted monkey to fed rat. The simulation for %Fa was
determined at 25 mg/kg dose and 100 mg/kg dose. The ratio of %Fa of high/low dose
was calculated as approximately 0.90. This is also very close to the measured value
of 0.97 observed in vivo. Finally, the physiology was changed from fasted monkey to
fasted dog. The simulation for %Fa was performed for 20 and 60 mg/kg dose. The
ratio of %Fa of high/low dose was calculated as approximately 0.48, which is also
very close to the measured value of 0.42 observed in vivo. This example nicely de-
monstrates that available PBPK models can help translate in vitro measured parame-
ters into in vivo solubility numbers, which allow for rapid understanding of when ab-
sorption may be high (in this case, in fed rats), moderate (in this case, fasted
monkey), and low (in this case, fasted dog). However, connecting in vitro parameters
with the animal physiology to predict in vivo exposure across dose and species does
not always work that well.

4.5 When are we able to predict solubility-limited
absorption with confidence?

As described in previous paragraphs, absorption is a very complex phenomenon for
which solubility is only one component. During last decades, commercial software
packages (GastroPlus, SimCYP, and PKSim) enabled to connect the intrinsic proper-
ties of the drug with the physiology of the GI tract (gut sections with different pH
values, volume of fluid, permeability) to simulate the absorption of drug candidates
in pre-clinical species and humans (e.g. the ADAM PBPK absorption model imple-
mented GastroPlus [36–38]). An application of absorption modelling is to detect
early on if a drug can be sufficiently absorbed to lead to an efficacious exposure in
patients.

Typically, the assessment of drug solubility/absorption/bioavailability is done at
several time points along the drug-development phases. In early discovery, an in silico
prediction of solubility and pKa(s) can be made based on molecular structure. This can
be used to rank order virtual compounds and help chemists prioritize synthesis. Once
a compound is available, the measured in vitro solubility can be used to predict

4 How solubility influences bioavailability 125

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



exposure and then compare the predicted and observed systemic drug exposure in
pre-clinical species. Our experience is that in vitro solubility measured in aqueous
buffer tends to under-predict exposure at high dose in animals. In vitro solubility mea-
sured in biorelevant media (Simulated Gastric Fluid and FaSSIF) are usually higher
than in aqueous buffer (due to media composition: e.g. bile-salt), which helps the pre-
diction of low-dose exposure in animals where predictions are typically within two- to
fourfold the observed Cmax and AUC. In early development, simulations are performed
to anticipate possible saturation of drug absorption in toxicology studies. At this stage,
we usually only check if under-proportional exposure is anticipated in a qualitative
assessment. When an under-proportional exposure is anticipated with a classical sus-
pension, additional modelling is done to evaluate an alternative enabling formulation.
The objective is then to boost as much as possible the release and dissolution of the
active ingredient from the formulation (see previous paragraph). Our modelling ap-
proach is to make use of all measured solubility versus pH values and solubility values
in biorelevant media to check which dataset/model best describes the exposure at
high dose in animals and then adjust slightly the solubility versus pH curve to match
as close as possible all observed in vivo profile(s). This deviation from measured val-
ues is possibly due to the fact that in vitro simulated fluids do not entirely reflect the
in vivo situation. The optimized solubility versus pH that matches best the observed
in vivo time–concentration profile is the starting point to predict exposure in humans.
Under-proportional exposure in animals helps modelling the exposure versus dose an-
ticipated in humans. Typically, for a compound with poor solubility (e.g. FaSSIF solu-
bility <0.1 mg/mL) and under-proportional exposure in animals, we can relatively
accurately assess the absorption starting from a low dose up to a predicted efficacious
dose in humans. Again, anticipating a solubility-limited absorption in the dose-range
of the single ascending dose (SAD) helps selecting the best formulation for the first in
human study (FIH).

Our experience is that solubility-limited absorption in SAD of an FIH study is
usually well predicted and then used to select an optimized formulation before fur-
ther development to avoid additional bridging studies. One should also keep in
mind that solubility is the starting point of a long sequence of events from drug dis-
solution in the gut until getting adequate exposure in the target organ. Modelling
can effectively connect all parameters leading to exposure at the target and allow
for a PSA. For example, one can factor in drug solubility (and permeability) across
pH and gut sections and take into account that the available fluid volume decreases
from small to large intestine.

Usually, the absorption of BCS class I and III drugs are well predicted. For BCS
class II and IV, we do not often see under-proportional exposure in SAD study using
conventional capsules likely because the in vivo solubility is higher than the solubil-
ity measured in vitro (fluid composition, dynamic forces in the gut, super-saturation).

A review paper on PK modelling to predict in human exposure has been published
by the ORBITO consortium [39], showing rather moderate success rate of PBPK
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modelling to do a correct “a priori” prediction of the concentration versus time profile
in humans. This is not our experience and the reason for this difference is unclear. Our
perception of the ORBITO results is that it corresponds to a fully automated upload of
the model parameters and using decision trees to decide on final model conditions to
be used. This is different to our modelling approach as we handle every compound
slightly differently, integrating all the knowledge available at the time.

As an example, we describe the case of a solubility-limited absorption in a FIH
study with a dose range of 100–1,300 mg. The compound characteristics were as
follows:

HCl salt, high MW (>740 g/mol), log P around 4.4, pKa (base) of 6.9, solubility at
pH 2 and 4 around 0.04 and 0.02 mg/mL, respectively, and solubility in simulated
gastric fluid; pH 1.2 around 0.02–0.06 mg/mL, a FaSSIF solubility of 0.005 mg/mL,
and an FeSSIF solubility of 0.12 mg/mL. In the FIH study, the drug was given as film-
coated tablets (X90, about 16 µm, e.g. micronized API). In vitro dissolution at pH 1,
4.5, and 6.8 showed incomplete dissolution with 10–40% of dose dissolved. The
permeability of the compound in the Caco-2 permeability model was high (Papp of
5 × 10−6 cm/s) with saturated efflux at high concentration (>20 μM) and thus no im-
pact due to efflux transporters expected for doses of 50 mg or higher. High hepatic
clearance estimated from intrinsic clearance data in human microsomes and hepato-
cytes predicted a rather low bioavailability in man. Based on PKPD predictions and
competitor data in patients, a very high efficacious dose was predicted (and the need
of a sevenfold increase of the exposure observed at 400 mg). Modelling enabled to
predict that increasing the dose will reduce Fa (solubility limited) and PSA showed
that no improvement was anticipated with the exception of further particle size re-
duction. Predictions were confirmed using a dynamic in vitro gut system (TIM1 model
at TNO, The Hague, Netherlands) showing a marginal increase of Fa with twofold in-
crease in dose. Addition of food was tested in the clinic, showing a significant in-
crease in drug exposure (two- to fourfold), as expected from modelling (three- to
fivefold) based on drug solubility in FeSSIF and FaSSIF. Switch to a solid dispersion
together with food was further tested in vitro (TNO model [40, 41]) and in vivo in the
dog, which were quite predictive of the human situation, but ultimately the predicted
high exposure needed for efficacy was not reached at highest dose tested.

Solubility-limited absorption is considered difficult to predict in pre-clinical spe-
cies (rat, dog, monkey) with input of in vitro data and low-dose pharmacokinetics
alone. From our observations, it is likely that the in vitro solubility values under-
estimate the true in vivo solubility in the gut and we are missing possible super-
saturation effects. Solubility-limited absorption in human SAD study is considered
predictable with confidence by absorption/PK modelling on the basis of a correct de-
scription of low- and high-dose experiments in two different pre-clinical species.
These predictions remain rather qualitative like anticipating a non-linear absorption
in a planned FIH dose-range finding and predicting the likelihood to reach efficacious
targeted exposure. However, it is our experience that it is not really possible to predict
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with enough confidence at which dose level the non-linearity will start to kick-in and
the steepness of this non-linearity.

Poorly soluble molecules should be intensively studied in vitro (solubility, dis-
solution) and in vivo (exposure vs dose in tox species). These data should be inte-
grated in PBPK models to assess the risk of not reaching the predicted efficacious
concentrations and study mitigation options using PSA.

4.5.1 Non-oral routes

For non-oral routes of drug administration, such as parenteral, nasal, topical, and
ocular, solubilization has an equally significant impact on drug penetration, distri-
bution, and ultimately on the therapeutic effect. Formulations for these routes of
administration must take into account solubility, or drug loading, in the formula-
tion, as well as miscibility, which can have an impact on stability. Many parenteral
formulations are lyophilized powders, which are reconstituted prior to administra-
tion. Lyophilization is generally employed to control stability, and re-constitution is
performed within a few hours of administration to the patient. When a powder is
reconstituted, in general it must occur very rapidly, thus solubility in the formula-
tion and wetting of the lyophilized cake is a key consideration. In general, lyophi-
lized products are co-lyophilized with excipients, which are used to facilitate rapid
wetting in an aqueous-based media (e.g. saline, dextrose). Additionally, other exci-
pients can be co-lyophilized which solely function to improve solubilization when
the drug is reconstituted. An example of this is the use of cyclodextrins to improve
intrinsic solubility through complexation. The drug may be dissolved into the cyclo-
dextrin, lyophilized, and then reconstituted with saline prior to administration to
the patient. It is not uncommon for a cyclodextrin to improve solubility in aqueous
media by more than 10-fold, compared to solubility of the drug in aqueous media
alone. Cyclodextrins have additionally been utilized successfully in nasal sprays
and topical ocular solutions [42].

4.6 Conclusion and outlook

A lot of knowledge has accumulated in the last two decades and our understanding of
how solubility impacts bioavailability and affects compound attrition and development
timelines improved tremendously. Solubility only marginally affects oral exposure in
the low-dose rodent PK screen and the challenge is more the early identification of
molecules for which it will be difficult to get efficacious exposure and/or exposure mul-
tiples for safety assessment. Our ability to predict the impact of solubility on exposure
for molecules that are within the rule of five property space is usually good, although
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cross-species prediction is not always accurate. Failure to correctly predict in vivo
exposure can be divided into two main categories. First, we may not describe the prop-
erties of the molecule correctly. For example, the impact of the common ion effect on
in vivo solubility may not be sufficiently well captured. Larger molecules are also more
likely to form soluble aggregates than traditional low-molecular-weight compounds,
and the impact on absorption is not yet well understood. Second, the in vitro media
used to simulate intestinal fluids may not completely describe the in vivo solubility
and neglect the dynamic aspect of the system.

The accurate prediction of more complex, larger molecules is more challenging
because traditional assay protocols may not work, and semi-empirical rules derived
from past experience may not necessarily apply. For example, clog P becomes less
meaningful for compounds with MW > 1,000 and in this space, it is not uncommon
to get quite soluble molecules with clog P values >8. Another challenge is the pre-
diction of very potent compounds that could be efficacious at a relatively modest
exposure and would tolerate a relatively low oral bioavailability. Solubility remains
a key attribute that influences successful compound progression as illustrated by
the analysis of the GlaxoSmithKline portfolio by Bayliss et al. [43]. On average, the
time from development candidate selection to either termination or successful pro-
gression is 2 years longer for poorly soluble molecules. Interestingly, the attrition of
low soluble compounds is higher in phase I to phase II transition compared to pre-
clinical to phase I clinical study. The amount of risk taken with the selection of a
low soluble development candidate needs to be put in perspective with the compet-
itive landscape and the severity of the unmet medical need.
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5 Estimation of intraluminal drug solubility

5.1 Intraluminal solubility and drug absorption

Oral dosing continues to be the most popular route of administration; 33 out of 59
total novel drug approvals by the FDA in 2018 were for oral administration (www.fda.
gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/ucm592464.htm). After oral
administration, the drug is released from the dosage form and gets molecularly dis-
persed in the luminal contents in a timely and efficient manner to be available for
local action or for transport through the gastrointestinal (GI) epithelium [1, 2]. For sys-
temically acting drugs, intraluminal concentrations influence the rate of appearance
in portal blood and determine the total amount reaching the general circulation [3].

Over the past decade, luminal drug concentrations have been measured after
oral administration of drugs in humans using intubation techniques. The added
value of gastrointestinal concentration profiling to gain in-depth knowledge of in-
traluminal drug and formulation behaviour and to identify the key processes of
drug absorption have been demonstrated [4]. Examples include a better under-
standing of intestinal precipitation of weakly basic drugs (see chapter 2) clarifying
inter-individual or food-induced variability in absorption, and an improved insight
into the solubility–permeability interplay. Drawbacks with direct measurements of
intra-gastric or intra-intestinal drug concentrations are the ethical issues in terms of
exposing humans to the intubation procedure and drugs without any direct thera-
peutic benefit to the subject [3]. As a result, data are usually collected from a limited
number of subjects and information is typically limited to one active pharmaceuti-
cal ingredient (API) per clinical study. One way to improve the cost:benefit ratio of
the experiments is to collect human aspirates – without prior administration of the
drug – and use them for measuring the parameters of interest.

Thermodynamic solubility of an API is the concentration in equilibrium with a
given medium. Solubility in the GI contents is a key parameter that affects luminal
dissolution and maximum apparent absorption rates of the API, especially if the
API is passively absorbed [1, 2]. Solubility measurements of drugs in GI contents are
performed ex vivo. Values are typically different than in water and can vary dramat-
ically depending on the region of the GI lumen and the dosing conditions
(Table 5.1). As a result, the use of aqueous solubility as an indicator of luminal solu-
bility can lead to very pronounced underestimation of intraluminal values espe-
cially for lipophilic APIs.
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It should be acknowledged that although thermodynamic solubility designates the
highest apparent drug concentration which can be achieved in equilibrium, apparent
luminal drug concentration may temporarily reach higher values since supersaturation
of contents may occur. Indeed, due to high-throughput drug discovery methodologies
and the selection of targets requiring more lipophilic compounds, an increasing

Table 5.1: Aqueous thermodynamic solubility (µg/ml, 37 °C) of danazol (non-ionizable, logP 4.2)
and felodipine (non-ionizable, logP 4.5) in comparison with values in aspirates collected at various
times after administration of a glass of water to fasted adults (fasted) and after administration of a
liquid meal to fasted adults (fed) [5, 6].

Danazol Felodipine

Water . 

HGFfasted . ± . ( adults) . ± . (– min, pooled sample from
 adults)

HIFfasted . ± . ( adults) . ± . (pooled sample from  adults)
. ± . (pooled sample from

adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)

HCFfasted . ± . (h,  adults) . ± . ( h,  adults)

HGFfed Not available  ±  ( min, pooled sample from  adults)
 ±  ( min, pooled sample from 

adults)
 ±  ( min, pooled sample from  adults)

HIFfed  ±  (pooled sample from 

adults)
 ±  (pooled sample from  adults)

 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)
 ±  ( min,  adults)

HCFfed . ± . ( h,  adults) . ± . ( h,  adults)

*Data are mean ± SD. HGF, human gastric fluid; HIF, human intestinal fluid (collected from the
upper small intestine); HCF, human colonic fluid. Aspirations were performed at specific times after
water or liquid meal that are indicated in parenthesis unless they are not known.

134 Christos Reppas and Maria Vertzoni

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



number of drug candidates have limited solubility and drug delivery systems are de-
signed to generate supersaturation [7]. Also, for lipophilic weak bases, solubility is ex-
pected to be higher in the stomach in the fasted state than in any other region of the
GI lumen. This can result in supersaturation as the dissolved drug moves out from the
acidic gastric environment to the almost neutral intestinal environment and precipita-
tion may occur in the duodenum [8]. Drug delivery systems designed to generate su-
persaturation include lipid-based formulations and amorphous drug solid dispersions
(See Chapter 8).

This chapter aims, first, to present the procedures necessary for obtaining reli-
able results for solubility measurements in human aspirates and, secondly, to de-
scribe situations where drug solubility in a specific region of the GI lumen would be
useful to know.

5.2 Procedures for aspirating gastrointestinal
contents

The methodology for estimating drug solubility in the GI tract involves aspiration of
contents from the human GI tract and measurement of solubility of the APIs of interest
ex vivo. When the aim is to collect gastric contents or contents of the upper small intes-
tine, aspirations can be performed after naso- or oro-gastro intestinal intubation. If the
aim is to measure solubility in contents of the lower intestine (distal ileum or colon),
then contents could be collected during colonoscopy. In all cases, aspiration methodol-
ogies require highly trained and experienced staff. In addition, well-defined protocols
for the aspiration study and handling of samples after aspiration are important to gen-
erate reliable data. As a result, collection of human aspirates is a costly procedure.

5.2.1 Aspiration protocols

As in oral drug absorption studies pertaining to measurement of drug concentration
in plasma, healthy adults are enrolled with the main exclusion criteria being the exis-
tence of a major health problem (cardiovascular, pancreatic, hepatic, thyroid, etc.),
the existence of any condition requiring prescription drug therapy, recent history of
gastrointestinal symptom regardless of the severity (e.g. heartburn, constipation, hae-
morrhoids, etc.), the intake of an investigational agent (new or generic) during the
past 30 days prior to the initiation of study, the presence of antibodies indicating ac-
tive acute or chronic HIV, HBV, or HCV infection, the use of medication which may
affect GI function (including antibiotics) during the past 30 days prior to the study, or
irregular bowel habits.
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5.2.1.1 Aspiration from the stomach and the upper intestine

Aspirations can be performed after nasal or oral intubation. The nasal route considered
more practical by gastroenterologists since the tube reaches the tracheal–oesophageal
junction at an angle which is more favourable for entry into the oesophagus [3].

After spraying the back of the mouth with lidocaine hydrochloride, two sterile
tubes (one positioned into the stomach and one positioned in the duodenum) or one
sterile two-lumen duodenal tube (Figure 5.1) is introduced through the mouth or nose
of a human volunteer. Typically, the two-lumen duodenal tube is 150 cm long with
external diameters of ~5 mm for the gastric and ~3 mm for the jejunal area, respec-
tively, and a plastic tip at its distal end. A series of holes, 55-65 cm proximal to the tip
is used to access the antrum of the stomach. A further series of holes, 13.5-23.5 cm
proximal to the tip was used to aspirate samples from the ligament of Treitz [9, 10].
Insertion of the tube(s) is assisted by a guiding wire, and the position is usually moni-
tored fluoroscopically. After reaching the final position and removing the wire, the
subject is allowed to lay semi supine and any nasal, oesophageal, and/or gastric se-
cretions in response to the intubation process should be aspirated out of the stomach.

Although intubation studies are invasive and might disturb the GI physiology, it
has been concluded that transpyloric tubes with slightly longer than 3 mm external
diameter had only minor or non-significant effects on gastric emptying, gastric se-
cretions, and duodenogastric reflux [11].

In the fasted state, contents from the stomach and/or the upper intestine are
collected after the administration of a glass of water, that is, mimicking conditions
to which drugs are administered during bioavailability/bioequivalence (BA/BE)
studies in healthy adults [12].

Figure 5.1: Schematic overview of intraluminal sampling technique. Left: A two lumen tube is
introduced through nose and positioned into the stomach and the intestine. Right: X-ray images of
the tube positioned inside the stomach (dotted line) and the intestine.
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In the fed state, to date, only liquid meals have been used to estimate solubility
in gastric and intestinal contents as the administration of the high-fat, high-calorie
meal proposed by regulatory agencies (reference meal [12]) could create problems
with sample aspiration, due to potential clogging of the aspiration port [3, 13].
Liquid meals (e.g. NuTRIflex, Ensure Plus, Scandishake Mix) with similar composi-
tion, origin of calories, calorie content, and/or volume to that of the high-fat, high-
calorie meal proposed by regulatory agencies [14–17] had instead been employed. It
should be noted that, based on the few studies published to date on the impact of
homogenization of solid-liquid meals, [18, 19] the extent to which the luminal envi-
ronment after administration of liquid meals is similar to that after administration
of the reference (solid-liquid) meal is not clear [20].

Once the water or the meal is administered, samples of contents can be manually
aspirated over a period of 1 h (fasted state) or up to 4 h (fed state). It is important to aspi-
rate as little as possible for the sampling to have minimum impact on the physiological
process of transit of contents from the stomach to subsequent regions of GI lumen.

At the end and before removing the tube and discharging the subject, the final
position of the tube should be confirmed fluoroscopically.

5.2.1.2 Aspiration from the lower intestine

Collection of contents from the lower intestine (distal ileum and ascending colon) is
performed via colonoscopy. Colonoscopy requires prior cleaning of the distal colon. In
clinical practice, colon preparation procedures involve the ingestion of varying vol-
umes of polyethyleneglycol (PEG 3350) solution in non-carbonated water. In order for
the environment of lower intestine to reflect the environment during a BA/BE study,
any effect(s) of colon preparation procedure must be reversed before the sampling.

During the past decade, a protocol for direct sampling from the lower intestine
with minimal effects on its physiology has been validated [21] and applied repeat-
edly [22, 23]. Based on this protocol, subject work-up involves the administration of
10 mg of bisacodyl 50 h prior to colonoscopy and 10 mg of bisacodyl, 44 h prior to
each colonoscopy. From the time of first bisacodyl administration until the night
prior to each colonoscopy day, subjects eat only liquified food (e.g. fish/chicken/
rice soups, fruit juices) and white bread ad libitum. From the night prior to colonos-
copy day until arrival to the clinic, that is, for at least 12 h, subjects remain fasted
(Figure 5.2). With this regimen, bisacodyl effects on the intracolonic environment at
the time of colonoscopy was shown to be non-significant [21] and did not have
major effect on stools consistency [22].

Samples from distal ileum, caecum, and ascending colon are collected 5 h after
the administration of a glass of water or after the consumption of the high-fat, high-
calorie meal as proposed by regulatory agencies (reference meal [12]), that is, about
the time drugs administered as conventional products or modified release products
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are expected to reach the lower intestine after oral administration. In order to control
water consumption on colonoscopy day, non-carbonated water is administered to
subjects according to the schedule described in Figure 5.2. Colonoscopy can last up
to 1 h and collection of contents from the distal ileum, the cecum, and the ascending
colon is performed under anaerobic conditions.

5.2.1.3 Handling of aspirated samples

Immediately upon collection, precautions should be taken to avoid any post-sampling
alteration in the aspirated contents [4].

In order to maintain the composition of the aspirated sample until the solubility
experiment is performed, it is necessary to deactivate enzymes immediately using a
method that itself only minimally (or preferably, not at all) affects the composition of
the sample, before storing the sample under deep-freeze conditions (−20 °C or lower).
Especially in the fed state, enzymatic digestion should be inhibited by adding enzyme
inhibitors.

In order to inhibit ex vivo lipolysis, the lipase inhibitor Orlistat dissolved in etha-
nol was used [16]. Orlistat was immediately added to the collected duodenal aspirates
in a final concentration of 1 µM such that the ethanol concentration in the samples
were 0.1% v/v. Hernell et al proposed the addition a cocktail of lipase/protease inhib-
itors (2% v:v) consisting of 50 mM diisopropylfluorophosphate, 50 mM diethyl (p-nitro-
phenyl)phosphate, 50 mM acetophenone, and 250 mM phenylboronic acid [9, 24].

Semi-liquid food Fasted state
Administration of water

Administration of water

150 mL

150 mL

9:30 am 10:30 am

9:30 am8:30 am

8 pm

8 pm

6 pm

6 pm

12  pm

12 pm

Day–2

Day–2

Day–1

Day–1

Day–0

Day–0

11:30 am

12:15 pm

12:15 pm

12:30 pm

12:30 pm

Start
fasting

Start
fasting

10 mg
BIS

10 mg
BIS

10 mg
BIS

10 mg
BIS

8 am

8 am

Colonoscopy

Colonoscopy

12 pm

11 am

150 mL

150 mL

200 mL

200 mL

150 mL

150 mL 100 mL

Fed stateSemi-liquid food

Figure 5.2: Subject work-up prior to colonoscopy and administration of water and/or food during
the colonoscopy day. BIS: bisacodyl.
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Immediately upon collection, care should also be taken to limit exposure to the
atmospheric environment, since this may affect the pH and alter the buffer capacity
of the aspirates [4, 25]. If the aim is to correlate the solubility values with parame-
ters obtained from physicochemical characterization of the contents, the pH and
buffer capacity should be measured immediately upon collection.

To avoid second freeze-thawing cycle of samples [25], samples could be divided
in sub-samples before storage [7]. It has been shown that application of one freeze-
thaw cycle with lipase-containing media prior to using them, lowered the observed
solubility values for dipyridamole and ketoconazole by 18%–34% and 13%–45%,
respectively [26].

In the case of contents collected from the upper small intestine in the fed
state, the micellar phase of the contents can be obtained using ultracentrifugation
at 410,174 g for 2 h at 37 °C [9, 24]. After ultracentrifugation, four phases are
obtained, that is, triglyceride phase, interphase, primarily micellar phase, and
pellet.

In the case of contents collected from the lower intestine, the sample is ultra-
centrifuged (30,000 g, 15 min, 25 °C) under anaerobic conditions and the aqueous
content is separated and used for solubility measurements. These ultracentrifuga-
tion conditions were proved appropriate for eliminating both solids and bacteria
without affecting the structure of bacteria, that is, without liberating intracellular
components which could contribute to degradation in the supernatant [26].

Individual or pooled aspirates can be used for solubility estimations. The use of
individual samples enables correlations with levels of specific components in each
sample and thus to determine the most important factors affecting luminal solubil-
ity of the tested compound.

A pooled sample from a large number of volunteers offers greater volumes and
solubility measurements of many number of compounds in contents with the same
composition and enables comparisons across a set of compounds. If samples are to
be pooled, the volume taken from each individual sample should be held constant to
ensure that the pooled sample is equally representative of all subjects [3].

5.3 Methodology for estimating solubility
in gastrointestinal contents

Typically, solubility is measured with the shake flask method at 37 °C [13]. An ex-
cess amount of the API is added to glass vials containing small volumes of aspirated
samples (2–3 ml). The excess amount should be 2-3 times higher than the expected
amount needed to saturate the medium [27]. The equilibration time should be as
short as possible to minimize composition changes in the aspirated samples but
long enough to allow the system to reach equilibrium.
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Since aspirates cannot be easily filtered through 0.45 um filters, samples are
frequently centrifuged at 37 °C in order to separate the undissolved API. Adequacy
of centrifugation could be partly evaluated from the variability of estimated values.
After measuring the pH, the supernatant has to be immediately diluted with the
appropriate solvent in order to avoid any precipitation due to the lower room
temperature.

One problem of the shake-flask method when measuring solubility of ionized com-
pounds is the possible alteration of the final pH of the medium at equilibrium. However,
for highly dosed compounds, similar alterations may also occur intraluminally, espe-
cially in the fasted small intestine where buffering capacity is relatively low [3].

In the case of solubility measurements in aspirates collected in the fed sate, ex-
periments are usually performed in the total luminal contents [14, 16, 17]. One issue
with this approach is the difficulty to find the appropriate conditions (speed of cen-
trifugation) in order to separate the excess solid drug from the rest of the sample
prior to analysis [28]. Another issue is that the concentrations achieved in the phase
driving drug absorption (likely the micellar phase) may be over or underestimated
if only the total concentration is reported, leading to false estimates of the expected
impact on absorption [3]. Assuming that it is the micellar phase concentration
which drives absorption, it would be preferable to report solubilities determined in
this phase of the postprandial luminal contents to predict food effects [3, 9].

5.4 Estimating drug solubility in the
gastrointestinal contents

The physicochemical characteristics of human GI fluids change with the location,
the dosing conditions, and the time after water or food ingestion. Table 5.2 presents
an overview of the variable composition after the administration of a glass of water
to healthy adults from different studies [20]. Table 5.3 summarizes the complex
composition of luminal contents at various times after administration of a meal to
fasted adults [20]. Based on the different composition of luminal contents along the
GI tract, it is expected that solubility can vary dramatically with the region of the GI
lumen and the dosing conditions.

5.4.1 Estimation of drug solubility in the stomach

In the fasted state, intragastric solubility is of interest, primarily for compounds
that are administered in liquid form from which precipitation in stomach may occur
(e.g. lipid dosage forms) and for formulations or compounds that are highly soluble
and rapidly dissolving in the stomach but that have limited solubility in the small
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intestine [29]. The latter applies to supersaturating drug delivery systems and to li-
pophilic weak bases and their salts. Lipophilic weak bases can induce supersatura-
tion as the dissolved drug moves out from the stomach to the duodenum and
precipitation in the duodenum may occur [8].

In the fed state, gastric residence times of dosage forms are increased substan-
tially, so dissolution of solid particles in the stomach can be more extensive than in
the fasted state. For lipophilic compounds, solubility in the contents of the fed
stomach is expected to increase, due to the increased presence of various compo-
nents that promote solubility and the extent of such an increase will vary with time
after meal administration (Table 5.3). Intragastric solubility in the fed state should,
therefore, be of interest for BCS Class II and Class IV compounds. Meal components
can have an adverse effect on solubility if an insoluble complex is formed with the
drug. A relevant example is complexation with calcium, which precipitates bi-
sphosphonates and tetracyclines, rendering them insoluble and thus unavailable
for absorption [3].

5.4.2 Estimation of drug solubility in the upper intestine

As the upper intestine is the primary site of absorption for the majority of drugs, the
emphasis few years ago has been given to the measurement of solubility in human
intestinal aspirates. Solubility values covering 59 different APIs was summarized
(102 solubility values in the fasted state and 37 solubility values in the fed state)
[13]. In the upper intestine, the presence of bile salts, phosphatidylcholine, and cho-
lesterol create mixed micelles that can solubilize lipophilic APIs. The presence of
mixed micelles is much higher after meal ingestion (Table 5.3) as the gall bladder
contracts in response to meal and empties its content into the duodenum.

5.4.3 Estimation of drug solubility in lower intestine

The impact of absorption from the lower intestine, that is, from distal ileum and prox-
imal colon, on plasma pharmacokinetic profile after oral administration of a drug
product is of particular interest when considering the development of modified re-
lease products [30]. Conditions in the lower intestine are of interest when the product
targets the API to the colonic region for local action. It could also be useful for under-
standing the pharmacokinetic performance of poorly soluble active pharmaceutical
ingredients (APIs), BCS Class II and Class IV APIs, which are administered in immedi-
ate release products, when drug absorption is incomplete in the upper intestine.
Studies have shown that solubility of lipophilic APIs in the lumen of the ascending
colon can be different than in the contents of stomach and upper intestine during
fasting state (Table 5.1, [5]) and such differences together with subsequent difference
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in luminal dissolution rates may be crucial for the prediction of intraluminal behav-
iour of highly dosed APIs [31].

5.5 Concluding remarks

The apparent thermodynamic solubility of orally administered active pharmaceutical
ingredients in the gastrointestinal lumen is a useful parameter at various stages of the
discovery and development programs in pharmaceutical industry. Today, several is-
sues relating with aspiration procedures and methodology for measuring solubility in
aspirates have been resolved and collection of high-quality data is possible. However,
the knowledge on physicochemical characteristics of luminal contents accumulated
during the past two decades in conjunction with ethical issues and costs associated
with the collection of human aspirates make the use of in vitro surrogate media for
estimating luminal drug solubility an attractive alternative, at least in certain
situations.
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Jennifer Dressman

6 Biorelevant media

6.1 A short history of biorelevant media

The media used in the various pharmacopoeia to represent the conditions in the
gastrointestinal (GI) tract were designed to reflect primarily the difference in pH
between the stomach and the small intestine in order to test whether different
oral dosage forms could release the active pharmaceutical ingredient (API) as in-
tended. For example, an immediate release dosage form should release the drug
in the stomach or latest in the proximal small intestine, whereas an enteric-coated
product should prevent release in the stomach but provide for adequate release
under intestinal conditions. Initially, the pH of the medium representing the stomach
was set at pH 1.2, whereas the pH for the intestine was set at pH 7.4 [1]. Other aspects
of GI physiology such as the effects of meal intake on fluid composition, fluid vol-
umes, motility, and transit times were largely ignored in favour of attaining sink con-
ditions for dissolution and a short test period, both of which are favoured for quality
control purposes. As long as the API in question had good solubility, the standard
quality control tests were often satisfactory for predicting product performance.

For less soluble drugs, however, problems were encountered with respect to sink
conditions, and at first, solvents were added to the dissolution medium or larger vol-
umes were used (up to 4 L vessels were available). Gradually, it was realized that
these approaches were neither representative of GI physiology nor very practical, and
many companies switched to using surfactants in the media to induce sink condi-
tions, often employing very high levels (2% and more) [2].

In the meantime, scientists became aware of the influence of the naturally
occurring surfactants in the GI tract and started to investigate their influence on
drug solubility and dissolution [3–5]. It became clear that not only could bile salts
solubilize and improve the dissolution rate of steroidal drugs, but that addition of
lecithin (which is also secreted with the bile) enhanced these effects considerably.
Simultaneously, clinical studies were being conducted to determine how the pH
profile in the GI tract might be affected by meal ingestion [6], by ageing [7], and by
disease (e.g. achlorhydria [7] and cystic fibrosis [8]). These studies were further
supplemented by investigations of gastric emptying, focusing on the interaction be-
tween particle size and viscosity on gastric emptying behaviour of non-digestible
dosage form surrogates [9, 10].

This emphasis on understanding the physiology in the GI tract and how it
might interact with dosage forms to affect drug absorption attracted the interest of
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the FDA and a project was funded in collaboration with Dr Vinod Shah at FDA to
propose a set of biorelevant media which could be used to help understand dosage
form performance after oral administration [11, 12].

Initially, four media were proposed: Simulated gastric fluid (SGF) was used to
simulate gastric fluid in the fasted state and milk was used to simulate the contents
of the stomach in the fed state, while new media were introduced to simulate con-
ditions in the intestine: fasted state simulating intestinal fluid (FaSSIF) and fed
state simulating intestinal fluid (FeSSIF). Since then, research on the biorelevant
media has continued uninterrupted and the timeline in Figure 6.1 describes the evo-
lution of biorelevant media over the last 20 years.

6.1.1 Fasted gastric media

Although FaSSIF and FeSSIF had been proposed by Dressman et al. [12], they at
first relied on the compendial medium SGF to represent fasted state conditions in
the stomach. With a pH of 1.2, achieved with hydrochloric acid, together with so-
dium chloride to adjust osmolarity and the option to add pepsin to hydrolyse pro-
teins (e.g. the gelatine in capsules), this medium already addressed several aspects

– FaSSIF/FeSSIF [12]

– FaSSGFachlorhydria [13]

– FaSSGF [14]

– Canine FaSSIF/FaSSGF [15]

– FaSSIF V2/FeSSIF V2/FeSSGF [16]

– FaSSCoF/FeSSCoF [17]

– FaSSGF V2 [18]

– FaSSIF V2 Plus [19]

– Canine FaSSIF [20]

– FeSSGEm (now FeSSGF) [21]

– FaSSIF V3 [22]

– Set of variations on FaSSIF [23]

– FaSSIFileum [24]

Figure 6.1: Timeline for evolution of biorelevant media from 1998 to 2018.
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of gastric physiology. A slight drawback was the very acidic pH of the SGF, which
lies at the lower end of pH values that have been recorded in healthy subjects [5, 6].
Through a collaboration with Boehringer Ingelheim, it was also apparent that pa-
tients taking H2-receptor antagonists would have an elevated gastric pH due to the
lack of acid secretion into the stomach, and that this could severely affect the
bioavailability of poorly soluble, weakly basic drugs. To address this gap, Martin
Wunderlich developed and proposed an “achlorhydric” fasted state gastric fluid
which had a pH of 5 and consisted of a very weak acetate buffer (0.005 M) [13]. The
weak buffer capacity reflected the fact that the elevation in pH is not due to addi-
tion of a buffer (as is the case after administration of some antacids), but rather due
to the absence of gastric acid.

The next development was made at the National and Kapodistrian University of
Athens, where after discussion with the group at the University of Frankfurt, it was
deemed necessary to lower the surface tension and increase the pH of the fluid in
order to more closely resemble the characteristics of human gastric fluid aspirates.
The resulting medium, FaSSGF, replaced the use of SGF as a surrogate for gastric
fluid of healthy volunteers in the fasted state [14]. Later, a revised version, FaSSGF
V2, was proposed by Erceg et al. [18].

6.1.2 Fed gastric media

After a detailed analysis of the pH profile in the stomach of healthy adults during
and after eating [5, 6], it was concluded that the best way of modelling the compo-
sition of the gastric contents after ingestion of a meal was to divide the profile into
three parts: early (the first half-hour after meal ingestion), middle (30-90 min after
eating), and late (90 min and longer after eating). Three media were designed to
reflect the differences among these three phases, with pH and fat content
declining from “early” to “middle” to “late” [16]. A “global” medium was also pro-
posed by the authors for those researchers only interested in an overall assess-
ment of how the solubility of a drug in the stomach fluids might change from the
fasted to the fed state. The compositions of each of these media were based on
milk, which had been the first medium used to represent conditions in the stom-
ach after eating [11].

With time, researchers using milk as the basis for the dissolution media re-
ported difficulties in separating the dissolved drug from the medium in preparation
for analysis. The separation procedure involved precipitation of the milk proteins
and centrifugation, which added considerably to the variability in results. Murat
Kilic [21] set about determining whether a simpler medium, free of proteins, could
also serve as a surrogate for the gastric chyme in the fed state. Instead of using
milk, he switched to Lipofundin®, a parenteral nutrition product marketed by

6 Biorelevant media 151

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



B. Braun, containing soybean oil and medium-chain triglycerides as the fat compo-
nent as well as glycerol, egg-yolk phospholipids, and sodium oleate, as the basis
for the fed state media. As results for solubility and dissolution for several drugs
and formulations were comparable in the milk and Lipofundin®-based media, it
was concluded that the Lipofundin®-based media would be suitable for predicting
drug behaviour in the fed state stomach.

6.1.3 Further versions of intestinal media

Starting with Jantratid et al. [16], several different versions of media representing
the fasted and fed conditions in the small intestine have been proposed.

The main difference between the original FaSSIF (henceforth “FaSSIF V1”) and
the second version (FaSSIF V2) was the change in the ratio of bile salts to lecithin in
the composition. Whereas the ratio in FaSSIF V1 is 4:1, the ratio in FaSSIF V2 is 15:1
[16]. This results in some differences in solubility behaviour, as addressed below.
While the ratio of 4:1 addresses average relative concentrations of the two bile com-
ponents in bile from healthy humans, the 15:1 ratio reflects a value closer to the
upper bound and few sets of data in the literature have reported mean ratios this
high. In 2012, Psachoulis et al. [19] put forward another FaSSIF version, FaSSIF
Plus. This medium was based on FaSSIF V2 but included sodium oleate and choles-
terol, which are also found in human intestinal aspirates collected in the fasted
state. Cholesterol is also secreted in bile at low concentrations, whereas free fatty
acids such as oleate are produced in the intestinal lumen by lysis of lecithin. It was
thought that both of these components could have an effect on solubility and drug
dissolution.

Finally, after a thorough review of all available data in the literature about the
composition of intestinal aspirates collected from healthy humans in the fasted
state, Fuchs et al. [22, 25] proposed another version of FaSSIF, FaSSIF V3.
Additional to the Psachoulis medium, this one also took into account the rapid
lysis of lecithin in the intestine by using lysolecithin as the phospholipid
component.

Jantratid et al. [16] also updated the medium reflecting fed state conditions in
the intestine, proposing a FeSSIF V2. To date, no further versions of this medium
have been reported in the literature.

6.1.4 Media for the lower intestine

Since there are many formulations on the market, which release the drug over a
long time or at a position lower in the GI tract, it is also of interest to know the
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solubility of the drug in this region. Using colonoscopy techniques, researchers in
Athens were able to recover samples of colonic fluid from the upper ascending
colon and analyse them for physicochemical characteristics as well as chemical
composition [26], as described in chapter 5 of this book. Based on these data, com-
positions were proposed to represent the colonic conditions, FaSSCoF and
FeSSCoF, for the fasted and fed state, respectively [17]. More recently, adopting a
similar approach, luminal fluid samples were also recovered from the ileum, and a
biorelevant medium representing this region has also been published [24].

Therefore, as of this writing, a complete set of biorelevant media covering the
stomach, small intestine, and ascending colon in humans has been developed.

6.1.5 Canine media

Another area in which scientists in the early 2000s were interested was the extrapola-
tion of bioavailability results from dogs to humans. At that time, most major pharma-
ceutical companies relied heavily on testing in dogs to determine which formulation
(s) of a new drug would be most likely to perform well in humans. For this reason, it
was also of interest to be able to predict a drug’s solubility in the canine GI tract. The
first proposals for fluids to simulate canine gastric and intestinal fluids were made by
the Athens group in 2006 [15]. Later, the Frankfurt team elaborated on this work
in collaboration with F. Hofmann-LaRoche to propose further canine media [20]. In
order to reflect the essentially bimodal gastric pH in dogs, two media were proposed:
since some dogs have low gastric pH, similar to the great majority of heathy adult
humans, whereas others have consistently elevated gastric pH. Thus one medium
has a pH of 6.5 to address the dogs with high gastric pH, while the second medium
has a pH of 1.5 to address the pH in dogs with “normal” gastric pH. A revised canine
intestinal medium was also proposed by these authors.

6.2 Current versions of biorelevant media

The currently recommended media compositions of fasted and fed state versions of
the biorelevant media are shown in Table 6.1 for the fasted state, and Tables 6.2
and 6.3 for the fed state [27]. They are all referred to in the table as “Level II”
media since they contain bile components and, if appropriate, fat digestion prod-
ucts as well as adjusting for pH, buffer capacity and osmolarity. Level I media lack
the bile components/fat digestion products but are adjusted for pH, buffer capac-
ity, and osmolarity, whereas level 0 media are simply adjusted to the relevant pH
(Figure 6.2).
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Table 6.1: Biorelevant media for simulating the environment in the stomach, upper/middle/lower
small intestine, and ascending colon in the fasted state in experiments with poorly soluble drugs1.

Ingredients Level II
FaSSGF

Level II
FaSSIF-V

Level II
FaSSIF-V

Level II
FaSSIFmidgut

Level II
SIFileum

Level II
FaSSCoF

Sodium taurocholate
(mM)

.   . . –

Sodium cholate (mM) – – – – – .

Lecithin (mM) . . . . . .

Sodium oleate (mM) – – – – – .

Tris (mM) – – – – – .

Maleic acid (mM) – – . . . .

Potassium
dihydrogen
phosphate (mM)

– . – – – –

NaOH (mM) – . . .  

HCl qs pH . – – – – –

Sodium chloride (mM) . . . . . –

Parameters

Osmolality (mOsm/kg)      

Buffer capacity (HCl)
[(mmol/L)/ΔpH]

n.a.     

pH . . . . . .

1Osmolality, pH, and buffer capacity are measured values; osmolality was adjusted with NaCl if
needed; n.a., not applicable.

Table 6.2: Biorelevant media used to simulate the environment in the stomach in the fed state in
experiments with poorly soluble drugs1.

Ingredients Level II FeSSGFearly Level II FeSSGFmiddle Level II FeSSGFlate

Maleic acid (mM) . – –

Acetic acid (mM) – . –

Sodium acetate (mM) – . –

Ortho-phosphoric acid (mM) (mM) – – .

Sodium dihydrogen phosphate (mM) – – 

Lipofundin®:buffer ratio .:. .:. .:.
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Table 6.2 (continued)

Ingredients Level II FeSSGFearly Level II FeSSGFmiddle Level II FeSSGFlate

HCl/NaOH qs pH . qs pH  qs pH 

Sodium chloride (mM) . . .

Parameters

Osmolality (mOsm/kg)   

Buffer capacity (HCl) [(mmol/L)/ΔpH]   

pH .  

1Osmolality, pH, and buffer capacity are measured values; osmolality was adjusted with NaCl.

Table 6.3: Biorelevant media for simulating the fed state environment in the upper/middle/lower
small intestine and ascending colon in experiments with poorly soluble drugs1.

Ingredients Level II
FeSSIF

Level II
FeSSIF-V

Level II
FeSSIFmidgut

Level II
SIFileum

Level II
FeSSCoF

Sodium taurocholate (mM)    . –

Sodium cholate (mM) – – – – .

Lecithin (mM) .   . .

Glyceryl monooleate (mM) –  . – –

Sodium oleate (mM) – . . – .

Glucose (mg/mL) – – – – 

Tris (mM) – – – – .

Maleic acid (mM) – . . . .

Acetic acid (mM)  – – – –

NaOH (mM)  .   .

Sodium chloride (mM) – . . . 

Potassium chloride (mM)  – – – –

Parameters

Osmolality (mOsm/kg)     

Buffer capacity (HCl)
[(mmol/L)/ΔpH]

    

pH . . . . .

1Explanation of abbreviations is provided in the text; osmolality, pH, and buffer capacity are
measured and are not nominal values; osmolality was adjusted with KCl or NaCl.
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6.3 Selection of appropriate media for solubility
and dissolution studies

6.3.1 Solubility studies

In early development, whenever the drug candidate is being considered for an oral
formulation, a key question is the solubility behaviour in the GI tract, since the es-
tablished tenet is that a drug must be in solution in the gut lumen before it can be
quantitatively absorbed into the systemic circulation.

The usual standard applied is the solubility under intestinal conditions, as this
is where the great majority of drug absorption takes place. Several studies have
been published showing the solubility of drugs in aspirates recovered from the in-
testinal lumen of healthy volunteers (human intestinal fluid, HIF) (see Chapter 5),
and solubility in HIF is usually the benchmark by which media that attempt to re-
produce the conditions in the human intestine are judged. Although there are some
issues with solubility values in HIF around questions such as intersubject variabil-
ity, pooling of aspirates, and their handling prior to solubility measurements [25],
which for certain drugs have led to a wide range of reported values, this is the most
reliable benchmark currently available. That being said, use of HIF as a medium for
solubility assays is not a feasible approach for routine screening and optimization

Level I

Level 0

Level II

Few dosage forms
(e.g. lipids)

Most dosage
forms and APIs

Few dosage forms,
quality control

Proteins, enzymes,
viscosity effects

Osmolality, bile components,
lipids, lipid digestion products

Buffer capacity

pH

Level III

ApplicationsBiorelevance and complexity

→

→

+

+

+

+

Figure 6.2: Levels of biorelevant dissolution media (adapted from [27]).
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of drug candidates. Biorelevant media are suitable surrogates that have been
proven to be advantageous to understand solubility behaviour of drug candidates,
especially those that are poorly soluble, in the GI milieu.

A comparison of results in three versions of FaSSIF with HIF solubility has now
been published by Fuchs et al. [22] and by Klumpp et al. [28]. The results from Fuchs
et al. are shown in Table 6.4.

The results show that all three of the biorelevant media are able to give a good
approximation of the average solubility of the drug in the human fasted intestine.
By contrast, for the poorly soluble drugs studied, using the corresponding simple
buffer solutions resulted in an underestimation of the HIF solubility, while the sur-
factant-containing media typically used in quality control dissolution of such drugs
(0.5% SDS) resulted in an overestimation of the HIF solubility.

The bile salt composition and pH appear to have an impact on the solubility, as
do the differences in lecithin (lecithin/lysolecithin) and further components of the
media. These data, as well as the variations in the solubilities measured in HIF, il-
lustrate the intersubject variability of the luminal contents and hence the drug’s
ability to get into solution and be absorbed in a given subject.

Recent studies by Khadra and Halbert at the University of Strathclyde [23]
have aimed at developing a set of biorelevant media to capture the potential var-
iability in drug solubility in vivo using a statistical approach. Data on the vari-
ous parameters that can be important to intestinal solubility were identified,
and the typical range of values employed in a statistical design to tease out com-
binations which together would cover a broad range of solubility results. This
work is ongoing, with the aim of not only capturing the parameters themselves,
but also covariate effects, in a set of media that is small enough to be practical,
but large enough to predict the in vivo variability for a given drug.

Following on from this research, the Strathclyde group has also published a
similar set for fed state intestinal conditions [29]. Going forward, it would also be
extremely helpful to extend such studies to investigation of variability in gastric sol-
ubility, as dissolution in the stomach often provides a key first driving force for dis-
solution and hence absorption from the intestine (see Chapter 2).

6.3.2 Dissolution studies

The designation “Level II” comes from a seminal paper by Markopoulous et al. [27],
which recognized that since some drugs and formulations are more sensitive to GI con-
ditions than others, it would be prudent to choose media accordingly. Following this
logic, if a compound that is highly soluble over a wide range of pH is housed in an
immediate release dosage form, release from the formulation can be tested in a simple
buffer medium. This principle is essentially followed by the BCS-based Biowaiver con-
cept [30] to cut down on the regulatory burden associated with applying for continued
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marketing authorization after changes in the formulation or manufacture for existing
products and for approval of generic versions. In this case, a level 0 medium
should be appropriate for dissolution testing (see Figure 6.2). On the other hand,
if the solubility of the drug or a formulation component is highly sensitive to pH,
bile components, and/or the presence of fats in the gut lumen, these factors need
to be adequately addressed in the choice of dissolution media. In this case, level
II media (as described in Tables 6.1–6.3) will be more appropriate to gauge how
the formulation will release the drug in the GI tract.

Further examples of the selection of the level of biorelevant media, based on
the characteristics of both the API and the formulation, are addressed in [27].

6.4 Some considerations in solubility measurement
with a view to predicting in vivo solubility

The in vivo solubility of an API is an important parameter for estimating whether
or not the API can be fully absorbed at the dose administered. However, it is not
possible to measure the thermodynamic solubility of an API in situ in the human
GI tract as the equilibration time (usually at least several hours are required to
attain equilibrium) is severely limited by GI motility. As a surrogate, samples of GI
fluids are often aspirated and the solubility is measured in the laboratory (see
Chapter 5). The solubility value achieved can be influenced by diverse factors that
affect the composition of the aspirated samples, including the duration of the as-
piration, whether the subject was fed prior to sample collection, how long before
sampling water was ingested, whether the subject was perfused during sampling,
how the sample was handled after aspiration (sample pooling, time on bench be-
fore storage), and during storage (duration and temperature of storage, repeated
freezing and thawing). These factors and their influence on the composition of as-
pirates have been thoroughly reviewed by Fuchs and Dressman [25]. Not surpris-
ingly, large variations in reported solubilities in HIF have been reported in the
literature [22] for several APIs.

Due to the difficulty in obtaining human aspirates and the uncertainty as to
their composition and hence the reliability of extrapolating solubility data obtained
with them to the general patient population, the in vivo solubility is usually esti-
mated using biorelevant media. The following points should be considered when
determining solubilities in biorelevant media with a view to obtaining a useful esti-
mate of the value in vivo.

160 Jennifer Dressman

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



6.4.1 Which is more relevant – thermodynamic or kinetic
solubility?

The thermodynamic solubility of an API expresses how much drug is in solution at
equilibrium in a given solvent and at a given temperature. As such, it is a useful
parameter with which to judge the possibility of the API being completely dissolved
in the GI tract and thus available for absorption. However, the GI tract is a dynamic
environment. With changes in the composition of the fluid as the API moves through
the GI tract, the concentration of drug in solution may fall well below the thermody-
namic solubility or temporarily exceed it. An example of the former case is during the
release of API from an extended release formulation, while examples of the latter
case are the release of API from an “enabling formulation” (i.e. one which aspires to
produce a supersaturation of drug in the gut lumen) or when a basic drug dissolves
in the gastric fluids and then moves into the small intestine. In these cases, the ther-
modynamic solubility is likely to be a poor predictor of the concentration actually
achieved in the GI tract and thus the driving force for absorption.

Many scientists now view the so-called kinetic solubility as being a more useful
parameter with which the driving force for absorption can be estimated, especially
for drug/formulation combinations where a supersaturation in the GI fluids may be
expected. For example, for “enabling” formulations, concentrations far in excess of
the thermodynamic solubility can be achieved over a considerable period of time in
in vitro dissolution experiments and these concentrations appear to yield a more
accurate estimate of the plasma concentration profile when coupled with physio-
logically based pharmacokinetic (PBPK) models like Simcyp® or STELLA than
when a thermodynamic solubility is used [34, 35].

6.4.2 When can the “solubility” change during measurement?

The classic case in which supersaturation can be achieved under GI conditions, but
then result in precipitation is the conversion of a salt to a free acid or base. Salts of
ionizable substances are often used to achieve higher concentrations than would be
possible with the protonated acid or unprotonated base form, respectively. Although
the Henderson–Hasselbalch equation tells us that at a given pH value, the solubility
will revert to the thermodynamic solubility at that pH over time, the kinetic solubility
(i.e. the observed highest concentration) often exceeds the thermodynamic solubility
for long enough to make a considerable difference in absorption and hence the
plasma profile of the API. A typical case, using various salts of ibuprofen, has been
discussed in the literature by Cristofoletti et al. [36].

Other approaches to enhancing the absorption of (especially) poorly soluble APIs
include the conversion of a crystalline substance to an amorphous form, for example
by spray drying, creating a solid solution of the API in a hydrophilic polymer using
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hot melt extrusion, preparing a lipid-based solution of the API or adsorbing the API
onto mesoporous silica. In all of these cases, the kinetic profile of the API in solution
is more likely than the thermodynamic solubility to yield a realistic estimate of the
plasma profile of the drug when combined with PBPK modelling.

6.4.3 Precautions in measuring solubility in biorelevant media

When using biorelevant media to measure solubility, there are some specific precau-
tions that should be taken. The first is the preparation of the medium itself. Although
the media can be made from the individual components, this is a rather arduous pro-
cedure, such that most scientists now use the instant powder versions available from
Biorelevant.com (www.biorelevant.com). Although the availability of these powders
has significantly streamlined the preparation procedure, an equilibration time prior
to starting the solubility experiment is still required for some compositions [28].
After this period, the medium can be stored for up to several days prior to use,
adding flexibility to scheduling of experiments. Reproducibility of results with
these powders has also been investigated and shown to be reliable both within
and across laboratories [37]. Therefore, in contrast to measuring solubility in
HIFs, the biorelevant media offer standardization and reproducibility on an intra-
and inter-laboratory basis.

As the buffer capacity of both HIFs and biorelevant media reflecting the fasted
state is quite low compared to standard compendial media, a change in pH during
the solubility determination can occur, especially if the weak base/acid has a signifi-
cant solubility in the medium. Thus, the pH of the medium should always be checked
both before and after the solubility experiment when an ionizable API is being tested
and, if the pH is changing, it should be adjusted with HCl or NaOH as needed during
the experiment.

A third consideration is that the API may degrade during the solubility determina-
tion. Thus, the concentration should always be analysed using a stability indicating
method. Plöger et al. [38] discussed this issue in detail and made recommendations
about the appropriate duration of the experiment under such circumstances, conclud-
ing that the duration of the experiment should be adjusted to the passage time
through the GI region of interest and thus supporting the determination of a kinetic
solubility.

6.4.4 Miniaturization of the solubility determination

The standard method for determining solubility is the shake flask method,
whereby aliquots of drug substance are sequentially added to a volume of the sol-
vent in an Erlenmeyer flask and shaken at a predetermined temperature (usually
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20 °C) for long enough to determine whether the entire aliquot has been dissolved.
The process is repeated until by addition of a further aliquot, a sediment is formed.
The respective setup is depicted in Figure 6.3. Although this method is generally suit-
able for classifying the solubility of an API according to the pharmacopoeial catego-
ries (e.g. “freely soluble” or “sparingly soluble”), there are three issues with this
approach when determining the solubility of an API in biorelevant media. The first is
that for a new API, there may only be a few milligrams available for testing. In this
case, the shake flask method needs to be miniaturized to avoid using large quantities
of API. The second is the temperature, as the temperature of interest for biorelevant
media is 37 °C (body temperature) rather than 20 °C. Depending on the heat capacity
of solution of the API, this can make a considerable difference in the solubility. Third,
the solubility in biorelevant media needs to be precisely measured and requires a sta-
bility indicating assay, preferably HPLC or similar.

For all these reasons, a miniaturized version of the shake flask method using
Uniprep filters was devised by Glomme et al. [39]. In order to minimize the amount
of API required for the solubility determination, an approximate solubility can
be calculated using algorithms such as the Yalkowsky equations, WSKOWWIN,
ABSOLV, and HYBOT. An excess amount of API corresponding to approximately
two times the calculated solubility is weighed and filled into a Whatman UniPrep
filter chamber as illustrated in Figure 6.4. Two millilitres of the medium is added,

Figure 6.3: Set-up of a standard shake flask method for determining solubility.
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and the chamber is closed with the plunger. The plunger has a filter membrane on
one end and a pre-attached cap on the other end. The sample is then shaken for a
pre-determined time on an orbital shaker at 37 °C. The pH value (except for neutral
compounds) and the presence of a sediment (undissolved API) should be checked
after several hours. If dissolution is complete, more sample can be added at this
time. The pH should additionally be checked at the end of the solubility determina-
tion. After the equilibration time, the plunger is inserted into the sample-containing
chamber and pushed through the medium, forcing the filtrate into the reservoir of
the plunger. A distinct advantage of this set-up is that there is no contact between
the sample and the filter prior to lowering the plunger.

To obtain the thermodynamic solubility of the API at 37 °C in the biorelevant
media, the experiment should be set up to take samples at 2, 4, 8, and 24 h.
Occasionally, an API may take longer to reach a constant concentration, in which
case the experiment should be extended, while in other cases equilibrium may be
reached within a couple of hours. In yet other cases, it may be of more physiologi-
cal relevance to measure the solubility over the usual passage time through the GI
segment of interest, for example, for solubility in FaSSGF, determination of the
concentration dissolved after 1–2 h would be appropriate. Assuming that a stabil-
ity indicating assay is used, this alignment with the physiology will also indicate
whether substantial decomposition of the API is likely during its residence in the
given GI segment (see also [38]).

Septum

Cap

Locking ring

Filtered liquid

Plunger
Membrane

Chamber

Liquid to be filtered
(containing particulates) Figure 6.4: Set-up of the UniPrep filter device.

164 Jennifer Dressman

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



6.4.5 Single or multiple media?

Since biorelevant media have been developed for the various segments in the GI tract,
estimates of the API solubility in vivo corresponding to residence in each of these seg-
ments can be obtained and potential problems for absorption, for example, decompo-
sition in the stomach or very poor solubility at intestinal pH, can easily be identified.

Another consideration is the variability in solubility among individuals. As there
is a wide variance in parameters such as pH and bile salt concentration across the
population, it is of great interest, especially for APIs that have high lipophilicity (and
therefore a high dependency of solubility on bile concentration) and/or that are ioniz-
able (and therefore have a high dependency of solubility on pH), to not only determine
the solubility under average conditions – as achieved with biorelevant media – but
also to study the solubility in variations of the biorelevant media to predict how vari-
able the in vivo solubility might be. Already there has been good progress in this area,
with the Strathclyde group recommending a set of variations on FaSSIF to fully explore
the range of solubilities an API might have in the small intestine in the fasted state [23]
and a set of variations on FeSSF for the fed state small intestine [29]. Since drugs are
often taken on an empty stomach or with food, and since the small intestine is the key
region of the GI tract for drug absorption, the variability in the concentration that can
be achieved in the small intestine in the fasted and fed states is extremely valuable
information for the formulation scientist.

6.5 Outlook

Over the last 20 years, enormous progress has been made in understanding and es-
timating solubility of drugs in the GI tract. But the biorelevant media journey is far
from over. Although we now have biorelevant media for all sections of the GI tract
and, for the small intestine, a way forward for estimating the range of solubilities
that might occur within the population, all of these media are directed towards
healthy adults. Still to be evolved are corresponding media for different age groups,
for drug–drug interactions such as proton pump inhibitor-mediated hypochlorhy-
dria and for disease states that affect the composition of GI fluids.

Additionally, biorelevant solubilities are being increasingly used in physio-
logically based pharmacokinetic modelling, enabling more accurate predictions
of the in vivo release from the dosage form and thus of the resulting plasma pro-
file. Finally, biorelevant media are an important component of regulatory endeav-
ours, for example, by the US-FDA to set clinically relevant specifications for oral
drug products.
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Christoph Saal and Klara Valko

7 The role of solubility to optimize drug
substances – a medicinal chemistry
perspective

7.1 Introduction

Solubility is a term that is very common in everyday use. We consider a compound to
be soluble, when it appears to form a clear solution when a solid form is put into a
solvent. Solubility depends on several experimental conditions, such as, what is the
solvent, what is the temperature, and what is the solid-state form of the material?
From a medicinal chemistry perspective, it is very common to be concerned about low
solubility of compounds early in the drug discovery process as it can cause problems
in preparing solutions for biological testing. Low solubility can affect the results of a
screening assay as used by the medicinal chemist, which relies on a known concentra-
tion of the molecule in solution under the assay conditions. Low solubility also affects
oral absorption when the compound is administered in a solid form. The compound
must be in solution form before it can be absorbed through the gastrointestinal tract.
It follows that an ideal drug molecule should be soluble enough to be absorbed and
circulate in solution in the blood stream and reach the site of action. Additionally,
solubility matters for medicinal chemists for synthesis. In contrast to the other param-
eters, which have been mentioned, here solubility in organic solvents is the key. This
topic will be addressed in chapter 10 of this book. Pharmacopoeias usually describe
the solubility of a compound by stating how many units of solvent are needed to dis-
solve a unit weight of a solid compound in a defined solvent. For example, 1 g of caf-
feine can be dissolved in 60 g of water. The simplest way to measure solubility is to
weigh a certain amount of compound and add known volume of solvents until it
forms clear solutions. Some compounds can take longer to dissolve and need more
stirring. Therefore, the definition and precise measurement of solubility are complex.
It is even more difficult to define good or bad solubility because it depends on the
purpose and condition for which we need to achieve the desired solubility.

The thermodynamic definition of solubility is the concentration of the saturated
solution of a substance that is in equilibrium with a defined solid-state form of the
compound, as discussed more in detail in Chapters 1 and 9. This concentration
must be cited together with the solvent. It is also necessary to define the tempera-
ture at which the equilibrium between the solid and dissolved form was achieved
and when the solvent is water, to state the pH and ionic strength. It is very
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important to describe the solid-state form of the compound (amorphous or crystal-
line including polymorph) as the solubility of different solid-state forms of the same
compound may differ by orders of magnitude. To assess when equilibrium has been
reached and a saturated solution is obtained, it is necessary to measure the concen-
tration of the compound at various time points, and to check that the solid-state
form of the compound has not changed during the measurement.

In drug discovery it may be advantageous to approach solubility from a physiolog-
ical point of view. The drug molecules must be dissolved in the gastrointestinal tract
to be able to be absorbed. The pH ranges from about 2 to 8 during the drug transit
through the gastrointestinal tract to reach absorption. Therefore, it is essential to know
the solubility – pH profile. The FDA defines the solubility as good when the highest
dose strength is dissolved in 250 mL of water in a pH range of 1–7.5 [1]. This is because
it can be expected that the patient will drink a glass of water when taking the drug
orally, and there is a wide pH range from the stomach to the small intestine in which
the drug should stay in solution and not precipitate. The dissolved drug molecule then
needs to be able to cross the intestinal wall that requires it to have suitable permeabil-
ity and lipophilicity. Therefore, the solubility together with the partition coefficients of
drugs are important factors in influencing the oral absorption and in vivo distribution
[2, 3]. The initial rate of dissolution of a drug molecule from the formulation in aque-
ous media is a direct function of the aqueous solubility [4], but it can be significantly
altered by formulation as discussed in chapter 8 of this book. Therefore, the solubility
of putative drug molecules is an important property to assess their oral absorption.
The determination of the aqueous solubility of a drug molecule requires the measure-
ment of the concentration of the substance in an aqueous medium that is in equilib-
rium with an excess of the solid-state form of the substance.

It is very difficult, however, to develop a solubility screening method for drug
discovery to assess the FDA requirement for good solubility. The dose is not known
at this stage and it would also require solubility measurements for a range of pHs,
which is not feasible for large numbers of compounds. The solubility, and espe-
cially the dissolution rate, can be enhanced by formulation, and pharmaceutical
technology has been developed that can get poorly soluble compounds absorbed
using, for example, micronization [5] or nanoparticles [6, 7]. But before this is done,
the medicinal chemist should try to design molecules with good inherent solubility.

When a drug molecule fulfils the requirement for good solubility and good per-
meability, good absorption and bioavailability may be expected. Therefore, authori-
ties may waive expensive bio-equivalence studies in the clinic and this can save a
significant part of the cost of drug development and registration. This aspect is dis-
cussed in more detail in Chapter 11.

In early drug discovery, potency is expressed in molar concentration units and
therefore it is good to know the solubility in molar terms. It is easy to calculate the
molar concentration of the saturated solution by knowing the molecular weight.
However, when the aim is to design more soluble compounds, the solubility must
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be related to the structure, and it is important to express the solubility as the molar
concentration of the saturated solution. A compound can be considered more solu-
ble than another compound if higher numbers of molecules can be dissolved. If the
solubility is expressed in mg/mL for two molecules that differ in molecular weight,
the comparison is misleading. For example, molecule A has a molecular weight of
200 g/mol, while molecule B has a molecular weight of 600 g/mol. The two mole-
cules have the same solubility in molar terms. The bigger molecule shows higher
solubility when expressed in mg/mL unit. Wrong conclusions can be drawn by
using different units as a measure of solubility, for example, bigger molecules are
more soluble, which is not true if we consider the number of molecules in solution.
Therefore, in drug discovery, to design more soluble molecules and set up structure
solubility relationships, the solubility should be expressed as a molar concentration
of the saturated solution. Care must be taken to avoid confusion, when molecules
move from discovery to development, as during discovery medicinal chemists and
biologists usually express solubility as mol/L, while during development pharma-
cists usually express solubility as mg/mL.

In conclusion, the medicinal chemist should aim to design drug molecules that
have a good aqueous solubility for several reasons. First to have the compounds in
solution during the initial potency screenings that are carried out using a stock so-
lution of the putative drug molecule in dimethylsulfoxide (DMSO) diluted down by
buffer solution of the target enzyme or medium for a cellular assay, typically at pH
7.4. The second important reason to design soluble compounds is to help absorp-
tion in the gastrointestinal transit. It is better to build the inherent good solubility
into the molecule than at later stages spend expensive resources on formulations
and risk the developability of the molecule to a drug. When fragments are screened
for, this is usually carried out at a higher concentration level, which requires higher
solubility of the fragment molecules to avoid precipitation. On the other hand, frag-
ments have a lower molecular weight and accordingly higher solubility. Based on
the above-mentioned considerations, there is a need for solubility measurements at
the early stages of drug discovery, in a high throughput manner, to be able to have
information about the aqueous solubility of compounds. It is important to consider
that at the early stages of drug discovery there are usually only small quantities of
the substances available, the solid-state form is not characterized, and the samples
may not be as pure as in the development stage. These factors may influence the
measured solubility significantly.

7.2 Molecular interactions with water

Investigating the process of dissolution of a compound from solid into water from a
physicochemical point of view is important for the design of water-soluble molecules.
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To get a compound into solution, first the intermolecular interactions holding the
crystal or amorphous solid together must be broken. This process requires energy.
Every crystal has crystal lattice energy, which is required to disrupt the crystal pack-
ing. For an amorphous material, in general, we need to invest less energy to break
the interactions between the molecules in the solid form than in a purely crystalline
form. Once removed from the crystal lattice, the molecules must create a cavity in the
water by disrupting the hydrogen bonds. This dissolution process requires further en-
ergy. However, if the solute and solvent molecules can form new interactions (e.g.,
dipole–dipole and H-bond donor–acceptor interactions), then some of the energy
may be regained during the dissolution process. Lipophilic molecules, however, can-
not form strong interactions with polar water molecules, and so energy cannot be re-
trieved from these interactions, and they have poor solubility in water.

The most popular equation for the estimation of solubility of organic molecules
is the Yalkowsky equation [8] (eq. (7.1)), which has been already introduced in
Chapter 1. This equation describes the logarithmic value of the water solubility of
an organic compound (log S) in relation to its lipophilicity expressed by the octa-
nol/water partition coefficient (log Poct:water) and its melting point (MP).

log S solid inwater =0.5−0.01 MP− 25ð Þ− logPoct:water (7:1)

Note that the melting point is set to zero for solutes that are liquid at room tempera-
ture and that is why 25 °C is subtracted from the melting point (MP-25). Equation (7.1)
relates solubility to lipophilicity, and the melting point is taken as proportional to the
energy of the crystal lattice. The octanol/water partition coefficient represents the lip-
ophilicity of the compound that summarizes the energy of all the interactions be-
tween the solute molecule and water. It is also important to note that the log S refers
to the logarithmic value of the equilibrium solubility of the compound expressed in
molar concentration units. Equilibrium with the particle in the respective solid-state
form must be achieved, and other conditions such as particle size and stirring should
not unduly influence the result. From the coefficient of the melting point in the equa-
tion, an increase of 100 °C in melting point will reduce the intrinsic solubility by a
factor of 10, that is, a unit lower in log S terms.

Abraham and Le [9] applied the solvation equation model to predict the solubil-
ity of over 400 diverse compounds for which the molecular descriptors were avail-
able. The solvation process is depicted in Figure 7.1.

Abraham and Le [9] constructed a solvation equation that contained five molec-
ular descriptors (where E is the excess molar refraction, S is dipolarity/polarizabil-
ity, V is the molecular size (McGowan volume), A and B account for H-bond acidity
and basicity, respectively, and MP is the melting point) as given by eq. (7.2).

log Sw =0.58−0.58E +0.98S+ 1.23A+ 3.39B− 4.08V −0.01 MP− 25ð Þ (7:2)

n = 411, r2 = 0.915, sd = 0.564, F = 724
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where n is the number of compounds, r2 is the correlation coefficient, sd is the stan-
dard error of the estimate, and F is the Fisher-test value.

Note that the signs of the coefficients are the opposite of the signs of the
Abraham equation obtained for lipophilicity as there is an inverse correlation be-
tween lipophilicity and solubility. The coefficients are of similar magnitude to the
coefficients in the octanol/water partition [10]. However, the H-bond acidity term
has a positive value and is not zero, meaning that the H-bond acidity enhances sol-
ubility. The solvation equation for the octanol/water partition process describes the
concentration ratio of the compound in the two solvents. The solubility process can
be considered as the partition equilibrium between the solid-state form and the sol-
ute in the water. As the properties of the solid-state forms vary for different types of
molecules and still today crystal forms cannot be predicted with enough reliability,
it is very difficult to derive a precise solvation equation for solubility. Considering
this variability, the solvation equation for solubility is statistically significant for
many compounds. Abraham and Le [9] replaced the melting point with molecular
descriptors using the product term of H-bond acidity and H-bond basicity, which
resulted in eq. (7.3).

log Sw =0.52− 1.00E +0.77S+ 2.168A+ 4.24B− 3.36A*B− 3.99V (7:3)

n = 659, r2 = 0.920, sd = 0.56, F = 1256

where n is the number of compounds, r2 is the correlation coefficient, sd is the stan-
dard error of the estimate and F is the Fisher-test value.

The Abraham solvation equation for describing the logarithmic value of aque-
ous solubility expressed in molar concentration units as a solute property demon-
strates that larger compounds that have both H-bond donor and acceptor groups
with low polarity and polarizability will have low solubility. The effect of H-bond
donors and acceptors can be explained by the fact that molecules that have both H-
bond donor and acceptor functionality may form strong intermolecular H-bonding
in the crystal lattice.
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Figure 7.1: The solubility process by solvation the solute (2) by the solvent molecules (1).
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The parameters mentioned in the last paragraph result in increasing crystal lattice
energy, a higher melting point, and consequently a reduction in solubility. Another
thermodynamic approach has been published by Perlovich et al. [11] that helps in
understanding of the molecular solvation mechanism and the crystal lattice en-
ergy. They proposed that crystal lattice energy could be estimated by measuring
the temperature dependence of the vapour pressure of saturated solutions and the
temperature dependence of the solubility of compounds in organic solvents such
as octanol and hexane relative to water. They highlighted the importance of lipo-
philicity and other polar forces, like H-bond formation both in the crystal and in
water. For the estimation of the effect of H-bond formation on solubility, an “inert”
solvent such as n-hexane is used.

All the above theoretical considerations for the description of the dissolution
process and for the equilibrium solubility refer to a pure compound forming a perfect
crystalline solid-state form. Compounds never have 100% purity. It is commonly ob-
served in pharmaceutical industry that the solubility of a compound gradually de-
creases as it moves forward in the drug discovery and development process. The
simple explanation for this is that the compound is synthesized in an increasingly
pure form. Impurities cause disruptions in the crystal lattice, thus disrupting the
forces between the molecules, and so reducing the crystal lattice energy and melting
point. Additionally, impurities might enhance solubility as they can act as solubil-
izers such as surfactants.

Although there are many pharmaceutical formulation approaches that might help
to overcome the problem of a poorly soluble drug molecule, the scope and the aim at
early drug discovery lead optimization is to synthesize and progress the potent com-
pounds that have good or acceptable physicochemical and biopharmaceutical proper-
ties for developability, which includes solubility and oral absorption. To be able to
help drug design and lead optimization, to progress the best compounds, solubility
measurements must be developed that can be carried out on the required number of
compounds in a desired time frame and so provide results adequate for problem solv-
ing. Typical methods for solubility measurements at the early stages of the drug dis-
covery and lead optimization process are described in the following section.

7.3 Various solubility measurements that can be
applied during the early drug discovery process

The solubility obtained for a compound significantly depends on the experimental
conditions used in the experiment to measure solubility. The exact measurement of
the thermodynamic solubility of a pure solid substance may take a week and may
require sensitive analytical methods. Even when using a high level of automation,
it is practically impossible to characterize thousands of compounds per month.
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However, if we understand the factors that influence the solubility, and we would
like to answer a question about the solubility of the compound that is relevant to the
drug discovery stage, we can carry out an adequate number of measurements with a
fit for purpose quality of results. Thus, first we need to clarify by the measurements
the questions that we would like to have the answers to. These are as follows:
A. Is the compound in solution under the biological screening condition?
B. Will the required dose dissolve in the gastrointestinal tract?

The first question arises early in the drug discovery process and a high-throughput
precipitative solubility measurement can give a satisfactory answer. It can reveal
whether the measured biological activity is compromised by low solubility. In this
case the best results can be achieved by applying the same amount of DMSO and
the same buffer (pH, ionic strength, and other constituents) as it is used for screen-
ing. The effect of the DMSO concentration and the type of buffer on the measured
apparent precipitative solubility must be investigated.

The need for assessing rapidly the solubility of a large number of compounds
emerged with the introduction of combinatorial chemistry to obtain compound li-
braries used for high-throughput potency screening. As the molecules became
larger and more lipophilic to increase potency, the reproducibility of the potency
screens decreased. Compounds synthesized by combinatorial chemistry are usually
dissolved and stored in DMSO. Solutions are then typically dispensed using liquid
dispensing robots for various screens. DMSO is a universally good solvent for both
polar and non-polar compounds and has a relatively high boiling point (189 °C),
which means it does not easily evaporate when dispensed in micro-litre (μL) quanti-
ties onto well plates. DMSO is compatible with proteins and cells and accordingly
can be used in biochemical and cellular assay formats. Storing the compounds in
liquid form is made possible by the accurate dispensing of large numbers of com-
pounds with robots.

Another advantage of DMSO is that it is readily miscible with water. In a typical
screening procedure, the compounds are dispensed as 0.1–10 mM DMSO stock solu-
tions and are diluted with aqueous buffer solution before adding to the appropriate
target protein or enzyme. Although the compound might be in solution in DMSO,
when it is diluted by aqueous buffer the compound might precipitate out. Typically,
10–100 times dilution is applied, resulting in only 10–1% of DMSO in the final solu-
tion. As the dilution is carried out by robotic systems, the precipitation occurring
during the dilution often remains unobserved and unrecorded. Therefore, there is a
need to find an automatic procedure that detects the precipitation of compounds
during dilution of the DMSO solution with aqueous buffer. Lipinski et al. [3] pub-
lished a method that detects the scattering of light due to solid particulates when
precipitation occurs. This turbidity measurement is carried out by instruments for
measuring the optical characteristics of a solution and can operate in 96- and 384-
well plate formats. They observed that compounds that precipitate out of solution
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as crystals gave a sudden strong signal. For these compounds, the dilution factor
was more reproducible than for compounds that precipitated as amorphous mate-
rial. The latter compounds produced a gentle steadily increasing signal [3], and the
solubility results were not very reproducible. The turbidity measurement does not
give an absolute value of the solubility, which is unlikely to be the same as an equi-
librium solubility obtained from solid. However, it provides a warning signal when
the compound precipitates out of solution. Bevan and Lloyd [12] used a nephelome-
ter to detect precipitation using a laser beam. The instrument could detect the laser
light-scattered signals for a 96-well plate within a couple of minutes. However, it
was also found that when compounds precipitated out in large crystals the signal
was weaker. Some compounds with surface-active properties caused a change of
the background signal due to the meniscus change in the solution in the well, the
so-called lensing effect. Nevertheless, these technologies are used frequently in
screening laboratories not for providing an accurate solubility measurement but for
detecting precipitation during the biological screening processes.

7.3.1 Precipitative solubility measurements by diluting DMSO
solutions

Several pharmaceutical companies [13–16] have developed their high-throughput
solubility screens to be applied at the early drug discovery stage using DMSO solu-
tions of the compounds that are diluted down with aqueous buffer. A typical mea-
surement process is to dilute down 5 μL of 10 mM DMSO stock solution with 95 μL
phosphate-buffered saline solution. It results in a 500 μM total concentration of
the compound containing 5% DMSO. The wells can be screened by measuring the
light scattering. For these measurements, a simple UV plate reader can be used.
Precipitation should result in a distinct distortion in the compound’s UV spectrum.
If no precipitation is detected, the compound can be declared soluble as equal to
or greater than 500 μM.

Other screens use 2–5 µL of 10 mM DMSO stock solution of the compound that is
dispensed onto a 96-well plate format by a robotic liquid dispenser. Duplicate plates
are prepared, each containing 2–5 µL of a 10 mM DMSO solution. For the so-called
standard plate, the DMSO solution is diluted with known amounts of solvent (meth-
anol or DMSO) possibly dissolving the compounds. The wells on the so-called sam-
ple plate are diluted with the same known amounts of aqueous buffer as used in the
biochemical or cellular assay. Compounds having poor aqueous solubility will even-
tually precipitate out in the wells of the sample plates. The precipitation and the
equilibration between the saturated solution and the solid can be promoted by ap-
plying sonication. Before HPLC analysis of the wells of the standard and sample
plates, the contents of the “sample plate” are filtered with a vacuum filtration device
or centrifuge using 96-well plate format filters. Alternatively, on-line filtration can
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be used before injecting the sample solutions (for non-soluble compounds in suspen-
sion) into the HPLC system. Applying the generic fast reversed-phase gradient chro-
matographic method, two chromatograms are collected for one compound: one from
the “standard plate” and one from the filtrated “sample plate”. Nowadays “ultra
high-pressure liquid chromatography” (UPLC) represents a good alternative to HPLC,
which can even accelerate analytics. The proportions of the peak areas reveal
whether the compound stayed in solution or precipitated out. From the ratio of the
peak areas and the molar concentration of the compound, the sample solution can
be estimated. If the sample peak is the same size as the standard peak, it means that
the compound is soluble at the concentration level given by the standard solution. If
no peak is detected in the sample solution, then the solubility of the compound is
less than the detection limit. As the amount of sample is limited in the standard solu-
tion, this screen provides rather a “yes” or “no” answer to the solubility. The use of a
larger amount of DMSO solution – that means a larger amount of compound in the
standard solution – could provide a solubility parameter, which is very far from the
true aqueous solubility of the compound, as the co-solvent concentration increases.

7.3.1.1 Conditions that affect solubility

7.3.1.1.1 Effect of the co-solvent concentration
The effect of DMSO in the buffer during the precipitative solubility measurements
must be taken into consideration. The above-described buffer solutions contain
2–5% DMSO, which enhances aqueous solubility. Rubino and Yalkowsky [17] inves-
tigated the solubility enhancement of co-solvents in aqueous systems for poorly sol-
uble compounds (diazepam, benzocaine, and phenytoin). Equation (7.4) describes
the solubility enhancement and Figure 7.2 shows the increase of aqueous solubility
by increasing the concentration of DMSO solution:

totalS
cos = S+ S*10 σu�fc (7:4)

where totalS
cos is the solubility of a neutral compound with the co-solvent, σu is the

solubilizing factor of the co-solvent, and fc is the fraction of co-solvent used. The
effect of pH on solubility of the ionized compounds will be discussed later in more
detail, and so the pH effect has been omitted at this stage, from eq. (7.4).

Figure 7.2 shows that 1–5% of DMSO does not cause a significant enhancement
in aqueous solubility. There are publications for high-throughput measurements of
solubility that apply 2% or 5% DMSO solutions [15, 16]. Using eq. (7.5) we can calcu-
late the approximate differences in the measured solubility under these two condi-
tions as follows:

Sincrease = 1*105*0.05=1*105*0.02 = 1.4 (7:5)
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This means that we can expect 1.4 times increase in solubility when the DMSO con-
centration is raised to 5% from 2%. When the DMSO stock solution concentration is
fixed (typically 10 mM), which is the case in most pharmaceutical companies, apply-
ing the lower percentage DMSO solution during the solubility measurement also
means that the maximum amount of compound is less (e.g., instead of 500 μM, the
total concentration of the compound is only 200 μM). This means that the upper limit
of the solubility measurement is lower. As the detection limits of the analytical meth-
ods used are similar, the solubility range of the measurement will be also smaller.
Using the DMSO precipitative method to assess the solubility of the compound and
the nephelometry or turbidity measurements as detection, a “yes” or “no” answer is
obtained to the question: is the compound still in solution under the assay condition?
To obtain a quantitative measure of solubility, repeated measurements using a range
of dilutions of the sample are needed. The highest concentration when the precipita-
tion is detected provides an estimate for solubility. When more sophisticated detec-
tion methods are used that measure the concentration of the compound in solution,
it is enough to ensure that precipitation has occurred. Hence, the measured concen-
tration is a result of the equilibrium between the dissolved and solid material.

The upper limit of the solubility measurement depends on the amount of the
compound that is added to the buffer. If no precipitation occurs, the dissolved com-
pound is not in equilibrium with the solid. In this case, the measured concentration
is not equal to the solubility. It can be considered that the solubility is equal to or
above the maximum concentration applied in the buffer. The range in which the
solubility can be quantified is between the detection limit (typically about 1 μM
when HPLC-UV detection is used) and 200 or 500 μM depending on the amount of
compound (DMSO solution) used.
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Figure 7.2: Effect of the DMSO concentration on the enhancement of aqueous solubility based on
eq. (7.4). (The figure is courtesy of Chris Bevan, GSK.).
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7.3.1.1.2 The effect of equilibration time
Ideally equilibration time should be enough to allow equilibrium to develop between
the precipitated solid material and the saturated buffer solution of the compound.
This can depend on the compound. When the equilibration time is too short, some
compounds might not have enough time to precipitate. Some compounds tend to
form super-saturated solutions, which means that the concentration in the buffer
maybe temporarily higher than the compound solubility. A little movement of the
plate or a tiny dust particle can initiate precipitation and terminate the energetically
unstable super-saturation. On the other hand, too long equilibration time (more than
24/48 h) may cause decomposition of the compound, or the precipitated solid mate-
rial may transform to a less soluble solid-state form.

Figure 7.3 shows a comparison of the measured solubility using different equili-
bration times, but otherwise under exactly the same conditions [18]. It can be seen
from Figure 7.3 that some compounds showed lower solubility after 3 h than after
1 h, indicating that the precipitation process had not reached equilibrium within 1 h.

7.3.1.1.3 Effect of filtration on the measured precipitative solubility
The nature of the filtration process is also very important. Inert filters need to be used,
as adsorption can occur onto the filter (or the 96-well plate wall) that reduces the ap-
parent concentration of the compound in solution. The pore size of the filter may also
be important when the precipitation results in very fine particles that can penetrate
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Figure 7.3: Comparison of the measured DMSO solubility of drug discovery compounds using 1 and
3 h equilibration time. (From reference [18]).

7 The role of solubility to optimize drug substances 179

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



certain types of filters. Figure 7.4 shows the plot of solubility results obtained with the
same set of compounds, applying the same equilibration time and buffer, but altering
the filter type [18, 19].

The polycarbonate track-etched (PTE) filter has a precisely controlled pore size,
whereas the polytetrafluoroethylene filter has variable pore sizes, but is more resistant
to acids, bases, and solvents. Alternatively, to filtration, centrifugation of the plates
can result in rapid sedimentation of the precipitated solid material. With properly ad-
justed needle positioning, the HPLC instrument can inject solely from the supernatant
liquid. However, this methodology is difficult to apply in high-throughput situations as
some research compounds may have low density, resulting in floating precipitates that
will not sediment. Without manual inspection such samples may block the HPLC in-
strument’s injector.

Phase separation using filtration tends to underestimate solubility, as compounds
might be adsorbed to the filter. Adsorption might be an issue with filters. Phase sepa-
ration using centrifugation might overestimate solubility as small undissolved particles
might not be separated and dissolve in the eluent of the chromatographic system. The
latter introduced a pronounced error especially for low-soluble compounds [20].
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Figure 7.4: Comparison of the obtained precipitative solubility of drug discovery compounds using
two different types of filter plates (from reference [18]).
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7.3.1.1.4 Effect of buffer and ionic strength
The effect of the ionic strength and type of the buffer on solubility has also been
investigated on diverse drug discovery compounds from several programs [18]. It
was found that the addition of saline to the phosphate buffer (0.9% (w/v) NaCl sol-
utions to match the ionic strength of blood and plasma) altered the solubility of sev-
eral compounds (Figure 7.5). The explanation for this could be that the solubility of
protonated bases is different when a phosphate or a chloride salt is formed.

7.3.1.1.5 Effect of buffer pH on the solubility; solubility–pH profile
The Henderson–Hasselbach equation can be used to calculate the percentage of the
ionized form of a compound at a particular pH. Similar to the lipophilicity pH pro-
file, the pH dependence of solubility can be described by the solubility of the neu-
tral form and the solubility of the ionized from as given by eq. (7.6).

log SpH = log Sintrinsic + log Sionizedð1+ 10ch pH−pKað ÞÞ (7:6)

SpH is the molar solubility of the compound at a particular pH, Sintrinsic and Sionized
are the molar solubility of the compound in neutral and fully ionized form, ch is the
charge (+1 for monoprotic acids and −1 for monoprotic bases), pH is the negative
logarithm of the proton concentration, and pKa is the acid dissociation constant of
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Figure 7.5: Plot of the solubility of drug discovery compounds in phosphate buffer vs phosphate-
buffered saline. (From reference [18]).
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the compound (the pH where 50% of the ionized and 50% of the non-ionized forms
are present). Note that while ionization decreases the lipophilicity of compounds, it
increases their aqueous solubility. Figure 7.6 shows a typical solubility–pH profile
of a weakly basic compound.

The solubility of the fully ionized species depends on the type of buffer, especially on
the type of counter-ion in the buffer. The increase in solubility of a base with decreas-
ing pH leads to a point of maximum solubility called pHmax. Above this pH the free
base represents the solid-state form, which is in equilibrium with the solution. Below
this pH the solid-state form changes to a salt of the compound. It is possible that, for
example, a phosphate salt of a base can have a very low solubility, while the HCl salt
will be very soluble. This would alter the pH-dependent solubility at the lower pH
range. For acids a mirror-like behaviour is observed: solubility increases with increas-
ing pH up to pHmax. At the early stages of drug discovery, high-throughput screening
of solubility is usually carried out only at neutral pH, but it is important to know the
pH dependence of solubility for estimating absorption as the solubility must be accept-
able within the pH range of the gastrointestinal tract (between pH 1 and 8).

The solubility–pH profile for a compound can be obtained by measuring the
solubility at various pHs between 1 and 8, or by measuring the intrinsic solubility
and the acid dissociation constant (pKa) to estimate the lowest solubility value
within the pH range of 1 and 8.

The pH dependence of solubility of ionized compounds has been utilized by the
recently introduced “chasing equilibrium method” (CheqSol) [21]. This method has
the advantage that it is not necessary to wait until equilibrium is reached, as the
precipitation is forced by changing the pH. Ionizable compounds turn to less soluble
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Figure 7.6: pH dependence of the solubility of a basic compound.
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neutral forms. A known amount of solid compound should be accurately weighed
and a known quantity of acid (HCl) for basic compounds or base (KOH) for acidic
compounds is added until the solid compound is fully dissolved due to salt forma-
tion. Titrating the acidic or alkaline solution then started with a known amount and
strength of base or acid until precipitation is detected due to the loss of ionization of
the compound. The precipitation is detected using a spectroscopic dip probe. From the
amount of the alkaline and acid solutions, one can calculate the exact pH when pre-
cipitation occurs. The kinetic solubility of the compound is derived from the pH at the
point of precipitation. To calculate the equilibrium solubility of the compound, the
sample is back titrated with an acid or base, until the compound starts to dissolve.
Then additional aliquots of titrant are added to produce additional solid, after which
the pH change is measured. The direction of the pH gradient upon precipitation gives
an indication of the saturation level of the solution. For example, an unionized base
precipitating from a super-saturated solution produces a negative pH gradient, con-
trary to an unionized base dissolving from a sub-saturated solution that produces a
positive pH gradient. These changes of the sign of the pH gradient are used to deter-
mine the exact pH at which the solid is in equilibrium with the saturated solution. The
concentration of the saturated solution, for example, the intrinsic solubility is calcu-
lated from the pH at equilibrium by applying the principles of mass and charge bal-
ance [22]. The advantage of this method is that it is not required to wait for 18–48 h to
reach equilibrium between the solid and the saturated solution. There is no need to
separate the solid material and use an analytical method to determine the concentra-
tion of the saturated solution. As the amount of solid used to start the experiment is
exactly known, one knows precisely how many moles of acid or base are used to dis-
solve the compound and precipitate it out again. One can calculate how many moles
are in solution at the time of precipitation. Another interesting observation has been
made by using the CheqSol method: some compounds form super-saturated solutions
very easily (“chasers”), while other compounds instantly precipitate out without
super-saturation when the equilibrium has been achieved (“non-chasers”) [23]. Box
et al. [24] observed that around 5% of acids and 25% of bases are “non-chasers”. For
example, “non-chasers” are chlorpromazine, imipramine, and nortriptyline. They have
relatively large rigid aromatic systems with attached flexible side chain containing hy-
drophilic basic nitrogen. The “chaser’s” kinetic solubility is much higher (it can be
four times higher) than their equilibrium solubility. These types of experiments high-
light the important differences between the kinetic and the equilibrium solubility and
reveal that the kinetic solubility is always higher or equal to the equilibrium solubility.
The difference shows the ability of the compound to form super-saturated solutions.

7.3.1.1.6 Effect of the method of quantification on the measured solubility
Various analytical techniques can be applied to quantify the amount of compound
in the buffer solution relative to the standard solution. When the UV-plate reader
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technology is used, the reader will acquire the UV spectrum of the compound in the
standard solution and compare this with the absorbance in the sample solution.
The “standard” plate should be prepared by diluting the DMSO stock solution with
a solvent that will not precipitate out the compound. It should be also less UV ac-
tive than the, DMSO which has strong UV absorbance around 230 nm. When com-
paring UV spectra of the same compound from the standard and from the sample
solution, which have different solvents, there must be awareness of the possible
solvatochromic effect of the solvent, which may shift the UV maximum, or increase
or decrease the molar extinction coefficient of the compounds. Avdeef [25] devel-
oped a “universal” solvent mixture that dissolves most compounds at 500 μM level
and does not have a significant solvatochromic effect on the UV spectra.

Applying HPLC/UPLC with UV quantification has several advantages over the
plate reader method. Only 5–10 μL solutions are required from both the “standard”
and the “sample” plate for injection. The solvent in the standard will elute at the be-
ginning of the chromatogram. It appears only as a solvent peak separated from the
retained compound. UV-active solvents can also be used without influencing the
quantification of the compounds. The separation power of the HPLC/UPLC method
also makes it possible to analyse compounds that are impure, because the impurities
are separated from the compound of interest. With a generic reversed phase gradient
method there is no need to develop a specific method for each compound on the
plate. By injecting the compound from the standard plate, one can expect to see a
peak on the chromatogram with a retention time that is characteristic for the com-
pound. The filtered “sample” is injected after the injection from the “standard” plate.
The peaks of the solute appear at the same retention time in the chromatogram of the
filtrate “sample” and the “standard” plate. When a peak appears with the same reten-
tion time and approximately the same size (peak area), the compound was fully solu-
ble in the buffer. When the peak area is smaller than that of the peak obtained from
the “standard” plate, we can calculate the solubility from eq. (7.7).

Solubility μMð Þ= Peak area Sampleð Þ
Peak area Standardð Þ *Conc standard μMð Þ (7:7)

When there is no peak to be found in the “sample” chromatogram that has the
same retention time as the peak in the “standard” sample, the solubility of the com-
pound is less than the detection limit. It is common to observe other peaks in the
“sample” chromatogram that are not visible in the standard chromatogram. The ex-
planation for this is that the impurities may be more soluble in the buffer than the
compound itself or that the compound might degrade. The relative concentration of
the impurities may have increased in the filtered buffer solution.

The HPLC-UV detection method has another advantage: namely when a re-
versed phase gradient with acetonitrile is used and the mobile phase pH is adjusted
to 7.4, the chromatographic hydrophobicity index of the compound can also be ob-
tained from the retention time at the same time as when the solubility result is

184 Christoph Saal and Klara Valko

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



obtained. This means that the solubility and lipophilicity characteristics of a com-
pound can be obtained from a single measurement. The limitation of the HPLC-UV
quantification is that in principle it is based on a “one-point” calibration to calcu-
late the concentration of the “sample” solution. There is also an assumption that
the original DMSO stock solution was accurately prepared as a 10 mM solution. In
practice, the concentration of the stock solution may deviate from the original
value significantly. When the stock solutions go through several freeze-thaw cycles,
they can absorb moisture from the air due to the hygroscopic nature of the DMSO.
The wet DMSO solution may decrease the compound solubility, resulting in precipi-
tation in the stock solution. When the robot dispenses from the suspension, it either
can pick up a crystal, resulting in a higher concentration of the compound in the
DMSO stock solution, or just dispense from the moist DMSO solution containing
less than the 10 mM of compound.

There are techniques that can determine absolute concentration of the DMSO
stock solution, such as the chemiluminescence nitrogen detector (CLND). This meas-
ures the nitrogen content of molecules and can be calibrated by any nitrogen-
containing compound. The CLND signal is proportional to the number of nitrogen
atoms in a molecule. The compound goes through pyrolysis at a high temperature
(over 1,000 °C), which oxidizes the nitrogen to nitric oxide. Nitric oxide reacts with
ozone to form electronically excited nitrogen dioxide. The excited nitrogen dioxide
emits light in the red and near-infrared region of the spectrum (600–3,200 nm) as it
relaxes back to its ground state. The light emitted is directly proportional to the
amount of nitrogen in the sample. When the detector is calibrated with a known
amount of nitrogen-containing compound, the calibration curve obtained can be used
to quantify any other nitrogen containing compound. For example, various concentra-
tions of caffeine solutions can be used to calibrate the CLND instrument signal. The
CLND methodology can be used for analysing a sample directly without a chro-
matographic separation process. However, without separation, it will measure the
total quantity of nitrogen in the sample, which may come from impurities or nitrogen-
containing solvent residues, such as acetonitrile. When the CLND is connected to an
HPLC system, it is essential to ensure that the mobile phase does not contain nitrogen
(especially do not use ammonium acetate as buffer, or acetonitrile as organic modi-
fier). Methanol, ethanol, and propanol can be used as organic solvent additives in the
mobile phase. The application of the CLND technology for solubility determination
has been discussed by Bhattachar et al. in more detail [26]. When the compound con-
tains adjacent nitrogen atoms, the additivity of the signal decreases as the nitric oxide
mole for mole proportional formation from both nitrogen atoms cannot be assured.
The CLND method could also be very useful to measure the absolute concentration of
a pure standard solution made from solid samples without accurate weighing. The
weighing procedure is still carried out manually even in large pharmaceutical compa-
nies as the accurate handling of solid samples has not yet been reliably automated.
Because of the high sensitivity of the CLND detector for nitrogen, even small amounts
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of ammonia in the air or other nitrogen containing contaminants can distort the re-
sults. Special care and handling should always be applied. Fortunately, the nitrogen
in the air does not react to give a signal.

In conclusion, the precipitative solubility measurements in early drug discovery
are useful for detecting compound precipitation under screening conditions, and
may provide an approximate value of solubility, albeit in a relatively narrow range.
The amount of DMSO, the equilibration time, the buffer composition, the filtration
or centrifugation step, and other experimental conditions can alter the results. The
data cannot be regarded as a precise thermodynamic constant for solubility as it
refers only to the solubility at a particular pH, at a particular time, without any de-
scription of the precipitated solid form.

7.3.2 Solubility measurements from solid

Wenlock et al. [27] described an excellent approach to automate the aqueous solu-
bility measurements from solid using the shake-flask equilibrium principle. They
used a liquid handling robot equipped with constituent parts for transportation, de-
capping and recapping and centrifugation of the sample tubes. The principle of the
method is very similar to that which has been described for the solubility determi-
nation from DMSO stock solution. The robot prepares several dilutions from 1 mg
solid material with DMSO that serve as standard solutions. Another 1 mg solid com-
pound under test is dissolved in phosphate buffer. The equilibration time used is a
minimum of 18 h. The tubes then are centrifuged, and several dilutions are pre-
pared by the robot automatically from the supernatant. Each dilution is analysed
by HPLC-UV with identification of the compound by mass spectrometry (MS). The
solubility range by this method is up to 1.33 mg/mL, which is equivalent to 1–2,000
μM depending on the compound’s molecular weight.

Another semi-automated procedure has been described by Alsenz and Kansy
[28]. The solid material is dissolved in hexane, a non-polar solvent. Then a robotic
system dispenses the hexane solutions to a 96-well plate. After evaporating the hex-
ane, a known amount of solid is present in each well. As the next step, the buffer
solutions can be added to the solid material. After and appropriate equilibration
time, the undissolved solid particles are filtered from the solution. The concentration
of the compound that remained in solution in the buffer is then determined by HPLC.

It is interesting to investigate the differences between the solubility values ob-
tained from solid material and those obtained from DMSO stock solution, when pH,
equilibration time and other significant conditions, are constant. As expected the
DMSO precipitative solubility should be higher as the DMSO content in the buffer
enhances the solubility. There could be a significant difference in the solid materi-
al’s crystallinity when freshly precipitated from solution or prepared as solid mate-
rial. The DMSO precipitates are more likely to be amorphous. This would also make
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it more likely to measure higher solubility for the same compound when it is mea-
sured from DMSO stock solutions than from solid. Figure 7.7 shows the comparison
of the solubility data for 160 compounds obtained from solid and from DMSO stock
solutions using the same pH 7.4 phosphate buffers [18]. The compound set con-
tained a diverse set of known drugs and research compounds. For the precipitative
solubility measurements 10 mM DMSO stock solution was used and diluted down
with phosphate buffer saline (pH 7.4) to obtain 5% DMSO in the final solution. As
expected, the precipitative solubility was equal or higher than the solubility ob-
tained from solid for the same compounds using the same filters, buffers and ana-
lytical method (HPLC-UV) for the concentration determination.

A proper thermodynamic aqueous intrinsic solubility (S0) measurement should be car-
ried out with a buffer where the pH is adjusted to ensure the compound is completely
unionized. Sufficient amounts of well-characterized solid material should be added to
the buffer and a sufficient amount of time then given to progress to equilibrium. The
concentration of the saturated solution can be checked every 3–6 h. When it is con-
stant, equilibrium had been established. An appropriate amount of clear supernatant
solution – preferably to avoid any application of filtration – can be diluted and sub-
jected to some form of quantitative analysis, using a UV spectrophotometer or an
HPLC-UV/MS system. The pH of the saturated solution should be checked at the end
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Figure 7.7: Comparison of the measured solubility values of a diverse set of 160 compounds
obtained by the DMSO precipitative method and by using a solid form of the compounds.
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of the equilibration process to ensure the compound is still in its fully unionized state.
The proper characterization of the solid form in equilibrium with the saturated solu-
tion should be carried out to ensure that the solubility value relates to a well-defined
solid-state form of the compound. The temperature should be controlled for the whole
equilibration process. Applying smaller particle size solid material and stirring may
accelerate the equilibrium process but should not affect the results [29].

Variables such as temperature, equilibration time, type of buffer and phase
separation techniques may alter the solubility results, while the excess amount of
solid material should not cause any deviations. Baka et al. [29] suggested a mini-
mum of 24 h equilibration time that consisted of 6 h stirring followed by 18 h of
sedimentation. They claimed that when these conditions are strictly controlled, the
experimental error of the solubility measurement should be less than ±4%.

It is much more difficult to design an experiment for solubility measurements to
answer the second question, namely, whether the required amount of drug will dis-
solve in the gastrointestinal tract within a certain time frame. At early stages of the
drug discovery process, the required dose is not known, although it is usual for the
program team to have a target dose and a target potency before they start lead optimi-
zation. For example, let us say a 100 mg dose of the compound is required to be
dissolved in the gastrointestinal tract. This 100 mg of compound will have to be dis-
solved in 250 mL of aqueous medium based on the definition of good solubility in the
Biopharmaceutical Classification System (BCS), as also discussed in Chapter 11 [1].
The pH change in the gastrointestinal system also has to be taken into account, as it
changes from acidic (pH 1–2) in the stomach to basic (pH 8) in the intestine. Solubility
of ionizable compounds will vary depending on the pH. Therefore, the pH depen-
dence of solubility should also be measured or at least understood.

To answer the question of whether the solubility can be enhanced at a later stage
by formulation, the causes of poor solubility should first be investigated. When poor
solubility is due to the lipophilicity of the compound, there is a hope that the compound
will dissolve in bio-relevant media as it can partition into phospholipid and taurocho-
late micelles having a reasonably large lipophilic environment. When poor solubility is
due to high crystal lattice energy, only expensive formulation studies may help.
Micronization, including polymer coating of the drastically reduced size of the crystals,
may improve the dissolution rate and solubility just enough to get the formulated drug
absorbed. These aspects have been discussed in Chapters 2 and 8 of this book.

7.4 Structure–solubility relationships; designing
soluble compounds

As seen from the general solubility equation (GSE) as introduced by Yalkowsky and co-
workers [30] and shown by eq. (7.1), decreasing the lipophilicity and the melting point
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of compounds will enhance the aqueous solubility. The melting point is related to the
crystal lattice energy. A lower melting point generally is a consequence of reduced lat-
tice energy, making it easier for solvents to break down the crystal lattice, which leads
to higher solubility. The two ways to increase solubility represent increased interaction
of the molecule with water in the solution or decreased interaction with itself in the
crystal lattice. Sometimes other components also come into play, such as in pharma-
ceutical salts, hydrates, solvates and co-crystals. In these cases, the crystal lattice en-
ergy is not only defined by interactions of the molecule with other molecules of the
same species but also with other components like counterions in pharmaceutical salts,
water in hydrates, solvents in solvates and co-crystal formers in co-crystals. In the
same way, interaction between the solute and solvent can relate not only to water but
also to other components in solution if co-solvents or solvent mixtures are used.
Respective solid-state forms and their effect on solubility are discussed in Chapter 9.

The melting point is supposed to account for the solid-state properties of the com-
pounds. Before the molecules are solvated from the solid form by the solvent mole-
cules, the intermolecular bonds in the crystal must be broken. Therefore, the solubility
not only depends on the chemical structure of the molecules and its interactions with
the solvent molecules but also on the crystal lattice energy in the solid-state form. The
validity of the GSE equation has been tested on large sets of simple organic molecules,
herbicides and pesticides [31, 32]. This semi-empirical equation works very well, but it
requires the measurement of melting points. While in the past the melting point was
used as an indicator of purity and identity of a newly synthesized compound, it is not
now measured routinely by medicinal chemists as it would decrease the throughput of
the discovery chemistry efforts. Discovery compounds are synthesized in small quanti-
ties, often purified by HPLC, UPLC or SFC and recovered from the mobile phase in an
amorphous form, which does not allow the determination of the melting point. The es-
timation of melting point or the enthalpy required for melting is a difficult task [33, 34].
Wassvik et al. [35] have investigated the contribution of the solid-state properties to the
aqueous solubility on a set of carefully selected drug molecules. They have tried to de-
velop a solubility prediction model for drug molecules by considering the properties of
the solid-state form, such as the melting point (Tm) and the enthalpy (ΔH) and entropy
(ΔS) contributions of melting. The intrinsic solubility (S0) of the selected drug mole-
cules showed a very poor inverse correlation with their lipophilicity (log P). Therefore,
it was an ideal set to use to investigate the contribution of the solid-state properties in
addition to the lipophilicity of the drugs. The data analysis revealed that the solid-state
form of the compounds has significantly influenced the intrinsic solubility and ex-
plained the majority of the deviations from the solubility–lipophilicity relationship.
The authors suggested to include an entropy term in the GSE as shown by eq. (7.8),
which is closely related to eq. (7.1):

log S0 =0.5− ΔSm
5705.85 Tm − 25ð Þ− logP (7:8)
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Equation (7.8) shows an inverse correlation between log P and solubility with a slope
of −1 and an intercept of 0.5 that provides an estimate of the maximum solubility ex-
pected from a compound without considering the effect of the crystal lattice energy.

To design soluble drugs, medicinal chemists must rely on a few empirical obser-
vations of structural motifs that might contribute to higher crystal lattice energy be-
sides the lipophilicity of the molecules. One of these empirical rules can be derived
from the general solvation equation to describe intrinsic aqueous solubility derived
by Abraham and Le [9] as shown in eq. (7.3). They added the product term of H-bond
acidity and H-bond basicity to the solubility equation for the prediction of possible
intermolecular H-bond formation in the crystals. The equation suggests that the pres-
ence of H-bond donor and acceptor groups in the molecule potentially decreases the
solubility by three log units, as the coefficient of the product term is −3.36.

The influence of simultaneous presence of the H-bond donor and acceptor groups
in molecules on the melting points has been demonstrated by the matched molecular
pair analysis by Schultes et al. [36]. An algorithm described by Hussain and Rea [37]
can be used to assess the effect of substituents on solubility. The matched molecular
pair analysis can be carried out on large numbers of molecules with measured data.
Their computer program pulls pairs of molecules and their measured data together,
which differ only by a specified functional group. The average effect of a substituent
on solubility is calculated. This powerful technique can be used to identify and quan-
tify the effect of molecular changes on any measured property when large amounts of
measured data are available. The changes are usually averaged, and the calculation is
carried out to test whether the substituent significantly contributes to the change in
properties. This technique provides a quantitative assignment of the group contribu-
tions to a certain property. The work by Schultes et al. [36] analysed the functional
group contributions to the measured melting points of 746 molecules of free bases.
Pharmaceutical salts were excluded from the analysis as different pharmaceutical salts
of the same compound usually show different melting points. Simple calculated prop-
erties were assigned for the structural changes such as number of H-bond donors,
number of H-bond acceptors, total polar surface area, the number of rotatable bonds,
clog P, and the number of halogen atoms. H-bond donor and H-bond acceptor groups
increased the melting point on average by 48 °C and 36 °C, respectively. This is prob-
ably due to the increased crystal lattice energy caused by the possible intermolecular
H-bond interactions between the donor and acceptor groups. Increasing the number
of rotatable bonds showed a significant decrease in the melting point. This can be
explained by the hypothesis of Dannenfelser and Yalkowsky [33] that the rotatable
bonds provide a higher flexibility of the molecule resulting in a higher melting en-
tropy, as discussed in the next section of this chapter. The matched molecular pair
analysis also revealed that halogen atoms significantly influence the melting point of
compounds. Bromine and iodine increase the melting point, while the presence of
fluorine and chlorine causes a slight decrease of the melting point. The effect of the
hydroxyl group on solubility is quite complex. In general, the addition of a hydroxyl
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group reduces the lipophilicity by around a log unit, and so the solubility increases.
On the other hand, the hydroxyl group might form hydrogen bonds in the crystal that
reduces solubility. Zhang et al. [38] observed in a study of intrinsic solubility of 2,974
compounds that an addition of a hydroxyl group in general increased the solubility.

Another interesting observation that can help medicinal chemists to design sol-
uble potent compounds is the effect of aromatic rings on the general ADME proper-
ties of molecules. Lovering et al. [39] noticed that saturation of aromatic rings
generally improved the clinical success of drug candidates. They also observed that
saturation and the introduction of a chiral centre in general provided higher proba-
bility of a molecule becoming a drug, but that the number of aromatic carbons sig-
nificantly reduces the solubility. In addition, for these aspects specific examples are
provided later in this chapter. Ritchie and Macdonald [40] have analysed the effect
of the number of aromatic rings on solubility among other developability character-
istics: more than three aromatic rings in the molecule usually result in low solubil-
ity and developability. Solubility data in pH 7.4 phosphate buffer were measured
for over 30,000 research molecules in GSK. Most of the molecules had 3–4 aromatic
rings and while the average solubility of compounds with only two aromatic rings
was around 100 μg/mL, the average solubility of compounds with four aromatic
rings dropped to 25 μg/mL. It is very likely that if they had expressed the solubility
in molar term, the drop would have been even more pronounced. Later Ritchie
et al. [41] investigated the effect of hetero-atoms in aromatic rings and fused aro-
matic rings: the hetero-aromatic rings showed less of a detrimental effect on solu-
bility. Table 7.1 lists the ranking of various hetero-aromatic rings on solubility, with
the higher number representing a greater enhancement of solubility.

Hill and Young [42] reported an interesting observation by analysing the measured
solubility data of over 100,000 research compounds at GSK. They found that in addi-
tion to the decrease of solubility due to the lipophilicity of the compounds, the number
of aromatic rings caused a further decrease in the measured solubility. Compounds
with the same calculated log D (referring to the octanol/water distribution coefficient
at pH 7.4) were less likely to be soluble if they had more aromatic rings. They intro-
duced “solubility forecast index”, abbreviated as SFI, which is the sum of the log D
value and the number of aromatic rings in the molecules. When the SFI value was
around 6, 50% of the compounds had less than 30 μM solubility. Every unit increase
in SFI decreased the probability of good solubility (>30 μM) by approximately 10%.
Thus, over 90% of the investigated compounds with an SFI value of over 12 had lower
than 30 μM solubility, while over 90% of compounds had solubility above 30 μM
when their SFI value was below 4. The explanation of the observation is that multiple
aromatic rings in the molecule provide a planar structure that can “stack” in the crys-
tals, increasing their melting points and crystal lattice energy. Based on the empirical
observations described earlier, the number of aromatic rings and the presence of both
H-bond donor and acceptor groups can decrease the solubility above the contribution
of lipophilicity. Specific examples will be discussed in the next part of this chapter.
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The structure–solubility relationships discussed above are related to the intrinsic
aqueous solubility of compounds. Ionization has a significant impact on solubility.
Compounds that have ionizable groups can have increased solubility at pH where the
compounds are charged. The increase in solubility can be 3–4 orders of magnitude
higher at a pH where the compound is fully ionized. It is difficult to predict the solubil-
ity of the fully ionized form because the counter ion may affect the crystal lattice en-
ergy and may reduce the solubility. The effect of ionization is considered both in the
calculated lipophilicity and the solubility measurements. One of the most popular ap-
proaches to increase solubility is the introduction of ionizable groups in the molecule.
This makes the molecule partially ionized in the pH range of the gastrointestinal tract.
The introduction of a positive or negative charge may significantly increase the solubil-
ity, but there are other serious consequences from the charge. Negatively charged com-
pounds usually have impaired permeability. The presence of charge also significantly
influences the in vivo distribution of the compounds between the plasma and tissue
compartments. As the pH in the gastrointestinal tract ranges from 2 to 8, there is a pos-
sibility of precipitation during the transit from the stomach to the duodenum. The saf-
est way to increase solubility of compounds is to increase the intrinsic aqueous
solubility, i.e., the solubility of the neutral form. There are some favoured groups that

Table 7.1: The ranking of the hetero-aromatic rings based on their
contribution to solubility [41]. The higher the score, the better is the ring in
terms of increasing solubility.

Hetero-aromatic ring Prevalence in the set Solubility score

Pyrazine .% 

Pyridine .% 

,,-Oxadiazole .% 

Tetrazole .% 

Pyrazole .% 

Pyridazine .% 

Furan .% 

,,-Triazole .% 

Imidazole .% 

Oxazole .% 

,,-Oxadiazole .% 

Pyrrole .% 

,,-Thiadiazole .% 

Isoxazole .% 

,,-Triazole .% 

,,-Thiadiazole .% 

Thiophene .% 

Pyrimidine % 

Thiazole .% 

,,-Triazine .% 
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chemists introduce for solubility enhancement, such as the morpholine ring or the re-
cently introduced oxetane fragment [43].

There are several approaches published for the prediction of solubility from chemi-
cal structure [44–48], but in general solubility is more difficult to predict than other
properties of molecules as it is not only influenced by the molecular structure but also
by the crystal structure, which is still difficult to predict. When the solubility prediction
provided acceptable results in terms of statistics, it was usually carried out on large sets
of compounds covering a 6–10 order of magnitude solubility range. However, in the
range of solubility of importance in pharmaceutical research and medicinal chemistry,
normally between 10 and 1,000 μM, the 1–2 log unit error of prediction is too large to be
able to rank compounds and to make decisions about their solubility for acceptable ab-
sorption. There have also been concerns about the quality of the measured solubility
data, which makes model development difficult. This is mainly due to the lack of char-
acterization of the solid-state form or changes in the conditions of the solubility meas-
urements. Many compounds exist as amorphous material or in various crystal forms, of
which the solubility may differ by several orders of magnitude. In 2008 Llinàs et al. [49]
published a manuscript inviting scientists to a “solubility challenge”. The intrinsic solu-
bility data of 100 compounds was determined by the CheqSol method, which was dis-
cussed earlier [21]. The ionic strength, the temperature, and the composition of the
buffer were provided. All the compounds’ solubility was measured under identical con-
ditions. Modellers were invited to predict the solubility of 32 molecules for which data
was withheld by the authors. Hewitt et al. [50] then published the results of the solubil-
ity predictions for the challenge, comparing various methods, such as multiple regres-
sion analysis using various molecular descriptors and artificial neural networks. The
root mean square errors from the prediction by several commercially available in silico
programs (ChemSilico, Optibrium, Pharma Algorithms, Simulation Plus) [50] (and refer-
ences therein) were compared. The errors ranged from 0.87 to 1.56 logarithmic molar
solubility units. Authors suggested dividing the training set of compounds based on
structural similarity and developed local models for the subsets that worked slightly bet-
ter. It was concluded that a simple linear regression approach often was superior to
more complex modelling methods. A more in-depth discussion of the modelling ap-
proaches used in the “solubility challenge” is given in Chapter 3.

Chemists intuition in designing compounds with better aqueous solubility is also
important and may be reliable and even more reliable when supported by experience.

7.5 Examples to increase solubility by structural
modification

Methods to improve solubility based on the molecular structure include the addi-
tion of solubilizing, polar groups to a molecule, increasing the fraction of atoms
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with sp3-hybridization, disrupting planarity, and hence decreasing crystal lattice
energy. In the following part, some examples are shown where the solubility in re-
search projects has been increased by one or more of these approaches. As a first
example described by Huang et al. [51] the solubility of non-nucleoside reverse tran-
scriptase inhibitors was increased starting from the approved drug Etavirine (1) by
increasing the fraction of sp3-hybridized atoms and breaking planarity. Respective
structures are depicted in Figure 7.8. Additionally, basic nitrogen has been intro-
duced in the structure. Even if the molar mass of the compound increases from
435 g/mol for Etavirine (1) to 521 g/mol for (2), the solubility increases by a factor of
more than 10. Potency decreased from an EC50 of 1.8 nM for Etavirine to 8.1 nm for
(2). However, at the same time log P decreased from >5 for (1) to 1.9 for (2). This is
an example where by structural modification a compound has been moved from
out of the “Lipinski rule of 5” space and into it by respective changes of physico-
chemical properties.

As a second example where increasing the fraction of sp3-hybridized atoms was also
used as a tool to increase solubility, Press et al. [52] described the optimization of a
PDE4 inhibitor for the treatment of inflammatory diseases such as asthma and
chronic obstructive pulmonary disease (COPD). Structures of the starting compound
and the optimized compound are shown Figure 7.9. The lead compound (3) had phys-
icochemical properties, which did not allow further development of this molecule.
Solubility was just 2.3 µg/mL at pH 6.8. To increase solubility the planar benzoic acid
moiety was replaced by a cyclohexane–carboxylic acid moiety, which increased both
the number and the fraction of sp3-hybridized atoms and decreased the planarity of
the molecule. Additionally, the number of aromatic ring systems was further reduced
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M=435 g/mol

S(pH 7)<<1μg/mL

log P >5

EC50 =1.8 nM

M=521 g/mol
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log P = 1.9

EC50 =8.1 nM

Figure 7.8: Modification of physico-chemical parameters by reduction of planarity and the
introduction of basicity to Etavirine.

194 Christoph Saal and Klara Valko

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



by replacing the benzoxadiazole system with a fluorophenyl moiety. This structural
modification leads to a decrease of π–π interactions and reduces lattice energy. The
resulting molecule (4) exhibits a solubility of 920 µg/mL, which has increased solu-
bility by about a factor of 400 compared to the starting molecule (3). As in the previ-
ous example, the structural modifications that increased solubility lead at the same
time to a decrease in potency from an IC50 of 1.5 nm for (3) to 32 nm for (4). With
regard to the developability of the molecule, this decrease in potency was more than
compensated for by the increase in solubility that led, in total, to a more favourable
overall profile of the compound.

In contrast to the previous two examples, the work by Tehler et al. [53] represents
an example where lipophilicity was increased, based on structural modifications to
increase solubility. Here the goal was to increase solubility and permeability of
Ciprofloxacin (5), an antibiotic used against bacterial infections, which had been de-
veloped by Bayer in the 1980s. According to the BCS scheme, Ciprofloxacin belongs
to class IV, suffering from low solubility and low permeability. Ciprofloxacin repre-
sents a case where solubility is limited by strong lattice energy. This strong intermo-
lecular interaction is generated by the planar rings in the molecule. At the same time,
polar groups such as the piperazine and the carboxylic acid not only contribute to
lattice energy, but also contribute to increased hydration energy. Tehler et al. [53]
used esterification to introduce flexible aliphatic chains into the molecule to disrupt
the crystal lattice. Respective structures are shown in Figure 7.10. With this structural
modification, ionic interactions in the crystal lattice were reduced, as in contrast to

S(pH 6.8) = 2.3 μg/mL

IC50 = 1.5 nM

N

N N
N

F

N

N O

O O

OH OH

S(pH 6.8) = 920 μg/mL

IC50 =32 nM

(3) (4)

Figure 7.9: Optimization of solubility of a PDE4 inhibitor by reduction of planarity.
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the original compound no acidic groups are maintained in the resulting, optimized
molecules. Derivatization of Ciprofloxacin to its methyl-ester (6) leads to a 50-fold
increase in solubility. A still more bulky derivate, the n-butyl-ester (7), leads to a 10-
fold increase in solubility. This behaviour reflects the influence of crystal-lattice
energy and hydration energy. Obviously for the n-butyl-ester, an increase of lipophi-
licity over-compensates for the reduction of lattice energy, and this results in a
decreased solubility compared to the methyl ester. From this example it becomes ob-
vious that compound optimization must be carried out in a balanced way to obtain
the best results. Optimizing a BCS class IV compound can be done in two ways: either
by increasing solubility or improving permeability. The first approach will lead to a
BCS class III compound, whereas the second approach will lead to a BCS class II com-
pound. Only if both approaches are followed in a balanced way, a BCS class I com-
pound will be the result of structural optimization. This example represents a pro-
drug approach, as esters will be metabolized to Ciprofloxacin in vivo.

Esterification leads to increased flexibility of the molecule and a reduction of planar-
ity. This is reflected in the melting point that decreases from Ciprofloxacin to its
methyl-ester and further to its n-butyl-ester. At the same time log D increases. The
solubility of the methyl-ester is highest because the lipophilicity of the n-butyl-ester
over-compensates for the reduction in the planarity of Ciprofloxacin and adds no fur-
ther benefit with regard to avoiding Zwitterionic structures in the crystal lattice. The
ability to form zwitterions or strong hydrogen bridges between the piperazine moiety
and the carboxylic acid group is already eliminated by the methyl-ester.

O O O O O O

O

HN

O
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(5) (Ciprofloxazin)
Increase in solubility compared to (5)

(6) (7)
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logD 7.4
–0.9 0.6 2.8
Melting point
266 °C 255 °C 200 °C

N N N NN

F F F
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CH3 C4H9
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Figure 7.10: Optimization of physicochemical properties of Ciprofloxacin by the introduction of
flexible chains by esterification.
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As already discussed earlier, solubility is governed by solvation energy and lat-
tice energy. The last example has already shown certain effects of the molecular
structure on lattice energy and solubility. This effect becomes still more important if
molecules contain a large fraction of aromatic ring systems, especially condensed ar-
omatic rings, which lead to larger planar structural parts and strong π–π interactions.
However, there are not many examples available in the literature, which describe op-
timization of solubility based on the crystal structure of research compounds. The
number of publications dealing with this topic is relatively low compared to the
much larger number of publications describing optimization of solubility based on
decreasing lipophilicity. Certainly, one reason for this is that log P can be measured
easily and can even be calculated by in silico methods. However, still even today
melting points are difficult to predict, as they rely on crystal structures [54] and ac-
cordingly, to optimize solubility based on lattice energy, an understanding of the
crystal structure of a compound is helpful.

However, there are general principles that can be applied to modify research
compounds to increase solubility based on lattice energy, which can be applied with-
out the knowledge of crystal structures. The most useful principle is that the disrup-
tion of molecular planarity will decrease the intermolecular interactions within the
crystal lattice, lower the melting point, and increase solubility. This is also reflected
in the high solubility of amorphous phases compared to their crystalline counter-
parts. Ordered planar structures with strong interactions (π–π interactions in stacks)
are typically absent in amorphous phases due to the loss of symmetry.

Generally, the geometry – including the planarity of the molecule – will be influ-
enced by the hybridization of the involved atom. As sp2-hybridized C-atoms lead to
planar structures and sp3-hybridized C-atoms will have their neighbours in the three-
dimensional environment, an increased fraction of sp3-hybridized C-atoms should
lead to a decrease in lattice energy. A respective analysis that confirmed this hypoth-
esis can be found in [39].

How the reduction in the number and fraction of sp2-hybridized C-atoms in-
creases solubility can be seen from the example shown in Figure 7.11 published by
Wang et al. [55]. AMG517 (8) is a vanilloid receptor 1 antagonist suffering from low
solubility, which is less than 1 µg/mL in 0.01 M HCl. The molecule was moved into
clinical development as a co-crystal and represented the first case, where a co-
crystal was used for clinical development. However, for this compound solubility
could also be optimized based on structural modifications leading to less planar
molecules. If the trifluoromethyl-substituted phenyl ring is replaced by a trifluoro-
methyl-substituted cyclohexene ring, the solubility in the same solvent increases to
13 µg/mL. This can be ascribed not only to breaking the planarity in the molecule,
but also to decreasing the lipophilicity with the clog P decreasing from 4.6 to 3.7.
From the melting point of the compounds, which decreases from 219–221 °C to
130–131 °C, the significant contribution of crystal lattice energy to the increased sol-
ubility becomes obvious.
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There are still additional ways to reduce planarity beyond reducing the frac-
tion of sp2-hybridized C-atoms. As an early example outside the pharmaceutical
world, the solubility of polychlorinated biphenyls (PCBs) was studied in the
1970s. PCBs were used in electrical devices, hydraulics, and as plasticizers, but
were later banned because of their toxicological behaviour. PCBs exhibit increased
solubility if the dihedral angle between the two phenyl rings is increased. This is the
case in ortho-substituted biphenyls: 2,2ʹ-dichlorobiphenyl shows a higher solubility
in water compared to 4-chlorobiphenyl and 2,4ʹ-dichlorobiphenyl as is shown from
the work of Hoover [56] and Lee [57] in Table 7.2.

From this data it can be seen how the dihedral angle influences the melting point.
This is highest for 4-chlorobiphenyl, which has the lowest dihedral angle. Even if
4-chlorobiphenyl has the lowest log P, its solubility is lower compared to that of

O

O O

O

CF3 CF3HN HN
N

N N

(8) AMG517 (9)

S(0.01 M HCl) = 13 μg/mL

c log P = 3.7

Melting point = 130–131 °C

S(0.01 M HCl) < 1 μg/mL

c log P = 4.6

Melting point = 219–221 °C

N

N N

S S

Figure 7.11: Increase of solubility by reduction of planarity starting from the vanilloid receptor 1
antagonist AMG517 (8). Replacement of the trifluoro-substituted phenyl ring by a cyclohexene ring
leads to a significant increase in solubility, which is due to reduced lattice energy and reduced
lipophilicity.

Table 7.2: The solubility, dihedral angle, log P and melting point of some polychlorinated
biphenyls.

Compound Solubility Dihedral angle log P Melting point

,ʹ-Dichlorobiphenyl  µg/mL .° .  °C

,ʹ-Dichlorobiphenyl  µg/mL .° .  °C

-Chlorobiphenyl  µg/mL .° .  °C
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the dichlorinated PCBs. This can be ascribed to the more planar structure with
increased lattice energy. A similar trend is seen when comparing the density of
2,2ʹ-dichlorobiphenyl (1.386 g/cm3) and 2,4ʹ-dichlorobiphenyl (1.445 g/cm3): the
first compound has a lower density also reflecting a lower lattice energy and ac-
cordingly a higher solubility.

A dual integrin antagonist described by Ishikawa et al. [58] represents an ex-
ample of how solubility can be enhanced for research compounds using the ap-
proach of an increasing dihedral angle to reduce planarity. Compound (10) – as
depicted in Figure 7.12 – exhibited a solubility of <0.1 mg/mL and was the start-
ing point for the optimization of solubility. Attempts to improve the solubility by
introducing hydrophilic groups lead to a decreased activity in cellular assays.
However, structural modifications introducing hydrophobic substituents lead to
increased potency in receptor binding assays and other cellular assays in parallel
with an increase of solubility. As solubility increases from <0.1 to 0.6 mg/mL for
(11) and finally to 1.3 mg/mL for (12), the melting point of the compounds de-
creases from 252–254 °C to 182–184 °C and finally to 162–164 °C. This indicates a
decrease in lattice energy, which is caused by the bulkier substituents that dis-
rupt molecular planarity.

Another example for optimization of solubility for research compounds is given by
Bachovchin et al. [59]. In this contribution, Lapatinib, which represents an approved
epidermal growth factor receptor inhibitor, was used as a starting point for optimiza-
tion of compound against Trypanosoma brucei that causes human African trypanoso-
miasis. First activities yielded the compound (13), which suffered from poor aqueous
solubility. Several strategies such as increasing the fraction of sp3-hybridized C-atoms,
introduction of ionizable groups, ortho-methylation, NH-insertion and formation of
pharmaceutical salts were used to increase solubility without jeopardizing potency.
Finally compound (14) was obtained for which solubility has been increased by a fac-
tor of 20 while potency has also been optimized.

Solubility (water)

Clog P

Melting point

(10) (11) (12)

<0.1 mg/mL

1.5

252–254 °C

0.6 mg/mL

1.6

182–184 °C

1.3 mg/mL

1.3

162–164 °C

Figure 7.12: Optimization of the solubility of integrin αv ß3/αIIbß3 dual antagonist by the increasing
dihedral angle based on the substitution in the ortho-position of phenyl ring.
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7.5.1 Approaches for optimization of solubility in research
programs

Generally, the optimization of solubility in research programs can be done in two
ways, and this is also the case for the optimization of other properties.

The first approach represents a stepwise procedure as presented with the
previous examples. This means a compound is designed on paper. For this pur-
pose, information on other compounds that have already been designed, synthe-
sized and tested, as well as in silico tools to predict solubility are used together
with the experience of the chemist. To move a research project quickly ahead
fast cycle times for synthesis and the testing of compounds are key, particularly
the solubility measurement. The need for highly standardized, quick assays to
measure meaningful solubility data, as described earlier, arises. With regard to
the cycle time, the amount of compound required, and effort, kinetic solubility
measurements are attractive. However, one must bear in mind that kinetic solu-
bility can be misleading when used in the optimization of solubility and there-
fore thermodynamic solubility should be used for compound optimization. The
process of solubility optimization is schematically depicted in Figure 7.14. This
approach will not only be used for the optimization of solubility but also for
other compound properties such as potency, selectivity, stability, permeability
and others.

The second approach uses compound libraries to assess the optimization of sol-
ubility in a systematic way. For this purpose, smaller libraries of compounds are

N

NN

N

N

HN

N

N
N

N

N

N

N
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N

N

(13) (14)

Aqueous solubility      44 μM

T. brucei EC50               0.43 μM

880 μM

0.013 μM

Figure 7.13: Optimization of the solubility of Lapatinib-derived compounds against human African
trypanosomiasis using several strategies.
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designed. Libraries modify a defined scaffold at certain positions by different sub-
stituents. In principal, the steps of this approach are like the first approach: the de-
sign of compounds using results from previous compounds solubility measurements,
in silico tools and personal experience of the chemist, in the synthesis of compounds.
However, this approach is a much more parallelized procedure. This means that
steps such as the synthesis of compounds can frequently be done more efficiently, as
the synthesis of a whole set of compounds can be done using the same precursors
and only the last step or last steps of the synthesis are different for different com-
pounds belonging to the same library. This reduces the effort for the synthesis of
compounds. Also, the measurement of solubility can be done in parallel, which re-
duces effort and accelerates the process. Due to these benefits, the library approach
leads to a reduction of effort and reduction of time from the design of a compound to
having the compound characterized with regard to solubility. The disadvantage of
this approach is that more different compounds must be synthesized compared to the
previous approach and redundant information might be generated.

Accordingly, the chemist should choose carefully which approach to use for
compound optimization based on the stage of the project, synthetic accessibility
of the compounds as well as the need for the optimization of other compound
properties

Liu et al. [60] presented an example of solubility optimization using compound
libraries. Their goal was to optimize thiazolidinone compounds with regard to their
cytoselective toxicity towards non-small cell lung cancer (NSCLC) cells and drug-
resistant NSCLC cells at the same time showing low toxicity to normal human fibro-
blasts. In addition to this pharmacological optimization, the solubility should be

Design Synthesis

Characterization

Figure 7.14: Stepwise optimization of research compounds. First a compound is designed by the
chemist. In the next step the synthesis of the compound is carried out. The third step in the
optimization cycle is the characterization of the compound using several assays including
solubility measurement. Based on the results of this characterization, the next compound is
designed by the chemist.
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increased by derivatization. The scaffold used to design appropriate libraries is
shown in Figure 7.15.

This scaffold includes three positions that were considered for derivatization
(R1, R2, R3). Therefore, in principal optimization could be carried out based on a
three-dimensional library where all three substituents are modified in parallel. As
this would lead to many compounds from a huge synthetic effort and consequent
compound testing, the authors instead preferred a sequential two-step approach
using two two-dimensional libraries. The first library contains 25 compounds that
are obtained by modification of R1 and R2. At the same time, R3 is kept constant by
always using a hydrogen substituent.

Compounds from this library were characterized for aqueous solubility and for
their cytoselective toxicity in NSCLC cells. Results from the solubility measurements
showed that solubility was always low, expect for compounds where R2 was a piper-
azine: compounds (16), (17), and (18) showed considerably enhanced solubility.
This improved solubility was explained by the presence of an H-bond donor in the
piperazine substituent. This effect was expected for these compounds as during the
design of the library lower calculated log P values had been obtained, which was
an indicative of higher solubility. On the other hand, better activity in the cellular
assay was obtained for compounds with R2 substituted by a dimethyl-amino or di-
ethyl-amino group. This is a typical example of the diverging needs with regard to
the optimization of activity and solubility.

R1

R1

R2

R2

R3

R3

S

CH3H

N N

N

N

H

N
O

O CH3OH CI

O

N N
NHN

Figure 7.15: Scaffold and substituents upon which the library for compound optimization was
based by Liu et al.
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Based on these results, a second library including 15 compounds was designed:
where R2 and R3 were varied, while R1 was kept constant using a hydrogen substitu-
ent. Results for solubility from this library clearly showed that solubility increased
by a factor of more than 10 when a methyl group was used for R3. Larger phenyl
and smaller hydrogen substituents used as R3 did not lead to a higher solubility.

Finally, compound (19) has been obtained (see Figure 7.16) based on the de-
scribed library-based optimization, which started from compound (15). In this respect
optimization was neither done solely focused on potency, nor solely on solubility,
but on an approach considering both properties. Therefore, compound (19) does not
represent the compound with the highest solubility or lowest EC50 within the library.
Instead it represents a balanced compromise with fivefold increased solubility and
about a 10-fold increase in potency compared to compound (15), which represented
the starting point for the optimization.

7.6 Conclusion

From this chapter it becomes clear where it is important for medicinal chemist to
have a clear understanding of solubility: a major part in the everyday life of a me-
dicinal chemist is designing research compounds that have a sufficient solubility to
become bioavailable. As increased potency in many cases leads to more lipophilic
and less soluble compounds. Optimizing compounds in research programs to in-
crease solubility is an important goal for medicinal chemists. In this chapter, we
have summarized in which situations solubility matters in medicinal chemistry,
how medicinal chemists can obtain meaningful solubility data, and what strategies
to modify structures of research compounds to increase solubility can be used.

(15): Solubility = 0.1 μg/mL, EC50 = 0.72 μM
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H H
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(19): Solubility = 0.5 μg/mL, EC50 = 0.08 μM

Figure 7.16: Some of the library compounds used in the optimization of thiazolidinone compounds.
Compound (15) represented the starting point. Design of libraries with sequential variation of R1,
R2, and R3 lead to compound (19) with a balanced profile of improved solubility and potency.
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René Holm

8 The role of solubility in optimizing drug
products – a pharmaceutical development
perspective

8.1 Introduction

Solubility is one of the most important physical–chemical properties that define a
formulation – irrespective of the intended administration route. The formulation
route and its associated physiology define both the formulation variables and exci-
pients that can be used. For oral administration, solubility and permeability are the
two key parameters for drug absorption. For parenteral dosage forms, that is, for-
mulations for injection, it is important from a safety perspective to obtain a suffi-
cient solubility, whereas for other dosage forms as eye drops solubility is important
for efficacy. Thus, for either biopharmaceutical or technical reasons, solubility is
important for all administration routes such as transdermal, sublingual, topical and
for all dosage forms.

This chapter focuses on how solubility data are used in drug product formulation,
with selected examples important for common dosage forms. The chapter will not
provide an exhaustive discussion of all drug delivery systems or cover all administra-
tion routes but aims at educating the reader about the chemical considerations in the
use of solubility data in drug product development. In general, the formulation strat-
egy is to minimize the use of excipients, while ensuring that the formulation is robust
from an efficacy, safety, chemical, physical and manufacturing point of view. This
chapter is organized into three main sections, focusing on how solubility (1) is used
to define the formulation strategy for oral dosage forms, (2) influences the selection
for bio-enabling formulations, and (3) considerations on liquid formulation from a
solubility perspective.

The scope of the chapter is to provide solubility-based perspectives that can be
applied to all delivery systems and all modalities.

8.2 Aqueous-based liquid formulations

Liquid formulations can be used for many applications, including oral solutions, in-
jectables, eye drops, nasal spray and liquid for inhalation. This field is relatively
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broad. However, the elements of solubilization and how solubility determines the
formulation work are the common denominators for these liquid formulations. In
other words, it is one of the key properties of the compound when making an aque-
ous dosage form.

Pharmaceutical excipients have a prominent role in liquid formulations as they
are needed to formulate water-insoluble compounds. Their use varies considerably
between the different aqueous dosage forms. The restrictions in choosing an excipi-
ent for oral administration versus intravenous administration will differ, although
conceptually the formulation work is similar and aims for complete solubilization in
the formulation, for example, choice of cosolvent or preservatives used. Strickley [1]
suggested a flow chart for selecting the solubilization strategy for different adminis-
tration routes, which can function as general guidance for the choice of a solubiliza-
tion strategy. Different pharma-companies have different preferences and the use of
the flow diagram may vary as a function of formulation, toxicological experience,
regulatory strategy, indication, patient population and so on.

The approach proposed by Strickley [1] does not take the physicochemical proper-
ties of the compound to be solubilized into consideration, but focuses solely on the
effect and safety of the solubilization strategy. For compounds with an ionizable
group, that is, acids or bases, pH adjustment is normally investigated first and if suffi-
cient, a relatively simple formulation can be achieved. If the compound has a molecu-
lar fit for inclusion complexes, for example, cyclodextrins, these are frequently
investigated as a second approach, depending upon concentrations needed and pa-
tient populations. If solubility is still not sufficient and the log P is not too high, then
cosolvent systems combined with pH adjustment can be used. Finally, for compounds
with a high lipophilicity, more complex systems, such as micellar solutions/disper-
sions, emulsions, liposomes, or other more suitable methods might be needed. The
various strategies to solubilize a drug compound in an aqueous formulation will be
discussed below, and lipid-based systems are discussed in Section 8.3.2.2.

8.2.1 Adjustment of pH

pH adjustment is probably the most commonly used method to alter the solubility
of ionizable compounds. The two main reasons behind this strategy are (i) it is safe,
and (ii) it is a very effective approach from a solubilization perspective. Changing
pH will dramatically change the solubility of ionizable compounds, and the rela-
tionship between solubility, pH, and the dissociation constant is the most well un-
derstood of the solubilization strategies.

When a compound has a pKa value within the pH range in which a formulation
can be dosed, for example, pH 3-8, the first thing to investigate is its solubility de-
pendency as a function of pH, that is, determine the pH-solubility profile. Most
drug compounds are weak electrolytes and can in principle be perceived as a
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buffering agent that is in equilibrium with its corresponding base or acid. For an
acid in an aqueous solution,

HA Ð A− +H+ (8:1)

where HA is a weak acid and A– the corresponding weak base. The equilibrium con-
stant from this equation is the acid dissociation constant Ka. It relates to the degree
of dissociation of the acid and is calculated based on the concentrations of the re-
acting species:

Ka¼ H+½ � A−½ �
HA½ � (8:2)

This value is related to pH of the solution and the Henderson-Hasselbalch equation
(eq. 8.3) describes how pH depends on the concentration of the buffer components
and pKa:

pH¼pKa + log
A−½ �
HA½ � (8:3)

From a drug solubilization perspective, the charged form (here A–) is often soluble
in water, whereas the neutral species (here HA) are usually less soluble. As the rela-
tionship is logarithmic, the correlation between the solubility and the pH indicates
that the solubility increases by a factor of 10 when changing pH by one unit, that
being decreasing the pH for bases and increasing for acids. In principle, eq. (8.3)
indicates that the solubility of a weak acid or base can be increased indefinitely.
However, there are limitations based upon the solubility product of the salt formed
with the acid or base that is used to adjust pH. The acid or base selected to adjust
the pH can therefore be a critical formulation parameter and would often need to be
explored experimentally.

In order to maintain a defined pH throughout both the product process of the
formulation and over the shelf life of the drug product, a buffer is normally added
to the formulation. Buffers improve both solubility and stability along with reduc-
ing irritation. When defining the properties of a liquid pharmaceutical formulation,
it is important to keep robustness in mind, which includes defining a pH range that
extends beyond the desired solubility. A close monitoring of pH is possible in
small-scale experiments, but with batch sizes of hundreds of litres or more, achiev-
ing an accuracy of even 0.2 pH units may be challenging. Determining the solubil-
ities at the extremes of the formulation is thus also an important part of defining a
liquid formulation. The goal is hence to select the optimal pH range over which the
API shows the desired solubility and stability.

pKa depends on temperature, pressure, and ionic strength and as described by
the Henderson–Hasselbalch equation (8.3) these parameters will cause a change in
the pH of the solution. In practice, pressure has a limited influence on pKa over the
ranges that pharmaceutical processing occurs unless, for example, high-pressure
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homogenization is applied during formulation [2]. Ionic strength also has an influ-
ence on some buffer pH [3], but in pharmaceutical liquids especially parenterals, the
ionic strength is normally relatively constant and adjusted to be an isotonic solution.
Thus, in principle, a well-designed formulation design can omit this parameter.

Most formulations are exposed to variations in temperature, for example, dur-
ing transportation, storage, or a pharmaceutical processing such as autoclaving. If
the formulated API has a solubility that is highly pH dependent within the pH
range defined in the formulation, then one needs to consider (and potentially eval-
uate) how this may influence the performance of the formulation. The influence on
pKa as a function of temperature depends on the chemical structure of the buffer.
Carboxylic acid buffers are least affected by temperature [4–6]. However, carboxylic
acid-based buffers may not always be compatible with the formulation and hence
phosphate buffer, amino acid-based buffers, or biological buffers such as Tris may
be considered. The highest variation in pKa of buffers is reported for Tris, where a
decrease of around ≈2 pH units is observed in the temperature range 25-125 °C [4].
When formulating a buffered liquid formulation, it is therefore important to con-
sider the solubility not only as a function of pH, but also of temperature.
Considering variations of both temperature and pH at the same time is necessary to
ensure a robust formulation design.

In cases where an antimicrobial preservative is needed, for example, multiple
use formulations for oral administration, the selection of pH may also be influenced
by the preservative that needs to be added. Most preservatives for oral applications
are more effective in the acidic range. Hence, if a more neutral pH is defined, the
concentration of the preservative must be adjusted to ensure sufficient antimicro-
bial effect.

8.2.2 Cosolvents

If pH adjustment is not sufficient to achieve the desired level of solubility, then the
use of cosolvents can be explored. A cosolvent is a water-soluble organic solvent
that is added to an aqueous system to increase the solubility of an API by altering
solution parameters such as polarity, surface tension and dielectric constant. For
oral administration, pure cosolvents can be administered; for example, in a soft gel-
atine capsule or by using a syringe in early phases of development. It should
though be kept in mind that the use of pure cosolvents such as PEG400 and propyl-
ene glycol is not optimal from a taste perspective. For parenteral administration,
cosolvents are often blended into aqueous systems. Typically used cosolvents in-
clude propylene glycol and ethanol, while even DMSO can be found in commercial
injectable formulations. However, there is a restriction regarding which cosolvents
can be used for injectable formulations versus oral formulations, due to the high
osmotic pressure that can be associated with cosolvents.
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A solubility enhancement of several orders of magnitude may be observed by
using pure organic cosolvents, which may be relevant for an oral solid formulation
which can be encapsulated in a soft gelatine capsule. There is a nonlinear relation-
ship between solubility and cosolvent fraction in an aqueous solution. Thus, the ad-
dition of small quantities of water can reduce the solubility benefit significantly.
This may lead to biopharmaceutical considerations for oral products solubilized in
cosolvents, as there is an inherent risk that the compound may precipitate into a
crystalline form in the intestine when the capsule dissolves and the cosolvent be-
comes diluted into the aqueous phase. For some compounds, this can be avoided
by addition of a crystallization/precipitation inhibitor to the formulation [7] (see
Chapter 2). For parenteral formulations, this option does not exist and the use of
cosolvents to enhance the solubility becomes a compromise between solubility and
osmotic pressure and consequently the potential for patient discomfort associated
with the administration of the formulation.

A combination of different cosolvents in the same formulation can be beneficial
and it should be noted that a higher proportion of cosolvents will not lead to a
higher solubility in all cases, as demonstrated by the nonpolar compound tiocona-
zole [8] (see Table 8.1).

The data from Gould and co-workers [8] demonstrate the advantages in combining
different cosolvents to adjust the formulation to the specific compound. Solubility in-
vestigations based on design of experiments can therefore sometimes be a very useful
tool to optimize a cosolvent-based formulation. Beyond the data published by Gould
et al. [8], which demonstrates that combining different cosolvents in a system can be
beneficial, it is worth noticing that benzyl alcohol, also a cosolvent, is used as a pre-
servative in several commercial products for intravenous administration, for example,

Table 8.1: Measured solubilities for tioconazole as a function of
cosolvent and cosolvent concentrations (% v/v).

%
Ethanol

% Propylene glycol % PEG log (measured
solubility)

   .
   .
   .
   .
   .
   .
   .
   .
   .

Data from Gould et al. [8].
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with diazepam and lorazepam. Benzyl alcohol is an effective preservative having lim-
ited interactions with drug compounds. However, it is interesting to notice also the
excipients ability to function as a cosolvent why it can be used with dual purposes in
a formulation, as reported by Yalkowsky [9]. If the compound that needs to be solubi-
lized can be ionized, it may be beneficial to combine formulation selection with pH
adjustments, which can be relevant for cosolvent, surfactant and inclusion complex
systems (see Section 8.2.4) [10].

As noted for pH-adjusted formulations, a robustness investigation needs to be
conducted for cosolvent-based formulations, given the relationship between solu-
bility and cosolvent concentration. This implies, it is important to define the formu-
lation in a way that small variations in the cosolvent concentration will not lead to
product performance failure. A very careful measurement of the solubility as a func-
tion of cosolvent concentration is therefore an important element in defining this
class of formulation.

8.2.3 Micellar solubilization using surfactants

Surfactants are amphiphiles that have both polar and nonpolar regions. They form
multicomponent systems and will accumulate at surfaces with different polarities.
Above their critical micelle concentration (CMC), they form micelles, that is, a dis-
perse phase that can solubilize an API. Good drug candidates for surfactant-based
liquid formulations are often lipophilic, non-polar and non-ionizable compounds
with very poor water solubility.

Non-ionic surfactants are often used as an excipient in pharmaceutical formula-
tions because of their relatively low toxicity and their solubilizing power. Examples of
surfactants used in commercial formulations include polysorbate 20, polysorbate 80
and cremophor EL. Given that the chemical structure of surfactants can vary, different
surfactants will have different solubilization properties for different compounds. This
implies that determination of solubility to identify the most suitable surfactant for a
given compound is crucial. Above the CMC, the relationship between surfactant con-
centration and compound solubilization is linear. Hence, identification of a robust
formulation range with respect to this excipient is more straightforward than cosol-
vent systems. As mentioned earlier, potential synergistic effects using surfactants and
pH adjustment should be considered as well.

For formulations containing surfactants at a concentration above the CMC, it
should be noted that a preservative used in the formulation may have an affinity for
the micellar phase, and thus, the relative fraction of the preservative in the aqueous
phase needs to be considered. Hence, investigating the solubility of the preservative
in the selected vehicle may also be a part of the investigations needed to get an ex-
perimental insight into the relative affinity of the preservative for the micellar phase
and thereby provide guidance in selecting the desired preservative concentration. As
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stated in Section 8.2.1, this factor should also be considered when the preservation
may be ionized at the pH used.

8.2.4 Cyclodextrins

Cyclodextrins form reversible non-covalent inclusion complexes with many drug
compounds and can be a very effective approach for solubilization of poorly aque-
ous soluble compounds in cases where the physical shape and form of the drug
molecule fits the cyclodextrin cavity. Cyclodextrins are cyclic oligosaccharides, and
pharmaceutically relevant cyclodextrins contain six to eight dextrose units connected
in a circular manner by 1,4-bonds (see Figure 8.1). Due to the orientation of the hy-
droxyl groups, a cone-shaped structure is formed with a hydrophilic exterior and a
lipophilic core. For oral applications, both natural and modified cyclodextrins can be
used, although for parenteral applications, the most frequently used cyclodextrins are
the two modified, hydroxypropyl-β-cyclodextrin and sulphobutylether-6-cyclodextrin,
as these have a very high aqueous solubility (>400 mg/mL) and a favourable toxico-
logical profile. The hydroxyl groups of the natural cyclodextrins are chemically modi-
fied, so up to three molecules can be added per dextrose group. In practice, the
substitution is less controlled and the cyclodextrins used are a mixture with variable
substitutions, due to which the mean degree of substitution is often used. For both
hydroxypropyl-β-cyclodextrin and sulphobutyl-β-cyclodextrin, the substitution occurs

Hydrophobic cavity 6-OH primary hydroxyl groups

2-OH, 3-OH secondary hydroxyl groups

HO
HO

0
0

0

0

0
0

0 0 0 0

0
0

0

0

0
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HO
HO

HO HO HO

HOHOHO

HO

HO

OH
OH

OH

OH
OH

OHOH
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Figure 8.1: Chemical structure of β-cyclodextrin, in which the 2, 3, and 6-hydroxyls of a
glucopyranose unit may have a substituent attached.
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mostly at the 2- and 3-hydroxyl groups and only to a limited extent on the 6-hydroxyl
group [11, 12].

The complex between cyclodextrins and a drug compound is often a 1:1 inter-
action, though exceptions have been published [13]. The different cyclodextrins
have different stability constants with different APIs, and different stability con-
stants for the charged and uncharged species have also been observed [14].
Constructing the phase solubility profiles for different cyclodextrins with a drug
compound can thereby support the formulator in selecting the best solubilizing
cyclodextrin, but also in selecting the most stable region of solubilization in cases
where nonlinear behaviour is observed. In principle, the correlation between the
cyclodextrin concentration and drug solubility should be determined over the rel-
evant pH range as the solubility can vary as a function of both parameters.
Determining the stability constant for both the charged and uncharged species of
the compound may provide the possibility to support the experimental values
with theoretical observations.

The stability constant and therefore the solubility of a drug compound in cyclo-
dextrins can vary as a function of the degree of cyclodextrin substitution and the
position of the substitution [15, 16]. As a part of the formulation work, the influence
of this excipient on the solubility therefore needs to be evaluated to ensure formula-
tion robustness.

With respect to preservation of cyclodextrin containing systems, the same issue
as for surfactant-based systems exists which is – the solubilizing excipient can
inactivate the preservative by complexation. From a theoretical perspective, models
can be developed to guide the concentration of preservatives needed [17]; however,
experimental proof is still needed.

8.3 Formulations for oral administration

Since the beginning of pharmaceutics, oral delivery has been the most important
route of drug delivery. This dominance has recently changed with the development
of the biopharmaceuticals, which are usually administered by injection. However,
due to cost, established manufacturing plants, convenience and non-invasive ad-
ministration, oral formulations will continue to play a crucial role in pharmaceutics
in the future. Oral administration, even with the use of complex biological modali-
ties as antisense, sRNAs and monoclonal antibodies, will also dominate approved
drugs in the near future and this administration route is certainly here to stay.

While choosing an oral administration is typically straightforward and occurs
very early as part of the target product profile, it is more difficult to decide on a formu-
lation principle or a process technology for modern drug candidates that often exhibit
challenging molecular properties for oral delivery [18, 19]. Companies differ in their
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decision making regarding not only the formulation strategy, but also on manufactur-
ing. Hence, scientific arguments are not decisive strategic aspects, company traditions
and past investments also play a role. For new drug candidates, the results of pharma-
ceutical profiling provide an early basis for initial decision making for the design of
first-in-man formulations. Once a drug candidate has been dosed in phase I clinical
trials, the availability of human pharmacokinetic data helps define the formulation
strategy in later clinical phases and in the market.

8.3.1 Defining a formulation strategy

The Biopharmaceutics Classification System (BCS) [20] emphasizes the API properties
of aqueous solubility and permeability. The solubility limit takes into account the
highest dosage strength and a reference water volume (250 mL) at a pH range span-
ning the entire gastrointestinal tract, that is, pH 1-6.8 (see Chapter 11). This classifica-
tion scheme was originally intended to correlate in vitro drug dissolution with in vivo
drug bioavailability and minimize the need for bioequivalence studies where the out-
come could be predicted by the in vitro surrogate measurements for highly soluble
compounds, that is, for compounds classified as class I. For class III compounds (i.e.
high solubility and low permeability) a biowaiver is allowed in most of the world pro-
vided that the formulation does not contribute to the permeability, whereas in vivo
studies are required to show equivalence between formulations containing classes II
and IV (i.e. both low solubility and permeability) compounds. Despite this, the BCS
can be used to define the oral formulation strategy in early development and is
widely implemented in the pharmaceutical industry as it conceptually describes the
science well.

In principle BCS is a regulatory tool, so drugs of classes II, III, and IV cannot
generically be considered as problematic with respect to oral absorption and bio-
availability. BCS classes II and IV are naturally scientifically more challenging from
a formulation perspective in order to achieve a consistent bioavailability. However,
in general a more refined view than the BCS system needs to be defined, based on
the understanding of the physiology and physico-chemical conditions at the site of
absorption, for example, the “high solubility” definition of the FDA guidance can
also serve for acidic drugs [21]. These compounds benefit from a pH-induced solu-
bility increase at the relevant intestinal site of absorption and some acids can there-
fore behave biopharmaceutically rather similar to BCS I or III compounds when
defining the formulation strategy, that is, with no limitations in absorption due to
solubility issues. While the BCS is a regulatory tool, it can also be used when taking
the decision on a formulation strategy. If the solubility of the API is so good that the
entire dose can be solubilized in the pH range defined in the BCS, then a conven-
tional solid dosage form such as immediate release tablets, powder-filled capsules
or similar dosage forms would normally be selected.
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Defining the solubility for a compound according to the BCS system may be
considered as conservative as it uses water as the solvent, which have led to ob-
vious challenges and considerations on what would be a biorelevant decision
point. The initial work of Galia et al. [22] and later Vertzoni et al. [23] stressed
the importance of biorelevant drug solubility, as also discussed in Chapters 5
and 6 on GI solubility. For this reason, drug solubility is typically measured
using simulated gastric fluids, fasted state simulated intestinal fluid (FaSSIF), or
fed state simulated intestinal fluids using bile salt and lecithin as biorelevant
solubilizers [24]. Hereby a different solubility product is obtained, which is more
relevant for the decision to be taken, that is, if conventional dosage forms can be
used for the given compound or if enabling formulations are needed.

As an extension of the work with biorelevant media, Butler and Dressman [25]
greatly contributed to the field of selecting the formulation strategy based on BCS.
The authors defined the term “Developability Classification System” (DCS) (see
Figure 8.2), for their approach, which considered biorelevant solubility (FaSSIF)
as well as a dissolution rate that was expressed as a target drug particle size.
Moreover, a solubility-limited absorbable dose was used in the DCS. This concept
modified the idea of a maximal absorbable dose [26–28]. The DCS further differen-
tiates class II compounds according to either a dissolution limitation (IIa) or a sol-
ubility limitation (IIb) for drug absorption, in contrast to the BCS. Although DCS
has been introduced as a developability assessment tool, it can serve as a guide to
define the formulation strategy. For example, BCS II compounds with some disso-
lution limitation may be developed with rather simple formulations based on
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Figure 8.2: The biopharmaceutics classification system (BCS) is shown in black and the
modifications from the BCS to the DCS are shown in blue. Modified from Butler and Dressman [25].
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particle size reduction, wet granulation, and/or addition of surfactants. However,
other BCS II compounds in the subcategory DCS IIb may need enabling formula-
tions, such as lipid-based formulations (LBFs) or amorphous solid dispersions
(ASDs). It seems that when selecting the early formulation strategy based on bio-
pharmaceutical classes, the DCS provides a modern starting point that is more de-
tailed than BCS, but still has simplicity as a key strength.

In addition to solubility, dissolution rate data and permeability data, in vivo
nonclinical data are frequently used to define if a conventional formulation is suffi-
cient or if an enabling formulation is needed. This in vivo work is part of the inves-
tigations conducted to identify the drug absorption hurdles. Comparison of a drug
solution with a suspension formulation using different drug species has been sug-
gested by Brewster [29] (see Figure 8.3). The decision tree depicts the possible out-
comes of the pharmacokinetic experiments [29]. Similar areas under the curve
(AUC) for both formulations could either mean that the compound shows extensive
absorption as for a BCS I (-like) compound or there is barely a formulation differ-
ence observed due to a first pass or a strongly limiting drug permeability. Figure 8.3
also highlights the alternative scenarios of AUC differences due to formulation in
order to differentiate the case of BCS II/IV (-like) compounds from other drugs that
exhibit a chemical stability issue. It is recommended to compare the formulations
in more than one species (e.g. rat vs dog) to better assess the biological effects on
oral drug exposure. Depending on the given scenario, Figure 8.2 suggests different
formulation approaches that can be also considered as part of the four-step plan
described in Figure 8.1. This plan is flexible enough that it can be combined with
various concepts. For example, the investigation of drug absorption hurdles (step 2)
can make use of advanced biopharmaceutical modelling.

8.3.2 Enabling formulations

In cases where solubility seems suboptimal and in vivo data confirms issues achiev-
ing the desired bioavailability from a suspension (as a surrogate for a conventional
formulation), the formulator may need to evaluate bio-enabling formulations. As
suggested by Brewster [29], this brings the formulator into a more complex decision
tree, which the DCS also eluded to in the separation of dissolution and solubility-
limited drug absorption. Many different technologies can be used for a compound
with solubility-limited absorption, including LBFs and ASDs. There are limitations
for the different technologies that can define if they can be used or not. However,
due to the complexity of these formulations, they will normally only be selected as
a last resort. The typical approach to formulate a drug product with limited solubil-
ity includes formation of pharmaceutical salts, particle size reduction, LBF, and
ASDs. In the following sections the importance of solubility when defining these
formulation systems are discussed.
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8.3.2.1 Particle size reduction

The development of micro- and nano-scale drug particles is one of the more promis-
ing strategies to improve the oral bioavailability of drugs with insufficient solubil-
ity, that is, compounds for which dissolution is the rate-limiting step. Academia
and the pharmaceutical industry have extensively investigated the potential of par-
ticle size reduced systems, including nano-scaling for therapeutic agents belonging
to BCS class II (or BCS class IV in some cases) with improved bioavailability in
mind [30–32] – or Class 2a according to the DCS. The commercial availability of sev-
eral oral pharmaceutical products containing nano-sized drug is sufficient to indi-
cate the utility and translational potential of this formulation approach. Some key
products include Rapamune® and Emend®, but in addition to these oral applica-
tions, suspensions can also be used for topical and injectable applications.

Obtaining particles in the micro-range can be achieved through dry milling, un-
less the intention is to make a formulation for parenteral use. For a suspension ob-
tained by dry milling, physical properties such as melting point are important.
However, if the suspension is produced by media milling, in either an aqueous or
non-aqueous media, then solubility becomes an important parameter in formulation
selection due to its potential influence on the physical stability of the suspension. In
the pharmaceutical arena, the terms suspension and nano-suspension generally refer
to a colloidal dispersion of nano-sized API particles in a liquid medium that contains
a suitable stabilizer or a mixture of stabilizers. The liquid media used for generation
of nano-suspensions can be aqueous or non-aqueous (polyethylene glycol or oils) de-
pending on its end application [33]. These suspensions contain a relatively small
amount of the stabilizer(s) that adsorbs onto the API surface to prevent particle ag-
glomeration during manufacturing and storage.

Ideally, the API should be insoluble in the continuous phase when formulating a
suspension. If this is the case and the compound is physically and chemically stable
in the continuous phase, then the formulation should be relatively uncomplicated.
However, many compounds have some solubility in the continuous phase, which
may lead to physical instability of the suspension. This physical instability can be a
consequence of storage temperature variations leading to super-saturation and
thereby potential crystal growth, that is, Ostwald ripening (see Chapter 2). This phe-
nomenon can be counteracted by cold storage, or through the addition of polymers
and/or surfactants inhibiting the crystal growth [34]. The selection of these stabilizers
is compound dependent. Nevertheless, it is important for the physical stability that
these excipients associate with the particles, while they solubilize the API as little as
possible. Solubility or lack of the same therefore becomes a formulation optimization
parameter for suspensions.

8 The role of solubility in optimizing drug products 221

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.3.2.2 Lipid-based formulations

Lipid-based systems comprise drug delivery technologies that use a solid and/or a
liquid lipid to pre-solubilize the drug compound before administration to improve the
bioavailability of the API. Lipid-based systems have been traditionally classified into
four main categories: type I through type IV also known as lipid formulation classifi-
cation system. Readers are referred to other sources for a more detailed understand-
ing of this classification system [35–37]. In terms of improving the bioavailability of a
poorly soluble compound, LBFs are generally more suited than particle size reduction
for very hard to formulate compounds, that is, compounds described as Class 2b ac-
cording to the DCS system.

From a mechanistic perspective, lipid-based systems may work on two parame-
ters; they alter the solubility of the API by solubilizing it in the lipid phase and they
alter its permeability by enhanced absorption due to lipid digestion and bile-salt-
mediated lipid solubilization/micellization in the gastrointestinal tract. Lipid-based
drug delivery systems normally present the compound pre-solubilized, that is, in a
state ready for absorption in the intestine. These formulations may consist of sev-
eral different excipients and generally they can be categorized into triglycerides,
mixed glycerides and polar oils, cosolvents, and water-insoluble and water-soluble
surfactants [38]. Triglycerides can be further classified as long-chain triglycerides,
medium-chain triglycerides and short-chain triglycerides. Mixed glycerides ob-
tained by partial hydrolysis of vegetable oils generally have greater solvent capacity
and promote emulsification. Cosolvents, including ethanol, glycerol and propylene
glycol, can also be added to improve the solvent capacity of these formulations.

When defining an LBF, several considerations need to be included. Among
these, API solubility and particle size upon dispersion in the gastrointestinal con-
tent, chemical stability of the system, capsule compatibility and naturally, the solu-
bility of the compound to be incorporated into the formulation [39]. All these
factors can be modulated by adjusting the composition, hence a statistical design
of experiment optimization approach can be considered. The solubility of the com-
pound in mixtures of lipid-based excipients can largely be calculated by knowing
the solubility in the individual components. However, synergistic effects can be ob-
served, so the true solubility needs to be determined experimentally in the desired
formulation space. In order to define the formulation space, several solubility stud-
ies need to be conducted to define the relevant excipients. As the formulation ap-
proach is based on presenting the API in a pre-solubilized stage, solubility
determinations are a critical part of defining an LBF.

LBFs can contain excipients such as triglycerides and various surfactants that
are digested in the intestine by co-lipase-dependent pancreatic lipase. The formula-
tion dosed is therefore bio-converted in the intestine after ingestion [40]. In vitro
lipolysis models have been developed to mimic this effect [41–47], where the
concentration in the aqueous phase have been defined as a particularly critical
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parameter, given that this is the available phase for absorption. Solubility in the
digested aqueous phase depends upon the formulation composition, adding an ad-
ditional layer of solubility determinations to the formulation work for a LBF, to pro-
vide a prediction on the bioperformance of the formulation.

8.3.2.3 Solid dispersions

Solid dispersions are generally amorphous systems that are considered to be disor-
dered with random molecular configurations and packing of the components. The
formulations may possess local and short-range order crystallinities, residual crystal-
linity and different density regions that add to formulation complexity. From a pro-
cess perspective, various production methods exist, including spray drying which
has been used for several commercial products. In order to get a spray-dried process
defined, a common solvent for the polymer and the drug compound needs to be de-
fined. As compounds are often rather lipophilic, these solvent systems are most often
based on organic solvents, such as ethanol and dichloromethane.

The formulation system is designed to be thermodynamically unstable and the
success of the formulation includes the ability of the composition not only to prevent
the drug compound from crystallizing during storage but also upon dissolution in the
intestine, as rapid crystallization upon dissolution of the dosage form may hamper its
bio-performance. Defining a stable and robust formulation in a thermodynamically
unstable space is not a trivial exercise. However, it can be considered as a potential
strategy for compounds with a very low aqueous solubility, because this method is
designed to utilize the higher solubility that an amorphous system relative to the crys-
talline forms in order to improve the bioavailability of the compound. Investigation of
the ability of a formulation to maintain a supersaturated solution for an extended pe-
riod of time sufficient to allow absorption of the drug compound is therefore a critical
parameter, that is, kinetic solubility determinations. These may require formulation
strategies such as the use of precipitation inhibitors to maintain supersaturation, the
spring and parachute effect [48, 49] (see Chapter 2).

8.4 Use of dissolution data to optimize formulation
design

It is of immense value to be able to predict the in vivo performance of a formulation
or a batch based on in vitro dissolution data. An in vitro–in vivo correlation (IVIVC)
allows one to distinguish between good and bad formulations and to identify
changes in bioavailability in case of changes in formulation or manufacturing.
Defining the dissolution method for the different dosage forms in a biorelevant and

8 The role of solubility in optimizing drug products 223

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



predictive manner is a specialized scientific discipline, where continuous learning
from past products and projects can be highly beneficial. The methods should be
defined with insights into the formulation type and the relevant physiology – and
these should be linked to the variation options allowed by the dissolution method.

The selection of an appropriate dissolution medium is critical to the development
of a suitable discriminating dissolution method. The earliest media tested are often
simple aqueous solutions defined to mimic gastric (0.1 M HCl, pH 1.2), jejunal (acetate
buffer, pH 4.5) or small intestine (phosphate buffer, pH 6.8) fluids and it is a regula-
tory expectation that the dissolution in these media is investigated for new drug
products. Such simple aqueous systems may not offer sufficient solubilizing capacity
for poorly soluble compounds, which is why surfactants like sodium lauryl sulfate,
may need to be added to the medium, or biorelevant media can be used. For robust
dissolution methods it is generally preferred that the selected medium meets sink
conditions, that is, the solubility of the drug compound in the medium should be at
least 3 times greater than the concentration obtained when the dosage form is fully
dissolved. Hence, solubility is an important driver for the selection of a dissolution
medium. From a formulation perspective, a predictive dissolution method is ex-
tremely valuable for the support of formulation development. Different dosage forms
have different requirements for the dissolution method, so just a few examples will
be mentioned here, based upon some of the dosage forms described earlier.

For systems such as solid dispersions and LBFs with a high content of cosol-
vents, dissolution testing is a very useful tool to provide an insight into the poten-
tial in vivo performance of a formulation. An important parameter to investigate for
these two formulation types is the ability of the formulation to maintain a supersat-
urated solution for a extended period of time sufficient to allow absorption of the
API; hence, the conditions should be defined as non-sink to evaluate this specific
parameter. The use of biorelevant media and performing dissolution study for 3-4 h
can be considered to simulate intestinal conditions as well as the potential resi-
dence time in the small intestine where the formulations should ensure that the
drug compound is in a supersaturated state. Another often used biorelevant disso-
lution method is combination with a pH shift approach, that is, first conductance of
the dissolution in a media simulating the conditions in the stomach followed by a
change in pH and media to simulate the conditions in the intestine. Using this ap-
proach captures both gastric and intestinal pH conditions and the potential precipi-
tation that may occur in the intestine during these physiological changes. The final
dissolution method for these formulation systems may deviate from this and still
provide sink conditions. The above is just an important biopharmaceutical parame-
ter to investigate in the first part of formulation development, that is, different dis-
solution methods may be used as the development programme progresses.

For immediate release tablets and suspensions for oral intake, the important ele-
ments to investigate are formulation parameters that may influence bio-performance.
This could be the amount of added surfactant or the influence of drug substance
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particle size. In addition to dissolution, an insight into the intrinsic solubility of the
API, supportive in silico predictions and non-clinical investigations can help define
the optimal particle size. Of course, the availability of human data with variations in
what are considered to be the critical formulation parameters (with investigation of
extremes) is the strongest fundament to define the dissolution method; – no matter
what the dosage form.

8.5 Concluding remarks

Solubility is a critical parameter for all pharmaceutical formulations, both solid and
liquid. Determination of the solubility is therefore a key and critical activity of drug
formulation. The relevant media in which to determine solubility is naturally de-
pendent upon the question asked, that is, when selecting the solid dosage form
strategy, bio-relevant solubility is the most important. However, when defining a
liquid formulation, solubility in the vehicle is the first determinant and a secondary
determinant may be in lipolysis models for LBFs and others. Thus, conducting
high-quality, accurate solubility determinations is of enormous importance for de-
veloping a robust formulation design.
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Christoph Saal

9 The relevance of solid-state forms for
solubility

9.1 Solid-state forms for pharmaceutical research,
development, and commercial manufacturing

9.1.1 Parameters relevant for solid-state form selection

Selection of solid-state forms during pharmaceutical research, development, and fi-
nally for market-products is a key step which nowadays is typically carried out dur-
ing the late research phase i.e before nomination of a candidate for clinical
development or at an early state of clinical development. Selection of solid-state
forms for drugs today, is a topic which requires much more attention than 20 years
ago; and there are good reasons for this, which are discussed within this chapter.
The main aspects to be considered for solid-state form selection of a drug are:
– Which solid-state forms are available for selection?
– What should be achieved by selecting a certain solid-state form?
– At which phase does solid-state selection takes place i.e. during research, de-

velopment, or even marketing?

Generally, the selection of a certain solid-state form for an API during research and
development must fulfill a multitude of requirements. Sometimes – if not fre-
quently – these requirements are even conflicting. This will become obvious from
the following list of properties which are influenced by solid-state forms.

9.1.1.1 Solubility

As already discussed in the introduction and other chapters in this book, solubility
has become a key challenge for modern research compounds. We must distinguish
between “thermodynamic solubility”, “kinetic solubility”, and related properties
such as the “dissolution rate”. Solubility is governed by the hydration energy or sol-
vation energy, bearing in mind also organic solvents as well as by the lattice energy
considering also amorphous solid-state forms intermolecular interactions – of an
API. These intermolecular interactions in the solid-state are the reason, why solid-
state selection influences solubility.
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9.1.1.2 Dissolution rate

Like solubility, the solid-state form will also have consequences for the dissolution
rate. In contrast to solubility dissolution rate represents not a thermodynamic but a
kinetic parameter. Therefore, the key parameter is activation energy: which is the
activation energy to liberate an API molecule from the surface of a crystal to dis-
solve it in water or another solvent. This depends of course also on intermolecular
interactions within the crystal lattice but also on other parameters such as wettabil-
ity of the surface of a crystal.

Both solubility and dissolution rate influences bioavailability for orally admin-
istered drugs, as discussed in respective chapters of this book. Therefore, selection
of solid-state forms is also closely linked to bioavailability. Pharmacokinetics repre-
sents one of the disciplines which must be considered for solid-state form selection.
Of course, other disciplines such as manufacturing and formulation development
also have certain requirements on solubility and dissolution rate. In both cases, un-
controlled supersaturation, might lead to uncontrolled precipitation has to be
strictly avoided. For this reason, it becomes obvious that even in the case of a liquid
formulation, for example, an intravenous infusion, an understanding of the solid-
state behaviour of an API is necessary. Otherwise one might, for example, use a
metastable solid-state form in a formulation, which has a higher solubility com-
pared to the thermodynamically stable solid-state form. The latter might crash out
in an uncontrolled way from a solution-based formulation which is supersaturated
with regard to the thermodynamic stable solid-state form.

9.1.1.3 Melting point

The melting point reflects the lattice energy of a solid: The stronger the interactions
within the crystal lattice of a substance, the more difficult it will be to break down
the lattice. As the destruction of the crystal lattice represents the first step of the dis-
solution process – followed by hydration or more generally solvatation of the sub-
stance – a high melting point will generally result in low solubility. This is discussed
in further detail in other parts of this book, based on the general solubility equation
as introduced in chapters 1 and 7 of this book. As different solid state-forms will have
different melting points, solubility of a substance will be linked to its solid-state
form. This holds true for solid-state forms with the same chemical composition.
Different polymorphs of a substance will have different solubility. As mentioned ear-
lier on, the thermodynamically stable polymorph will have the lowest solubility.
However, as the thermodynamically stable polymorph is not always the polymorph
showing the highest melting point, this does not mean that the polymorph with the
highest melting point exhibits the lowest solubility. For example, for enantiotropi-
cally related polymorphs where the low-temperature form is thermodynamically
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stable at room temperature, its melting point will be lower compared to the high tem-
perature form, see Figure 9.1.

Beyond true polymorphs, solid-state forms such as pseudo-polymorphs (hydrates,
solvates), co-crystals and pharmaceutical salts show a different chemical composi-
tion. They also exhibit a melting point which might be higher or lower compared to
the original substance and its polymorph. Melting points of pharmaceutical salts
are frequently higher compared to the free base or free acid of the substance [1].
This is caused by the fact that in pharmaceutical salts ionic-interactions also
(Coulomb-interactions) contribute to the lattice energy. This is not the case for free
bases and free acids. On the other hand, counterions of pharmaceutical salts upon
hydration also contribute to an enhanced hydration energy. Consequently, in many
cases pharmaceutical salts show a higher melting point but at the same time an en-
hanced solubility compared to the free base or free acid of an API. The same holds
true for their dissolution behaviour. Clearly this represents one of the reasons for
the more widespread use of a variety of different counterions to produce pharma-
ceutical salts. This trend is seen since the past decades [2] and goes hand in hand
with the advent of APIs with low solubility.

An approach to improve solubility and dissolution rate based on lowering the lat-
tice energy and the melting point is the usage of “weakly coordinating” counterions
for pharmaceutical salts. These counterions carry a charge which is in a big and fre-
quently symmetric ion. Accordingly, despite being ionic compounds, Coulomb interac-
tions in the crystal lattice get weak as the distance (r) in eq. (9.1) between positive and
negative charges (q1 and q2) is increased compared to conventional pharmaceutical
salts such as, for example, chlorides, sulphates, phosphates, or others.
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Figure 9.1: Enthalpy diagrams for enantiotropically (left) and monotropically related polymorphs
(right). At a certain temperature the thermodynamically stable polymorph exhibits the lower free
enthalpy. TA-B represents the transition temperature between forms A and B. TA-Melt and TB-Melt are
the melting temperatures of form A and B. ΔHA-B represents the transition enthalpy between form A
and B and ΔHA-Melt and ΔHB-Melt represent the melting enthalpies.
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F = 1
4πε0

q1q2
r2

(9:1)

Descriptions of such salts can be found in [3–7]. In extreme cases, even liquid phar-
maceutical salts with a melting point below room temperature can be obtained.
This leads to greatly enhanced solubility and dissolution rate.

Figure 9.2 shows the consequence of increased radius of “weakly coordinating”
counterions together with an example.

Similar aspects as discussed for pharmaceutical salts apply for hydrates, solvates,
and co-crystals. Instead to an ionic contribution to the crystal lattice energy and an
ion-dipole interaction to the solvation energy, in such cases, we have additional
non-ionic contributions to the lattice energy and solvation energy.

Beyond its effect on solubility, the melting point of a solid-state form used for
development of an API is also important for manufacturing of drug-substance and
drug product. Relevant aspects are:
– The melting point of the solid-state form should be sufficiently high to allow

drying the API after crystallization, filtration or centrifugation to get rid of re-
sidual solvents and match the ICH limits [8].

– The melting point of the solid-state form should match formulation require-
ments. For standard formulation approaches such as blending, granulation,
and tableting, the melting point should be sufficiently high (e.g. above 110 °C).
Enabling formulation techniques will have special requirements. As two exam-
ples, nano-milling of a certain solid-state form of an API will require a high melt-
ing point as the process induces much thermal stress [9]. On the other hand,
hot-melt extrudation [10, 11] will require a low melting point, as high melting
solid-state forms might represent challenges for this formulation technique.

API+ Cl– API+

r1 r2

Figure 9.2: Principle of “weakly coordinating” counterions and example for a weakly coordinating
counterion. The chloride ion is considerably smaller compared to the tetraphenylborate ion (r1 < r2).
Accordingly, the Coulomb-force and lattice energy for the tetraphenylborate salt are weaker
compared to the chloride salt.
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9.1.1.4 Hygroscopicity

Generally, pharmaceutical development of an API is facilitated by a low hygroscopic-
ity. Hygroscopicity can be measured and classified according to Pharmaceopoeias [12].
A more detailed and useful picture is obtained from dynamic-vapor-sorption measure-
ments. During these measurements the substance is placed onto a sensitive balance
and equilibrated in an atmosphere of well-defined relative humidity and temperature.
Using this approach, the water uptake of the substance is measured over a broad
range of relative humidity, for example, 0% to 98% relative humidity. Again, water
uptake will depend on the solid-state form. Water uptake can be due to physisorption
at the surface of the substance. Water uptake might also be due to chemisorption
which might result in the formation of stoichiometric or non-stoichiometric hydrates,
for example, channel-hydrates. A good overview on the assessment of hygroscopicity
is provided in [13] and beyond the scope of this book. However, hygroscopicity and
aqueous solubility rely on the same effect: the interaction of a substance with water.
Accordingly, in many cases, high solubility is accompanied by increased hygroscopic-
ity. Improving solubility and dissolution rate on the one hand and keeping hygroscop-
icity at a manageable level on the other hand represents taking care of two opposed
properties. Thus this can be a challenge and requires careful selection of useful solid-
state forms.

9.1.1.5 Particle-shape (habit)

Different solid-state forms will show different particle shape also called habit. This
could be, for example, cubes, platelets, rods or needles. The crystal habit has an
important influence on the processability of an API. For example, the speed of a
filtration step can depend on the crystal habit: here platelets can be a problem if
they tend to clog the filter. This can result in slow filtration steps or in filtration
steps which have a high variability with regard to speed. Particle habit will also di-
rectly influence flowability of the API. Generally, more isotropic habits – ideally
spheres or cubes – will result in optimal flow properties. On the contrary, more an-
isotropic particles will have less optimal or even problematic flowability. An ex-
treme case might be a situation where particles might be hair-like. Flowability is a
key property during formulation of an API, including steps like blending of the API
with excipients or tableting. Finally, particle habit also influences the bulk density
of an API. More isotropic habits such as cubes will result in higher bulk density
compared to platelets, rods or even needles. Bulk density also matters for formula-
tion aspects. For example, filling an API into capsules requires a certain bulk den-
sity to realize a certain dose of the API in a certain size of a capsule.

Particle habit results from the speed of growth of a crystal along certain crys-
tallographic axis. If crystal growth along all crystal axis occurs at the same speed,
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this will lead to isotropic particles, such as cubes. If crystal growth along one axis
is much faster compared to growth along other directions, this will result in nee-
dle shaped crystals. Accordingly, the crystal habit is a result of the ratio of the
speeds of crystal growth for all surfaces of a crystal as defined by the Miller indi-
ces. As mentioned in the beginning of this paragraph, different solid-state forms
will have different crystal habits. However, even a well-defined solid-state form
can occur in different crystal habits. The reason for this is that the speed of crystal
growth along a certain axis is not only a function of the solid-state form but also
of the crystallization process. This means that crystal habit can be influenced by
temperature during the crystallization process, the choice of the solvent or solvent
mixture, stirring or even additives used to modify crystal habit. During recent
years, more attention has been paid to this topic, emerging in the field of “particle
design” [14].

Solubility will not be influenced by particle habit. However, dissolution rate
can be influenced by particle habit. The dissolution process mainly represents a re-
verse crystallization process. Accordingly, different faces of a crystal will also dis-
solve with a different speed and consequently dissolution rate will be influenced by
particle habit.

9.1.1.6 Particle-size distribution

As crystal habit, particle-size will also influence processability. Parameters such as
flowability, bulk-density, and processability during filtration also depend on the
particle size distribution of an API.

Particle size also directly influences dissolution rate, as smaller particles pos-
sess a larger specific surface from which molecules of the API can dissolve into so-
lution. The relation between particle size and dissolution is described by the Noyes-
Whitney eq. (9.2) [15].

dc
dt

= D*S
h

cS − ctð Þ (9:2)

c = concentration of solute,
dc/dt = dissolution rate,
D = diffusion coefficient,
S = surface of particle which is in contact with solvent,
h = thickness of diffusion layer,
cS = thermodynamic solubility,
ct = concentration of solute in solution.

Accordingly, particle size reduction is a common formulation approach for BCS
class II APIs to realize higher bioavailability.
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Beyond influencing the dissolution rate of an API, particle size can also have
an influence on solubility. Solubility as a function of particle size can be described
by the Kelvin equation as given by eq. (9.3) [16]

RTln
c
c∞

= 2γM
ρr

(9:3)

R = unviversal gas constant,
T = absolute temperature,
c = solubility of spherical particle with radius r,
c∞ = solubility of infinite large particle,
γ = surface tension,
M = molar mass,
ρ = density,
r = radius of particle

According to the Kelvin equation, solubility will increase with smaller particle size.
The mechanism behind the phenomenon is the curvature of a crystal surface which
increases with decreasing particle size as shown in Figure 9.3. The number of mole-
cules in the neighbourhood of a molecule within the same crystal will decrease
with decreasing particle size. Accordingly, intermolecular forces which retract a
molecule and slow down dissolution, decreases with decreasing particle size.

However, a pronounced effect of particle size on solubility is only observed for very
small particles, typically nanoparticles.

Crystal size can be defined using processing steps such as crystallization, mi-
cronization or nano-milling . The first represents a bottom-up process, whereas mi-
cronization and nano-milling are top-down approaches.

r1 r2 r3

Figure 9.3: Intermolecular forces in 2-dimensional crystals of three different particle sizes: r1 > r2 > r3.
With decreasing particle size the average number of next neighbour molecules and intermolecular
interactions with them decreases. r1 = 4 interactions with neighbour molecules, r2 = 3 interactions
with neighbour molecules, r3 = 2 interactions with neighbour molecules. Accordingly, with decreasing
particle size it gets easier for molecules to leave the crystal and dissolve.
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Particle size cannot be described by a single parameter, as API particles are
never all the same size. Instead, an API batch exhibits a particle size distribution
which might be narrow or broad and might be mono-modal, bi-modal, or even
multi-modal.

Additionally, expect for cubes and spheres, which are very uncommon shapes
for API crystals, the particle size also reflects the habit of the particles. This must be
taken into account when measuring particle size using methods such as laser-
diffraction which are based on the assumption of isotropic particles.

It has also to be born in mind that both, the Noyes-Whitney equation and the
Kelvin equation rely on the same assumption of isotropic particles. As this assumption
is almost never fulfilled for APIs, both relations between particle size and dissolution
rate as well as between particle size and solubility represent only approximations of
real scenarios.

9.1.1.7 Stability

Stability of APIs as well for drug products is key as this is the basis for a sufficient
shelf-life. Guidance how to carry out stability studies in provided in the ICH Q1A-F
[17]. The term “stability” is frequently just referred to chemical stability which
means the way in which chemical impurities are formed during storage by degrada-
tion, oxidation, hydrolysis, or other processes. However, beyond chemical stability,
physical stability also matters: solid-state forms as present in an API or a drug prod-
uct must usually not convert into other solid-state forms over shelf-life under rele-
vant conditions. Relevant conditions include a certain range of temperature and
relevant humidity in a certain packaging material. If the thermodynamically stable
solid-state form is chosen, the risk for a conversion of this solid-state form to an-
other solid-state form upon storage is low, as the thermodynamically stable form
already represents the form which is lowest in energy. However, if a metastable
solid-state form is selected as API for usage in a drug product, there is a risk for
conversion of this solid-state form to the thermodynamically stable solid-state form
or to another metastable solid-state form which is lower in energy, as this will
lower the free enthalpy of the system. This conversion can happen spontaneously
and might be difficult to control. This is one of the main reasons, why in most cases
the thermodynamically stable solid-state form of an API is selected for pharmaceu-
tical development. With regard to polymorphs, conversion of a metastable poly-
morph including an amorphous form to a lower energy polymorph might occur.
Other scenarios are the conversion of an anhydrate to a hydrate at elevated humidity
levels. There is also a general increased tendency for formation of hydrates at con-
stant humidity, if the temperature is lowered. Vice versa, hydrates might convert to
anhydrates upon reduced humidity or increased temperature [18]. Situations in
which dynamic conversion between anhydrates and hydrates occur at conditions
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close to room temperature and ambient humidity might be especially difficult to han-
dle. Finally, with regard to polymorphs, there might be also conversions from hy-
drates/solvates to anhydrates/ansolvates due to the loss of solvent. This risk is
triggered by the fact that usually the partial pressure of the respective solvent in the
surrounding atmosphere is zero. However, usage of solvates as APIs represents an
exceptional case. Only a few solvates are used in APIs, for example, Trametinib
which represents a DMSO solvate [19] and Darunavir representing an ethanol solvate
[20]. Similar considerations as for the stability of solvates are relevant for co-crystals.

Beyond the fact that stability is considered critical with regard to polymorphs –
at least since the famous “Ritonavir case” which will be discussed later in this chap-
ter – stability is also relevant for pharmaceutical salts. Pharmaceutical salts might
hydrolyze upon exposure to high humidity and yield either the free base or the free
acid. The risk for hydrolysis of pharmaceutical salts is especially pronounced for
salts of weak bases and weak acids, where the difference in pKa of the free base or
free acid of the API and the salt former is low. Prasugrel represents a case where
such a hydrolysis of a pharmaceutical salt – a hydrochloride – occurred and this
was discovered only in late-stage clinical trials [21]. The reason to select the hydro-
chloride salt for clinical development was improved solubility and dissolution of
this pharmaceutical salt compared to the free base. However, it turned out that the
salt converted to the free base upon storage. Accordingly, tablets contained a mix-
ture of hydrochloride salt and free base. This example – like the “Ritonavir case”
illustrates that care must be taken about stability of pharmaceutical salts and that
stability does not only matter for polymorphs but also for pharmaceutical salts.

The above example shows that solid-state selection as mentioned in the begin-
ning of this chapter deals with conflicting properties. In both examples – Ritonavir
and Prasugrel metastable solid-state forms have been used (unintentionally). The
benefit was an improved solubility. However, this induced an imminent risk of low
or non-existing stability of the drug products.

Humidity and temperature do not present the only two parameters which mat-
ter for stability. ICH guidance also deals with light stress. However, the author is
not aware of any example where light induces a conversion of a solid-state form.
Pressure is a parameter which is not mentioned in ICH Q1, but is relevant for stabil-
ity of solid-state forms. The pressure induced conversion from graphite to diamond
is well known. Similar pressure induced solid-state conversions can occur also for
APIs. This is usually not relevant for stability upon storage during shelf life, but
this matters for processing steps which include a high mechanical stress, including
tableting, roller-compaction or even steps like sieving.

Finally, conversions of a solid-state form within drug substance or drug product
are not strictly forbidden. Conversions of polymorphs can be non-critical if they do
not affect processability and bioavailability. To fulfill the latter, the respective poly-
morphs must exhibit similar solubility and dissolution rate which is not affecting
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bioavailability or pharmacokinetics, efficacy, or safety in a critical way. A descrip-
tion of how such equivalence must be assessed is beyond the scope of this book
and can be found in ICH Q6A [22].

9.1.1.8 Molar mass of the API

The molar mass of an API is the next property to be discussed in this chapter which
is relevant for solid-state form selection. The molar mass of an API is determined by
the solid-state form in so far, as a true polymorph (anhydrate, ansolvate) shows the
lowest possible molar mass. All other solid-state forms, such as pharmaceutical
salts, hydrates, solvates or co-crystals, will exhibit higher molar masses. The in-
crease of molar mass in these solid-state forms is caused by a component which is
pharmacologically inactive but might improve other properties of the API such as
dissolution rate or solubility.

Molar mass of the API can become important in two scenarios:
– The required dose of the API is high, for example, an oral tablet which requires

500 mg or more of the active moiety. In such cases the additional mass which
is introduced by the salt-former, water, solvate-former or co-crystal former is
added to the mass of the active moiety. This increases the dose of the API to be
administered. This becomes especially critical, if the molar mass of the API is
low. For example, if an active moiety has a molar mass of 250 g/mol and a dose
of this moiety of 500 mg is required, salt formation using a counterion with a
molar mass of 100 g/mol (which is in the range of a sulfate salt) will increase
the dose to 700 mg. Of course, this only holds true if the pharmaceutical salt
exhibits the same bioavailability as the free base and no improvement of the
pharmacokinetics is observed.

– The required does of the API is low, for example, an oral tablet which requires
the active moiety in the µg range. In this case an increase of the molar mass of
the API due to salt-formers, water, solvate-former, or co-crystal former can be
beneficial. For such low-dose formulations frequently process steps such as
blending can be critical as it is difficult to reach a homogeneous distribution in
the blend and finally to fulfill content-uniformity requirements. Here an in-
crease of the molar mass can be beneficial to develop a simpler and more ro-
bust blending process.

9.1.1.9 Toxicity and pharmacological properties

The properties which have been discussed so far with regard to selection of solid-
state forms mainly refer to the physical and chemical behaviour of an API. Beyond
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this, pharmacological and toxicological properties of salt-formers and co-crystal for-
mers as well as solvate formers also matter for solid-state selection. In the following
section we use the example of a pharmaceutical salt to discuss the relevant aspects.
The same holds true also for other solid-state forms such as solvates, co-crystals
and hydrates.

Generally, one must distinguish two types of toxicological and pharmacological
effects of the salt former:

– Direct influence of the salt-former on toxicology and pharmacology
In this case the counterion used for salt formation itself possesses certain toxicolog-
ical or pharmacological properties. Pfannkuch et al. [23] defined three classes of
salt-formers regarding their toxicological and pharmacological effect:
– 1st Class Salt-Formers: These are salt-former which can be used without restric-

tion because they form physiologically ubiquitous ions, or because they occur
as intermediate metabolites in biochemical pathways. For example, chlorides
and sodium salts belong to this class.

– 2nd Class Salt-Formers: These are salt-formers that are not occurring naturally,
but, so far, their use has shown low toxicity and good tolerability.

– 3rd Class Salt-Formers: These are salt-formers which are used in particular sit-
uations in order to achieve special effects.

Additionally, one must distinguish between general toxicological properties of salt-
formers and properties which are relevant for a certain indication. If patients within
an indication show a disease relevant for a specific organ which is at the same time
the target of the toxicological profile of the counter ion, this can be critical. As an
example, the use of oxalates as salt-formers can be problematic in indications where
renal function in impaired or where patients suffer from renal disease [24, 25].

For the direct effect of salt formers on toxicology and pharmacology the phar-
macokinetic of the counterions matters. This will be influenced by the dose, formu-
lation, and administration route, for example oral, intravenous, pulmonary, and
topical route. An overview of maximum doses of salt-formers used in approved
drugs for several administration routes is provided in [26]. This data cannot replace
an in-depth pharmacokinetic, pharmacodynamic and toxicological assessment, but
it can be helpful for the design of salt-screens during the research phase.

– Indirect influence of the salt-former on toxicology and pharmacology
The indirect influence of the salt-former is based on its effect on the pharmaco-
kinetics of the API, for example, an improved dissolution rate of the pharmaceutical
salt compared to the free base and therefore an earlier tmax, higher cmax, and higher
AUC (Area Under the Curve) and bioavailability. These pharmacokinetic parameters
will influence pharmacodynamic and toxicological properties of the API, for exam-
ple, is the cmax becomes higher compared to the level, where toxicological effects of
the API become relevant.
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9.1.1.10 Processability

Processability represents another aspect which is relevant for selecting a solid-state
form for a drug. Processability is relevant API manufacturing as well as for drug-
product manufacturing. Whereas in API manufacturing usually only the final steps
starting with crystallization of the API are relevant but for drug product manufactur-
ing typically all steps can be affected by solid-state properties of the API. Steps which
must be considered for API manufacturing are crystallization, filtration, or centrifuga-
tion to separate the API from the mother liquor, drying, and milling or micronization
as well as filling of the API into bins. For drug product manufacturing the variety of
process steps is much broader including steps such as blending, dry or wet granula-
tion, roller compaction, compression, film-coating but also special process steps used
for enabling formulation such as hot-melt extrusion, spray drying, co-precipitation,
or nano-milling.

Whilst there are many process steps which theoretically can be affected by
solid-state properties, in most API and drug product manufacturing processes, only
some of them – but not all – are critical with regard to solid-state properties.

Main parameters which will have an influence on processability have been al-
ready mentioned in previous parts of this chapter and other chapter of this book:
aspects of crystallization will be discussed in chapter 10. Filtration, flowability, and
bulk density are mainly influenced by particle habit of the solid-state form as men-
tioned in this chapter earlier on. Generally, flowability and represents the most im-
portant parameter, as it is not only the flowability of the API itself which matters,
but also the flowability of many pharmaceutical intermediates if influenced by the
flowability of the API, especially for high-dose drugs.

Finally, especially for bio-enabling formulations which are intended to improve
the bioavailability of low-soluble (e.g. BCS class II or IV) drugs, thermal behaviour
matters, and there is not a one-fits-all solution. Different enabling formulations will
require different solid-state properties. Just as an example, hot-melt-extrusion will
profit from a lower melting point, whereas for nano-milling such a melting point can
be critical as it will lead to softening, partial melting, and aggregation of the API.

9.1.2 Overview on solid-state forms

There are many different solid-state forms, which can be used for pharmaceutical
development and marketing of drugs. The plethora of solid-state forms includes
pharmaceutical salts, polymorphs, co-crystal, amorphous phases and others. To
structure these solid-state forms a system as shown in Figure 9.4 is useful.

Classification of solid-state forms is not always straight-forward, as there are sev-
eral principles according to which classification can be carried out, for example,
whether solid-state forms show a long-range order or not, whether they are ionic or
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not, which chemical composition they exhibit and others. Accordingly, the classifica-
tion as shown in Figure 9.4 represents just one way how to structure solid-state forms,
but not the only one.

Before we discuss relevant aspects with regard to solubility of these solid-state
forms, first a brief description of the respective solid-state forms will be provided.

As first principle, solid-state forms can be classified as either being crystalline or
amorphous. Crystalline means that within the solid-state form, there is a long-range
order within the solid material: Distances in a certain direction between constituents
of the solid-state form – such as molecules or ions – are constant. Generally, this holds
true in all three dimensions. However, cases exist, where a long-range order exists just
in one or two dimensions, but not in three dimensions. Such phases are called liquid-
crystalline phases or mesophases, for example, smectic phases, nematic-phases, or
cholesteric phases. However, for APIs this represents a very special case, which is only
encountered rarely. As intermolecular interactions along the disordered directions
within the liquid-crystalline phase are weaker compared to an ordered state, solubility
of liquid-crystalline phases is generally higher compared to crystalline phases. Solid-
state forms which do not show any long-range order in any direction are called amor-
phous phases. They represent merely a chaotic, disordered structure of their constitu-
ents within the solid-state form. As disorder occurs in a three-dimensional way – so
even more pronounced compared to liquid crystalline phases – intermolecular interac-
tions in an amorphous phase are considerably weaker compared to a crystalline
phase. Together with the fact that hydration or solvation energy depends only on the
species which undergoes hydration or solvation and thus does not depend on the
solid-state form, amorphous phases show a significantly enhanced solubility com-
pared to crystalline phases. Even if amorphous phases are disordered, there can be
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Figure 9.4: Classification of solid-state forms.
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different ways to realize disorder. This results in different amorphous phases of an API
and is called polyamorphism. The effect is schematically outlined in Figure 9.5.

The distinction whether a solid-state form is either ionic or non-ionic can be used as
a second classification criterion. Ionic APIs which are composed of the active moiety
and a counterion which is used for salt formation are called pharmaceutical salts.
They can be obtained either by acid-base reactions where a basic API undergoes salt
formation with an acid, or by reactions where an acidic API undergoes salt-formation
with a base which is used as salt-former. To obtain stable pharmaceutical salts, which
are not labile with regard to hydrolysis, a sufficient difference in pKa between API and
salt former should be given, for example, this difference should be more than 2 pKa
units. A comprehensive overview of pharmaceutical salts can be found in [1]. The dis-
tinction between non-ionic and ionic solid-state forms has pronounced effect on the
physico-chemical properties of solid-state forms since for ionic compounds intermolec-
ular interactions are largely governed by Coulomb-interactions, which are strong and
do not exist in non-ionic compounds. Beyond the presence of Coulomb-interactions,
the presence of charged species within the crystal lattice also gives rise to ion-dipole
interactions. These are also considerably strong forces and allow an efficient interac-
tion between the ions and water as solvent. This ion-dipole interaction between the
API and water as solvent allows an efficient interaction between a pharmaceutical salt
and water resulting, for example, in improved wettability and dissolution rate of phar-
maceutical salts compared to a non-ionic API as the corresponding free base or free
acid. For pharmaceutical salts, the presence of charged species increases both, the lat-
tice energy as well as the hydration energy. Accordingly, these two effects compensate
each other to a certain extent and either the one or the other will dominate.

The polymorphic behaviour of a solid-state form can be used for classification of
solid-state forms. Polymorphic forms of a compound have the same chemical

A B

Figure 9.5: Two different amorphous phases of the same molecule. The molecule is represented by
the grey rectangle. Both forms – A and B – are disordered, so amorphous. However, they exhibit
different structures and accordingly different physicochemical properties. In form A interactions
between the short sides of the rectangles and between the long sides of the rectangle are
dominant. In contrast, in form B interactions between short and long sides of the rectangles are
dominant.
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composition but differ with regard to the spatial arrangement of the constituents of
the crystal lattice. Most prominent examples come from inorganic chemistry such as
graphite, diamond and several fullerenes as polymorphic forms of graphite or rutile,
anatase and brookit as polymorphic modifications of titanium dioxide. However, poly-
morphism is also very widespread amongst APIs, with the vast majority of APIs show-
ing several different polymorphic forms. A schematic two-dimensional picture, how
polymorphic forms differ with regard to the order of the molecules within the crystal
lattice is provided in Figure 9.6.

From Figure 9.6 it can be seen that the chemical composition of the three different
polymorphs is exactly the same. It also becomes obvious that intermolecular inter-
actions in the three polymorphs are different: In polymorph A, there are just inter-
actions between the short faces and short faces of the molecules and between the
long faces and long faces of the molecules. Contrary, in polymorph B there are in-
teractions between long faces and long faces as well as between short faces and
long faces. Still in contrast in polymorph C, there are only interactions between
short-faces of the molecules and long faces. Accordingly, intermolecular interaction
in all three polymorphs will be different and lead to different physico-chemical prop-
erties of theses polymorphs including melting point, solubility and dissolution rate.
It is also readily seen that polymorphs A and B will have the same density whereas
polymorph C shows a lower density, as it has more voids in the crystal lattice. These
three exemplified polymorphs are not the only ones which are possible. Even for this
simple, two-dimensional example the reader will easily find more polymorphs.
Accordingly, in the real, three-dimensional world of APIs many more different poly-
morphs can exist for APIs.

Beyond such “true polymorphs”, the term “pseudo-polymorphism” describes
cases where the solid-state form does not show the same chemical composition, but
where additional molecules such as water and solvents contribute to the crystal lat-
tice. Respective solid-state forms are named hydrates or solvates. Solvates and hy-
drates are frequently obtained from crystallization processes from organic solvents
or solvent-water mixtures or – in the case of hydrates also from storage of the API
under ambient conditions. In these cases, water or solvents is used to build a

A B C

Figure 9.6: Two-dimensional scheme for three crystalline polymorphs (A, B, and C) of a compound.
Molecules of the compound are represented by grey rectangles. Even if the molecule is the same,
its arrangement in the lattice is different in the three forms.
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stronger crystal lattice with a reduced number of voids in it. The term “co-crystal”
which has gained more and more attraction during the recent decade, in principle
describes systems which are very similar to solvates. The only difference between a
solvate and a co-crystal is the physical state of the pure co-former: For a solvate the
co-former – a solvent – is liquid under ambient conditions. For a co-crystal the co-
former is a solid material under ambient conditions. Accordingly, the distinction
between solvate and co-crystals is somewhat arbitrary and the physcio-chemical
principles governing their behaviour are very similar.

Figure 9.7 depicts two-dimensional schematic examples for pseudo-polymorphs.

From this scheme it is easily recognized that a manifold of possibilities exists, how
pseudo-polymorphs can occur. Starting with the simple case of a hydrate with a
fixed stoichiometry, for example, a monohydrate, one can realize several different
crystal lattices with this stoichiometry. If stoichiometry is varied, this can lead to
other hydrates such as dihydrates, hemihydrates, trihydrates, and others. All of
them can again exhibit different geometrical orders of the active moiety and water
within the crystal lattice leading to a plethora of hydrates.

A B C

D E F

G H I

Figure 9.7: Two-dimensional scheme of different hydrates, solvates, and co-crystals of a
compound. Molecules of the compound are represented by grey rectangles. Blue circles
represent water molecules. Yellow and green ellipses represent solvent molecules. Red
squares represent co-crystal formers. A = monohydrate, B = second form of monohydrate,
C = hemi-hydrate, D = hemi-solvate, E = hemi-solvate with different solvate former, F = co-
crystal with 1:1 stoichiometry, G = mixed solvate – hydrate, H = co-crystal hydrate, I = co-
crystal solvate.
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If water is replaced by a solvent to contribute to the crystal lattice, this allows
the realization of still more pseudo-polymorphs: Many different solvents can be
built into the crystal lattice. For each different solvent there might be different
stoichiometry, for example, monosolvate, disolvate, hemisolvate, and others.
Each of these again might exhibit different geometrical orders of active moiety
and solvent within the crystal lattice leading to another plethora of solvates.

Finally, cases can occur where not only one solvent contributes to the crystal
lattice but this is the case for two or more solvents. This leads to mixed solvates or
mixed solvate-hydrates. Of course, for these crystal forms the same aspects with re-
gard to stoichiometry and geometrical order within the crystal lattice apply as men-
tioned earlier.

Still another special case is the existence of non-stoichiometric pseudo-
polymorphs. These are cases, where positions in the crystal lattice can be filled
partially with water or solvents leading to a variable stoichiometry.

According to this discussion from a theoretical standpoint a manifold of dif-
ferent polymorphs and pseudo-polymorphs can exist for a certain API in its neu-
tral form. However, usually, nature realizes only a few of these which facilitate
solid-state form selection, pharmaceutical development, and manufacturing.

To conclude the overview on solid-state forms, we still must mention that all the
discussion with regard to polymorphism, pseudo-polymorphism, and co-crystals
which has been discussed for non-ionic compounds can be applied to pharmaceutical
salts, too. There might be polymorphs of pharmaceutical salts, hydrates of pharma-
ceutical salts, solvates of pharmaceutical salts, mixed hydrate-solvates of pharmaceu-
tical salts, co-crystals of pharmaceutical salts, and others. Nature realizes only few of
the theoretically existing possibilities.

9.2 Why does solubility matter for solid-state
forms?

In this section we will discuss the effect on solid-state forms on solubility in the
same order as usually solid-state form selection is carried out. This means the first
step represents the pharmaceutical salt selection which is followed by polymorph
selection or even selection of a co-crystal.

Pharmaceutical salts can be a very attractive way to improve bioavailability of
low soluble APIs, which are either basic or acidic. The improvement of bioavailabil-
ity based on pharmaceutical salts can be either due to higher thermodynamic solu-
bility or due to improved dissolution rate or due to both effects. A general overview
on the topic is provided in [27].
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The basis to understand solubility enhancement of APIs using pharmaceutical
salts is the pH dependent solubility of protolytically active species. This is schemat-
ically shown in Figure 9.8 for a basic API, an acidic API and an amphoteric API.

In all cases solubility is lowest in the pH region where the API is not ionized.
Accordingly, bases exhibit a low solubility at high pH, and solubility is increasing
as pH is decreased. For acidic APIs exactly, the opposite behaviour is observed.
APIs which represent ampholytes are neutral – which means either neutral without
any atom carrying a charge or zwitterionic – and show a solubility minimum in a
medium pH range. In all cases the increase in solubility is caused by an increasing
concentration of charged species which are more efficiently hydrated and conse-
quently lead to better solubility. As ionization starts to get important as the pH ap-
proaches the pKa of the API, this is the pH where solubility starts to significantly
increase. The ratio between unionized and ionized species as a function of pH is
described by the Henderson-Hasselbalch eq. (9.4).

pH=pKa− log
HA½ �
A−½ � (9:4)

pKa = Acid-Base constant of the API
[HA] = concentration of undissociated acid
[A-] = concentration of conjugated base

From this the pH dependent solubility can be derived as described by eq. (9.5).

S pHð Þ= S0* 1+ 10pKa− pH� �
(9:5)

S(pH) = pH dependent solubility
S0 = Thermodynamic solubility of the free base

0 7 14
pH

0 7 14
pH

0 7 14
pH

S S S

pKa(1) pKa(2)pKa(1)

Basic Acidic Ampholytic

pKa(1)

Figure 9.8: pH dependent solubility for a basic (left), acidic (middle) and ampholytic (right) API.
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Equation (9.5) describes pH dependent solubility as shown in Figure 9.8. However,
below a certain pH - called pHmax – another phenomenon becomes relevant. For a
basic API, below pHmax and for an acidic API above pHmax solubility is governed by
the solubility product of the respective pharmaceutical salt. As an example, the sol-
ubility product for a hydrochloride salt of an API is given by eq. (9.6).

K = API+½ �* Cl−½ � (9:6)

K = solubility product
[API +] = concentration of protonated API
[Cl‒] = concentration of chloride

To illustrate what happens at pHmax, we show a theoretical titration experiment start-
ing with a suspension of a basic API with pKa 5 in aqueous solution at pH 14. Be
aware that the titration is carried out with a suspension and not as generally done in
analytical chemistry using a solution! Using a suspension for this experiment will
allow the establishment of an equilibrium between dissolved API and undissolved
API in a certain solid-state form. The concentration of the API in solution represents
the thermodynamic solubility at every pH during the titration. To allow this equilibra-
tion, the titration must be carried out extremely slowly. The first addition of a small
portion of an acid – for example hydrochloric acid – will lead to a small decrease of
pH. The free base represents the solid-state form in equilibrium with the solution and
accordingly thermodynamic solubility refers to this solid-state form. The next addition
of a small portion of acid has the same effect: pH is slightly lowered, there is almost
no change in thermodynamic solubility as almost all molecules of the API are not pro-
tonated according to the Henderson-Hasselbalch equation. The situation changes, as
the pH is further lowered by addition of hydrochloric acid and is approaching the pKa
of the API. In this pH region more and more molecules of the API in solution become
protonated by the addition of hydrochloric acid. As these molecules carry a charge,
they are more easily hydrated, and solubility starts to increase considerably. At
pH = pKa, 50% of the API molecules in solution are ionized and 50 % of the API mole-
cules in solution are not ionized. Still the solid-state form which is in equilibrium with
the solution is the free base and accordingly solubility at this pH still refers to the free
base. Now the addition of each drop of hydrochloric acid protonates more API mole-
cules and dissolves them from the solid residue. At pHmax addition of hydrochloric
acid does not lower the pH anymore. Instead, each portion of hydrochloric acid con-
verts the solid residue which is in equilibrium with the solution from the free base to
the hydrochloride salt. Accordingly, the concentration of protons in solution does not
increase upon addition of hydrochloric acid and pH keeps constant. At pHmax the sus-
pension represents a heterogeneous buffer. After the solid residue is completely con-
verted from the free base to the hydrochloride salt, addition of hydrochloric acid
again leads to a decrease of pH, as there is no solid base available anymore which can
act as proton-acceptor. At this pH the solubility is not governed anymore by eq. (9.5)
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but by the solubility product of the hydrochloride salt as described by eq. (9.6). The
addition of more hydrochloric acid increases the chloride concentration and conse-
quently due to the solubility product solubility decreases towards lower pH. As can be
seen from this experiment, pHmax represents the pH where an API exhibit highest sol-
ubility. Additionally, pHmax for a basic API represents also the pH where an important
change in solid-state form occurs: above pHmax, the free base is in equilibrium with
the solution. Below pHmax, the pharmaceutical salt is in equilibrium with the solution.
This further implies thermodynamic solubility: below pHmax, the pharmaceutical salt
is thermodynamically stable in the suspension. Above pHmax, the free base is thermo-
dynamically stable. This theoretical experiment has been carried out for a basic API.
The same can be done with an acidic API, leading to a mirrored pH dependent solubil-
ity. Finally, the titration experiment might be carried out using other acids instead of
hydrochloric acid. In this case pH dependent solubility for a basic API will be the
same above pHmax. Below pHmax, different pharmaceutical salt will have different
solubility products and consequently different solubility. Also pHmax will be different
for different pharmaceutical salts. The higher the solubility of a pharmaceutical salt,
the lower pHmax will be. This is schematically depicted in Figure 9.9 for three pharma-
ceutical salts.

This can have important implications for pharmaceutical salts, for example, in for-
mulations. If the formulation has a microenvironment which is higher in pH com-
pared to pHmax, this means that the pharmaceutical salt is not thermodynamically
stable. Instead, the free base represents the thermodynamically stable solid-state
form. Consequently, a conversion of the salt-form from the pharmaceutical salt to-
wards the free base might occur. Prasugrel represents a weakly basic API which has
been used in oral formulations as a hydrochloride salt. During clinical development
it was observed that such a conversion of the hydrochloride to the free base

pH
pKa

S

pHmax,1

pHmax,2
pHmax,3

Salt 1

Salt 2

Salt 3

Figure 9.9: pH dependent solubility for three pharmaceutical salts of a basic API.
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occurred in the formulation and this might affect drug product performance and
bioavailability. A detailed discussion of this case can be found in [21].

As mentioned above, pharmaceutical salts can also improve bioavailability by en-
hancing dissolution rate. After the introduction of the Biopharmaceutical Classification
Scheme (BCS) [28], it was recognized that for low-soluble and low-permeable
drugs (BCS class II), the parameter which limits bioavailability can be either ther-
modynamic solubility or dissolution rate. This led to the introduction of the
Development Classification System (DCS) [29]. Within the DCS the BCS class II is
subdivided into two classes, DCS class IIa and class IIb: For DCS class IIa APIs
bioavailability is limited by thermodynamic solubility, whereas for DCS class IIb
APIs dissolution rate represents the limiting parameter.

Due to their more polar structure with charged species constituting the crystal
lattice and consequently also the surfaces of crystals, pharmaceutical salts gener-
ally dissolve faster compared to un-ionized APIs, as interaction between water mol-
ecules and such ionized species is stronger compared to interactions between water
and neutral species from the crystal lattice.

A typical example comparing dissolution rate for a neutral API and its pharma-
ceutical salts is shown in Figure 9.10 [30]. Albendazole represents a weak base with
a pKa of 2.8 [31].

Dissolution of the free base of albendazole in simulated gastric fluid without pepsin
(SGFsp) pH 1.2 and 0.002 M acetate buffer pH 4.5 was considerably lower compared
to dissolution of all the pharmaceutical salts – the hydrochloride, sulfate, tosylate,
and mesylate – which were investigated. In both dissolution media after 2 h there is
still a slow and steady increase of albendazole concentration, indicating that the
system is still far away from equilibrium solubility.
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Figure 9.10: Dissolution profiles of albendazole and four pharmaceutical salt of albendazole
(chloride, mesylate, sulphate, and tosylate) in 0.002 M acetate-buffer pH 4.5 (left) and SGFsp pH
1.2 (right).
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In contrast, dissolution of the pharmaceutical salts is much faster and realizes
much higher concentrations of albendazole in solution. The order of dissolution
rate is different in SGFsp and 0.002 M acetate buffer for the tosylate and the chlo-
ride salt. In acetate buffer the chloride salt shows a superior dissolution profile
compared to the tosyalte. In SGFsp the order has changed, and the chloride salt dis-
solves slower and leads to a lower final concentration. This effect is due to the pres-
ence of a high concentration of chloride in SGFsp which contributes via the
solubility-product of the albendazol chloride to a common-ion effect which de-
creases performance of the chloride salt. Another example – haloperidol – with in
depth discussion can be found in [32].

In both dissolution media pharmaceutical salts from sulfonic acids exhibit very
good dissolution profiles. The albendazole mesylate represents an outstanding ex-
ample. For this complete dissolution or even supersaturation is reached within the
first 5 min of the dissolution experiment. Very good dissolution profiles of sulfonic-
acid salts are frequently observed for pharmaceutical salts using sulfonic acids,
such as methane sulfonic acid (mesylates), toluene sulfonic acid (tosylates), ben-
zene sulfonic acid (besylates), naphtene sulfonic acid (napsylates) and ethanedisul-
fonic acid (edisylates). For this reason, the utilization of sulfonic acid salts to
increase bioavailability of BCS class II APIs has increased during recent years [2].
The phenomenon has been described in detail in [33]. However, a detailed physical
explanation of it is still missing.

Finally, we discuss the influence of polymorphs on solubility. As explained above
different polymorphs show different crystal lattices, consequently different lattice ener-
gies and finally different solubilities. The same holds true for pseudo-polymorphs such
as hydrates and solvates. Here in addition to the different crystal lattices formed from
the API, energy contributions to the crystal lattice coming from water or solvent also
play a role. Still in addition, hydration or solvation energy and entropy it not only due
to the API but also due to water and the solvent from the pseudo-polymorph. Similar
considerations apply to dissolution rate and even bioavailability. An early discussion
of the influence of polymorphism on bioavailability can be found in [12].

Generally, with regard to solubility of polymorphs the following questions are
of relevance:
– How is solubility related to thermodynamic stability of a polymorph?
– How big is the difference in solubility of different polymorphs and pseudo-

polymorphs?

With regard to the first question, the answer – and dilemma – is that always the
thermodynamically stable solid-state form will exhibit the lowest solubility. With
regard to the second question the answer can be given by calculating the ratio of
the solubility of different polymorphs. As discussed in chapter 10, the ratio of solu-
bilities of different polymorphs in different solvents will be constant as the solva-
tion energy only depends on the molecule and not on the polymorph. Accordingly,
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to answer this question data from determination of solubility of different poly-
morphs of the same compound in a variety of solvents can be used. In most cases
solubility of different polymorphs shows a solubility ratio in the range 1–4. A good
overview can be found in [34]. A few examples for solubility of different true poly-
morphs are given in Table 9.1.

For pseudo-polymorphs we focus the discussion on hydrates, as these have the high-
est relevance from a pharmaceutical perspective. There are only very few solvates
which have been approved as drugs on the market such as the BRAF-inhibitor
Trametinib [19] which represents a DMSO solvate or the protease-inhibitor Darunavir
representing an ethanol solvate [20]. In contrast, hydrates play a much more impor-
tant role as APIs. A good discussion of this topic can be found in [13]. If we calculate
the solubility ratio between hydrates and anhydrates, this ratio is usually higher com-
pared to the solubility ratio for true polymorphs. In many cases we find solubility ra-
tios in the range 1.5 – 10. Some examples can be found in Table 9.2.

In most of cases, the aqueous solubility of hydrates is lower compared to the
respective anhydrate. This basically means that anhydrates when suspended and

Table 9.1: Solubility ratio of polymorphs.

API (Forms) Solubility Ratio

Acetazolamide .
Chloramphenicol palmitate .
Cyclopenthiazide (II/III) .
Cyclopenthiazide(I/III) .
Diflunisal (I/IV) .
Diflunisal (II/IV) .
Diflunisal (III/IV) .
Fluconazole (AII/AI) .
Glibenclamide (II/I) .
Glibenclamide (IV/II) .
Indomethacin (α/γ) (at  °C) .
Losartan .
Mebendazole (B/A) .
Mebendazole (C/A) .
Methylprednisolone .
Piroxicam (I/III) .
Piroxicam (II/III) .
Propranolo .
Ranitidine (I/IV) .
Ranitidine (II/IV) .
Ranitidine (III/IV) .
Ritonavir (at  °C) .
Sulphathiazole (III/I) .

9 The relevance of solid-state forms for solubility 251

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



slurried in water will convert to the thermodynamically stable hydrate as this pos-
sesses a lower solubility. However, there are about ten examples in the literature,
where an anhydrate pseudo-polymorph exhibits a lower solubility in aqueous systems
compared to the hydrate. This ends up in the strange situation that the hydrate is sus-
pended in water and it converts to the anhydrate form which represents a dehydration
procedure using water. Such examples where the solubility of the anhydrate form in
water is lower compared to the hydrate form can be found in [35–42]. A similar behav-
iour for hydrates and anhydrates is usually observed for the dissolution rate: typically,
anhydrates will dissolve faster in aqueous systems compared to hydrates. There are
only very few examples reported in the literature where the opposite behaviour was
observed. One of them is described in [35]. The development compound LY334370 rep-
resented a hydrochloride salt, which formed an anhydrate and a hydrate form. The
intrinsic dissolution rate of the hydrate form was approximately six times higher com-
pared to the anhydrous form.

These aspects show that solubility of polymorphs and pseudo-polymorphs sys-
tematically must be considered when assessing the bioavailability for APIs. For oral
drugs, the BCS and DCS classification scheme are helpful tools, where especially
APIs falling in BCS classes II and IV need a close consideration of polymorphism in
light of bioavailability. For such orally administered APIs situations might also be-
come relevant, where there is a conversion of a morphic form within the gastrointesti-
nal tract. For example, there we might have a conversion from an anhydrate form to
a hydrate form. Even if the anhydrate form is stable under ambient conditions as de-
scribed in ICH Q1 [43] and has been selected as solid-state form for this reason, the
hydrate form might become the thermodynamically stable form in the aqueous envi-
ronment of the gastrointestinal tract. Accordingly, such a conversion can take place
resulting in a lower solubility in vivo and a decreased bioavailability.

Table 9.2: Anhyrate/hydrate solubility ratio.

API (Forms) Solubility Ratio

Ampicillin (A/Trihydrate) .
Caffeine .
Carbamazepine (A/Dihydrate) .
Erythromycin (A/Dihydrate) .
Fluconazole (A/H I) .
Glutethemide .
Niclosamide .
Succinyl sulphathiazole (A I/HI) .
Succinyl sulphathiazole (A II/HI) .
Succinyl sulphathiazole (A III/H) .
Succinyl sulphathiazole (A IV/H) .
Succinyl sulphathiazole (A V/H ) .
Theophylline .
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With regard to the influence of polymorphism to solubility, Ritonavir repre-
sented the first example where the importance became obvious [44]. The difficult
behaviour which was suddenly observed there, triggered a huge amount of work in
this specific case and the implementation of systematic assessments and solid-state
form selection in the research and development process in the pharmaceutical in-
dustry. Ritonavir was marketed since 1996 as Norvir oral liquid and Norvir semi-
solid capsules for treatment of Acquired Immunodeficiency Syndrome (AIDS). Both
formulations were based on solutions of ritonavir in water-ethanol mixtures, as bio-
availability from the solid state was very low. Administration of the pre-dissolved
API to patients increased bioavailability. 240 lots of Norvir capsules were produced
without any problems. Thereafter, certain lots of capsules failed the dissolution
test. The root cause for failing the dissolution test was quickly identified as the oc-
currence of a new polymorph of ritonavir, named form II. Form II represented a
conformational polymorph which means that the conformation of the ritonavir mol-
ecule in the crystal lattice was different compared to the conformation of the API
molecule in form I. Ritonavir form II turned out to be thermodynamically more sta-
ble compared to form I. The water-ethanol solution which was used in the liquid-
filled capsules was not saturated with regard to form I, but 400% supersaturated
with regard to form II. Solubility data for both forms is given in Table 9.3.

This supersaturation caused the risk of precipitation of form II out of the solution in
the liquid-filled capsules and severe manufacturing problems, as the form II – the
new polymorph – began to appear throughout drug-substance and drug-product
manufacturing areas.

This sudden appearance of a new polymorph, especially if this new polymorph
represents the thermodynamic stable polymorph, can represent major challenges
during clinical development and even during commercial manufacturing. In a worst-
case scenario, people might be unable to manufacture the metastable form which
was used before. Stunning examples for such behaviour – disappearing polymorphs –
are described in [45]. Another example from clinical development of a drug – telmi-
sartan – is described in [46]. Still another interesting example can be found in [47].
Here clinical development was started with a drug substance and drug product
which turned out to be a mixture of two polymorphs. This had considerable

Table 9.3: Solubility profile of ritonavir polymorphs in various water-ethanol solvent systems at
5°C. Solubility is given in mg/mL.

Ethanol/water / / / / / /

Form I      

Form II      

Solubility ratio . . . . . .
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implications with regard to bioavailability of the API based on the solubility and dis-
solution rate of both polymorphs.

An example of a system where an anhydrate form exhibits lower aqueous solu-
bility compared to a hydrate form is the integrin-inhibitor cilengitide, which was in
clinical development as intravenous infusion against glioblastoma [48]. The solubil-
ity of the tetrahydrate form of cilengitide in physiological NaCl solution was about
20 mg/mL, whereas the solubility of the anhydrate in the same solvent was only
about 7 mg/mL. The reason for this uncommon behaviour is based on the crystal
structure as shown in Figure 9.11.

Within the tetrahydrate form (S2) there are no intramolecular hydrogen-bridges
within the cyclic pentapeptide which stabilize the crystal form. However, the anhy-
drate form (A1) builds a crystal lattice which exhibits three strong intramolecular hy-
drogen bridges. These intramolecular hydrogen bridges result in stronger crystal-
lattice energy and accordingly in a lower solubility of the anhydrate form compared
to the tetrahydrate form. Accordingly, cilengitide represents one of those few strange
examples, where an API is “dried” upon exposure to liquid water.

The cilengitide tetrahydrate turned out to show an even more complicated but
useful behaviour, as within the crystal lattice of the tetrahydrate some of the posi-
tions of water molecules could even be replaced by small alcohol molecules – such
as methanol and ethanol – or even by voids resulting in a non-stoichiometric mixed
water-alcohol solvate pseudo-polymorph. This enabled a safe way to manufacture
the metastable pseudo-polymorph and making use of its increased solubility for for-
mulation purposes.

The last part of this chapter is dedicated to amorphous solid-state forms of
APIs. As amorphous solid-state forms do not possess any long-range order, they ex-
hibit a decreased lattice energy and accordingly an enhanced solubility. On one
hand side, this represents a huge advantage with regard to improved solubility and
bioavailability for low-soluble drugs. On the other hand, special care must be taken
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Figure 9.11: Cilengitide – cyclo-(Arg-Gly-Asp-DPhe-N-MeVal) and conformation of the cyclic peptide
backbone in the tetrahydrate form S2 and the anhydrate form A1.
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to avoid recrystallization during manufacturing and in vivo settings. Based on this,
amorphous forms of APIs are mainly used in enabling formulations such as hot-
melt extrudates, spray dried dispersions or co-precipitates [49]. In such formula-
tions, the amorphous form is stabilized using appropriate excipients such as poly-
mers which prevent recrystallization. This can either be done by realizing a solid
solution of the API in the polymer. In such a solution, the API is molecularly dis-
persed in the polymer avoiding direct contact between API molecules and conse-
quently avoiding crystallization. Instead, there are only interactions between API
molecules and the stabilizing polymer which has a low mobility.

Even if solubility of amorphous solid-state forms is greatly enhanced compared to
crystalline solid-state forms and especially the thermodynamically stable crystal-form,
pure amorphous APIs representing small molecules are generally not used for clinical
development or commercial supply due to the inherent risk of recrystallization which
is difficult to tackle. Nevertheless, a good overview of how solubility of amorphous
solid-state forms compares to crystalline solid-state forms can be found in [50–52].

9.3 Conclusion

Within this chapter the relevance of solid-state forms on solubility has been dis-
cussed on a theoretical basis and using several examples. One must bear in mind
that solubility is a result of lattice energy and solvation energy. As lattice energy de-
pends on the respective solid-state form – including pharmaceutical salts, poly-
morphs, pseudo-polymorphs, co-crystals, and amorphous phases – when measuring
solubility and using solubility results for developing a formulation, assessing bio-
availability, or even drug-substance and drug product manufacturing, solid-state
forms have always to be considered.
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Wolfgang Beckmann

10 Solubility and phase behaviour from
a drug substance manufacturing
perspective

10.1 Introduction – solubility and phase diagrams
in process design and optimization

A crystallization process for an organic drug substance, an intermediate, or any other
species requires the substance to be completely dissolved in a given solvent. Following
this, the solubility of the moiety is decreased in such a way that, the solution gets su-
persaturated, and subsequently the substance crystallizes and can be isolated. The sol-
ubility of the moiety in the solvent of crystallization determines both the conditions for
the complete dissolution and the maximum attainable yield via the concentration at
the start and at the end of the crystallization process. Knowledge on solubility is thus
of high value in crystallization process development and optimization. The solubility
itself does not only depend on the state variables such as temperature or solvent
composition, but also on the solid-state form of the crystals obtained by the crystalliza-
tion, being it either a polymorph or a solvate as discussed in Chapter 9 of this book.
The solid-state form might change over the course of the crystallization as temperature
or solvent composition is altered. Thus, all data on solubility needs to be accompanied
with information on the solid-state form for which it has been determined. These data
are collated into what is also called a phase diagram of the substance. This phase dia-
gram should note all possible phases and relate it.

It is the solid-state form of the solid residue that determines the solubility.
Thus, it is evident that solubility measurements should be based on the results
from a polymorph screen. Further, results on the phases observed during solubility
measurement should be supplemented to the screen.

The experimental determination of solubilities and the respective phase dia-
gram of a substance are straightforward. Several simple rules apply to such phase
diagrams. These rules will be discussed in detail as they can be exploited in the de-
termination of solubility and used for a check of the data obtained.

Solubility phenomena of moieties, their phase behaviour, and the relation to
crystallization phenomena have for a long time attracted attention in the community.
A wealth of experimental data and theoretical considerations exists. Measurements
of solubility and phase behaviour are regarded as prerequisite and starting point of
every sincere work in crystallization. The reader is referred to some reference works
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[1–4]. Solubility phenomena and the phase behaviour of organic and of inorganic sys-
tems have many parallels.

The determination of sustainable solubility data and phase behaviour should
find more room in the pharmaceutical industry from the beginning. Process design
and optimization should be based on measured and corroborated solubility data.

10.2 Solubility – basics

10.2.1 Definition of solubility

Throughout this chapter, solubility is defined as the concentration of a certain moi-
ety in a solution that is in thermodynamic equilibrium with a certain crystalline
solid-state form of that moiety (see Figure 10.1).

In a thermodynamic equilibrium, the solid residue, which might be either crystalline
or amorphous, does not show a net dissolution or growth. This is a dynamic equilib-
rium, i.e. in case of a crystalline solid residue, the number of molecules leaving the
crystal lattice equals the number of molecules attaching to the lattice (see Figure 10.1).
Any system will require some time to reach this equilibrium, being it either
– a neat solvent brought into contact with a solid,
– a supersaturated solution from which the substance crystallizes, prepared by

cooling a saturated solution,
or
– a solution that is prepared by dissolving a metastable polymorph.

Figure 10.2 shows the concentration in the supernatant of a stable and metastable
solid-state form over time. The solubility of the stable form corresponds to the true

csat

joffjon Figure 10.1: Equilibrium of a moiety in solution with its
crystalline solid. The net flow of molecules onto the crystal
and leaving the crystal is zero. This equilibrium depends on
several variables of the system, besides temperature namely
on the solid-state form of the undissolved moiety and the
purity of the system.
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equilibrium. However, the solubility of the metastable solid-state form can also be as-
sessed, if the nucleation of a more stable form is inhibited for a sufficiently long time.

Thermodynamically speaking, the chemical potential μ of the moiety in both
the solid phase and in solution are equal:

μ1 = μ2 (10:1)

The subscript 1 refers to the undissolved solid and 2 to the solution. The chemical
potential is related to the activity a of the moiety ai = γixi with x and γ as the molar
fraction and activity coefficient:

μ=RTln xiγi (10:2)

R is the universal gas constant and T the absolute temperature. The change in free
enthalpy G during the dissolution process is

ΔdG=ΔdH −TΔdS (10:3)

G represents the free Gibbs enthalpy, H enthalpy, and S entropy. The subscript d is
used for dissolution. Combining eqs. (10.1) and (10.2) leads to

−ΔdG=RTln
x1γ1
x2γ2

(10:4)

For a pure solid, the activity of the moiety is unity so that the van Laar equation for
solubility as a function of temperature is obtained:

ln x1γ1 = −
ΔdG
RT

(10:5)

ΔdG depends on temperature via the difference in heat capacity of the (crystalline)
solid and the melt, Δcp. Values for the difference in heat capacity between a crystalline
solid and its melt are available in the literature for several organic compounds [5].
However, the dependence of ΔdG on temperature can be neglected in eq. (10.5).

True solubility
csat

c

Time

(Probable)
Solubility of metastable solid-state form

a

b

c

c’

Figure 10.2: Concentration in a solution prepared by dissolving a thermodynamically stable solid-
state form, “a”, or by dissolving a metastable solid-state form, “b” and “c”. In all cases, the solution
will require a certain time to reach equilibrium. For solutions prepared using a metastable solid-state
form, “b” and “c”, the nucleation of the stable form will most probably occur after some time. If this
induction time is sufficiently long, the solubility of metastable form can be assessed (case c).
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In case that solvent–solute interactions are comparable to the solvent–solvent
and solute–solute interactions, the free enthalpy of dissolution, ΔdG, can be ap-
proximated by the free enthalpy of melting of the solute, ΔfG. As ΔfG=0 at the tem-
perature of fusion, Tf , eq. (10.6) is obtained for the free enthalpy of fusion:

ΔfG=ΔfH −
ΔfH
Tf

(10:6)

Approximating dissolution with fusion, eq. (10.7) is finally obtained:

ΔdG=ΔfH −
ΔfH
Tf

(10:7)

Equation (10.7) relates solubility, that is, the free enthalpy of dissolution, left-hand
side, with fusion, right-hand side. ΔfH and Tf are accessible through thermal analy-
sis. This relation is useful in both, understanding the solubility and in relating it to
thermodynamic data.

All dependencies of solubility on thermodynamic parameters can be derived
from eq. (10.4) and (10.5). These dependencies are namely
– temperature;
– pressure, not discussed here as the influence of pressure on the free enthalpy

is negligible;
– purity of the solid form as given by the activity of the target compound in the

solid residue, that is, x2γ2; and
– presence of third components in the solution that will change the activity or

activity coefficient of the target compound in solution.

10.2.2 Parameters influencing solubility

The parameters influencing solubility discussed in the section, should guide the ac-
tual measurements of the solubility and process design. They will also help in get-
ting a closer understanding of solubility and assure that important dependencies
are recognized. Equally, sanity checks that can be derived from these dependencies
will be noted.

10.2.2.1 Influence of temperature on solubility

The most important and most prominent dependence of solubility is that on tempera-
ture. Figure 10.3 shows the typical temperature dependence of solubility of an organic
moiety in an organic solvent. Almost all systems show an increasing solubility with
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temperature. Inverse dependencies (a decrease in solubility with temperate, retrograde
solubility behaviour) are rare, both for organic and inorganic systems.

Figure 10.3 also depicts the starting and endpoints of a cooling crystallization. The
maximum yield attainable ηmax for a certain starting concentration co and a saturation
concentration (csat) at the end temperature for the cooling process, cωojϑω, is given as
follows:

ηmax =
cstart − cend

csat
(10:8)

Thus, a certain steepness of the solubility curve with temperature is required for a
cooling crystallization to afford an acceptable yield. The dependence of solubility
on temperature as shown in Figure 10.3 is directly related to the enthalpy of disso-
lution, ΔdH, and can be obtained from eqs. (10.3) and (10.5) as

dlnxiγi
d1=T

= −
ΔdH
RT

(10:9)

Thus, neglecting the dependence of the activity coefficient on temperature, a plot of
the log of solubility versus the inverse of the absolute temperature should yield a
straight line with a slope corresponding to the heat of dissolution, as shown on the
right-hand side of Figure 10.3. In most cases, the line will be linear or close to linear
only over a limited range of temperature. As the slope corresponds to the heat of dis-
solution which in turn is often close to the heat of fusion of the substance, the slope
can be directly compared with the thermo-analytical data of the enthalpy of fusion.
This makes the heat of dissolution a valuable check for plausibility. In addition, the
van’t Hoff plot of solubility makes a perfect check of the data and for outliers.
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Figure 10.3: Dependence of solubility on temperature. The linear plot of the solubility versus
temperature, left, should always be supplemented by a plot of the logarithm of solubility versus
1/T, that is, the inverse of the absolute temperature. The x-axis in the right plot has been scaled
as 1/T, but the temperature is expressed in degree centigrade, which makes reading of the plot
easier. The initial and end conditions of a cooling crystallization are shown.
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If the solid-state form of the solute changes, this will manifest itself in a sudden
change in slope of the straight line or a slightly bended line. Such solid-state transi-
tions might otherwise go unnoticed (see Figures 10.11–10.13). As will be discussed
below, the change in slope is directly correlated to the changes in heats of dissolution
of the different solid-state forms. In case of polymorphs, this is the difference in heat
of fusion of both polymorphs, which again can serve as a check for plausibility.

10.2.2.2 Influence of the solvent on solubility

10.2.2.2.1 Influence of the choice of solvent on solubility
The primary choice of the solvent for the crystallization of an API is governed by
the ICH guideline Q3C [6]. The choice is mostly confined to the solvents classified
as class 2 and especially class 3. Thus, the developer can choose from two to three
dozen solvents. A second criterion applying to APIs and intermediates might be the
availability of the solvents in the plant and the compatibility with the plant.

The influence of the solvent on solubility with respect to crystallization issues
is twofold:
– the most prominent influence of solvent is the one on absolute solubility and
– a less pronounced influence is the dependence of solubility on temperature which

is because the enthalpy of dissolution is mostly governed by the enthalpy of melt-
ing of the solid and to a much lesser degree by the solute–solvent interaction.

The possibility of certain solvents to dissolve a given solute can often be roughly esti-
mated from chemical intuition. For example, the presence of polar groups or long ali-
phatic chains in an API or intermediate is a good criterion for choosing solvents by
intuition. This is also reflected in the rule that “like dissolves like ”.

Attempts have been published over the years to use quantitative or semi-quan-
titative descriptors of the solvent to arrive at more rational guesses. These ap-
proaches range from solubility parameters to a principal component analysis of a
variety of properties of the solvents. A closer discussion of such in-silico approaches
is given in Chapter 3 of this book. More quantitative approaches lie in the estima-
tion of the activity coefficient of the solute in different solvents. Some of the models
will be discussed in part 4 of this chapter.

With respect to the choice of solvent, namely according to the precise values of
solubility, the author deems
– the criteria for the choice of solvent in the pharmaceutical industry today for process

development and optimization and namely for maximizing of the space–time yield
of a crystallization process not as primary focus. It is more appropriate to adjust the
crystallization conditions rather to choose an otherwise suboptimal solvent as the
ease of a rough experimental determinations of the solubility cannot yet be beat by
modelling.
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10.2.2.2.2 Influence of the quality of the solvent on solubility
In general, the quality of the solvent is disregarded when measuring solubility.
Other, components being present in the solvent in small quantities are generally re-
garded as having no influence on solubility. However, cases exist, where going from
lab-grade solvent to technical grade can have a large influence. Technical-grade sol-
vents stemming from any work-up can contain small amounts of a second solvent.

For the solubility of a steroid in dichloromethane, a substantial influence on
the concentration of water was observed, even for concentrations of water well
below the miscibility limit of water in dichloromethane as shown in Figure 10.4.
Reworked solvent in a plant can easily contain 0.1 % water, which in turn can alter
the solubility by 5–20 %;.

10.2.2.2.3 Influence of the composition of solvent mixtures on solubility
The use of solvent mixtures can roughly be grouped into two categories. In both
categories, the second solvent normally has a much lower solubility for the solute
than the primary solvent:
– Use of the second solvent as an anti-solvent for drowning-out crystallizations
– Use of the second solvent as diluent to decrease the solubility and thus suspen-

sion density

The effect of the second solvent on the solubility can be roughly grouped into three
behaviours as schematically shown in Figure 10.5. The dependencies observed are
– linear or near -to -linear dependence on the composition of the solvent mixture,
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Figure 10.4: Effect of the water content in dichloromethane on the solubility of a steroid.
The solubility for 0 and 32 °C is reduced with the respective solubility at 0% water. This makes the
solubility trends for both temperatures comparable. Note that the non-negligible effect is for
quantities of water below the low miscibility limit of water in dichloromethane of ≈0.6%.
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– solubility exhibiting a maximum and
– concave curve – this is the most commonly observed case and required for

drowning-out crystallizations.

With respect to crystallization processes, the most important case of the influence
of solvent mixtures on solubility is the concave-shaped curves, as shown by the
solid line in Figure 10.5. Only in this case, a mixture of a solute in the primary sol-
vent with a poor solvent will yield a supersaturated solution. In most cases, the
change in solubility with the fraction of anti-solvent is quite drastic. The ratio of
solubilities between the solvent and anti-solvent can cover several orders of magni-
tude. A linear plot is not able to represent these data to check for consistency and
outliers. For a check of the consistency of the data, it is helpful that many systems
follow the log-linear relationship as proposed for aqueous organic systems [7]. In
gross simplification, the solubility in a solvent mixture can be calculated using eq.
(10.10). In eq. (10.10) xS represents the solubility of the solute, xAS is its solubility in
the anti-solvent, x the solubility in the solvent mixture, and w represents the frac-
tion of the anti-solvent:

logx≈ logxS −wlogxAS (10:10)

Figure 10.6 shows such a plot of the solubility for a steroid in methanol as primary
solvent and water as anti-solvent.

The solubility dependence on solvent composition is not perfectly linear.
However, as the data are expected to lay on a smooth line, any deviation would be
indicative for either errors in measurements or a change in solid-state form of the
residue. In the case depicted in Figure 10.6, a change in slope is encountered.
Following an analysis of the solid residue it becomes clear that this is due to a
change in the solid-state form from an ansolvate to a methanol solvate. The near-to-
linear relationship is obeyed for both solid-state forms.

Solvent Anti-solvent

csat

Figure 10.5: Effect of the use of a mixture of a good, primary solvent and a solvent with a low solubility
for the moiety, often called anti-solvent. Besides a linear dependence on concentration, dashed line,
curves with a maximum in solubility are observed, dash-dotted line. However, in most cases, a
concave shape is encountered, solid line. The latter is necessary for a drowning-out crystallization.
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10.2.2.2.4 Effect of solvent composition and temperature on solubility
The combined effects of temperature and solvent composition on solubility can best
be treated by a reduction of the solubility isotherms with the solubility in the pri-
mary solvent. As is shown in Figure 10.7 for the solubility of a given moiety in ace-
tone with hexane as anti-solvent, one master curve is obtained. This reduction has
also been applied in Figure 10.4.
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Figure 10.6: Isotherm of the solubility of a steroid as a function of solvent composition in a system
forming solvates with one or both solvents using log-linear plot. The change in slope at ≈45 wt%
methanol corresponds to the change in the solid-state form from an ansolvate to a methanol
solvate.
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Figure 10.7: Solubility of a moiety in acetone–hexane mixtures at 20–60 °C. The isotherms of the
solubility, left side, are reduced by the solubility in the pure primary solvent. Thus, a master curve
of the solubility is obtained, right side.
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10.2.2.3 Purity of the system – effect of second solute on solubility

The effect of a second solute can best be depicted in a ternary phase diagram as
shown in Figure 10.8. This type of diagram is best known for the separation of enan-
tiomers, where the second solute is the other enantiomer [8]. Three cases must be
distinguished:

– If the second solute behaves indifferently, it behaves like a solvent with the molar
fraction given by eq. (10.11), with m denoting the mass and M the molar mass. In
this case, the solubility line is on the straight line toward the corner of the second
solute.

– Cases are also known, where the second solute either increases or decreases
the solubility.

x2 =

msolute
Msolute

msolute
Msolute

+ m2nd solute
M2nd solute

+ msolvent
Msolvent

(10:11)

Solvent

Component A
0,00

0,00

1,00
1,00

0,00

1,00

Component B

Figure 10.8: Representation of the solubility of two solutes A and B in a ternary diagram.
Three cases are distinguished. The solid line indicates a case where the solubility of solute A is not
influenced by the second solute B. The dashed and dot-dashed lines indicate cases where the
solubility of solute A is increased by the second solute B (dashed line), and where the solubility of
the solute A is decreased by the second solute B (dash-dotted line).
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In technical systems, the influence of solid impurities is difficult to assess,
mostly due to the fact that the solubility is influenced by a multitude of compo-
nents. It is thus advisable to measure the solubility for a pure system and compare
with measurements of the solubility of one or more impure systems. Figure 10.9
shows such solubility data for a pure solvent, toluene, and for two solutions in tolu-
ene, which are contaminated by a large number and a high concentration of impu-
rities related to the solute. In this case, the impurities largely increase the solubility
of the solute. For these measurements, different mother liquors are a good choice,
as characteristic impurities are present to an elevated level.

An increase in solubility by impurities is undesired for technical processes as the
yield is decreased. A measurement of the true solubility in such a system can differ-
entiate losses in yield due to
– a slow approach to the equilibrium conditions and
– an increase in saturation concentration.

It is only in the first case that an increase in process time can decrease losses.

For the case presented in Figure 10.9, the equilibrium solubility was reached
for impure systems very slowly. For higher concentration of impurities, the time re-
quired to reach equilibrium was longer than 2 weeks.

In cases where the amount of other solutes is lower, their effect of solubility can
be disregarded. Figure 10.10 shows the effect for a concentration of 5% and 10% of
related impurities. It is evident that the solubility is not affected by the impurities.
Note that the width of the metastable zone for pure and impure systems differs by
more than 10 K.

Csat
Pure

ML 1

ML 2

𝜗

Figure 10.9: Solubility of a moiety pure solvent, i.e. toluene, and in different mother liquors
(ML1, ML2) containing different types and quantities of related compounds as impurities. The level
of the related compounds was on the order of 40–60%. Note the substantial influence of the
impurities on solubility.
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10.2.3 Relation between solid residue and solubility

10.2.3.1 Influence of the purity of solid residue on solubility

Very few or even no published data exist on the influence of the purity of the solid
residue on the solubility of the target compound such as an API. The issue here is that:
– Crystallization generally entails a purification of the target, consequently, solid

residues containing considerable amounts of impurities do not exist for which
the solubility could have been assessed.

– More importantly, it is hitherto unclear for most systems if the impurity forms a
second solid phase or a – partial – solid solution with the target molecule of
the crystallization.

It is only in the second case, the formation of a partial or complete solid solution, that
the activity of the target compound is influenced by the impurity. Assessments of the
influence of an impurity on the activity of the target compound in the solid state are
practically non-existent. Further, experimental data exist that show a change in the en-
thalpy of fusion due to the inclusion of impurities into the lattice [9].

The influence of the purity of the solid residue on solubility must not be con-
fused with the influence of the purity of the mother liquor on solubility. The latter
can have a measurable influence (Section 10.2.2.3).

10.2.3.2 Influence of the solid-state form on solubility – polymorphs and solvates

The influence of the solid-state form on solubility is a well-researched and under-
stood area and is discussed in Chapter 9 of this book. Relevant solid-state forms
might be either polymorphs or solvates.
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Figure 10.10: Effect of different levels of impurities on the solubility of a steroid. The sum of related
compounds is 3% and 5% and has a negligible influence on the equilibrium solubility. Conversely,
the impurities vary with the width of the metastable zone as expected.
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An extensive literature survey on the difference in solubilities between poly-
morphs and solvates has been published. For different polymorphs, the difference
in solubility is on the order of 10–20% of most systems [10]. Much larger differences
– up to a factor of 10 – are observed in some cases. The difference in solubility be-
tween solvates and ansolvates is generally larger.

10.2.3.2.1 Polymorphs

Thermodynamic relation between polymorphs
The relation of the solubility of two polymorphs, “1” and “2”, can be derived from
eq. (10.5) by writing the equation for both polymorphs, which leads to

−RTln
x1γ1
x2γ2

=ΔdG1 −ΔdG2 (10:12)

As the difference in solubility is generally small, the activity coefficients of the dis-
solved solute at both concentrations can be set equal, so that eq. (10.13) is
obtained:

x1
x2

≈ exp −
ΔdG1 −ΔdG2

RT

� �
(10:13)

The difference in free enthalpies between two polymorphs is related to the differ-
ence in heats of fusion via eqs. (10.3) and (10.6) as follows:

ΔdG1 −ΔdG2 = ΔdH1 −ΔdH2 −T ΔdS1 −ΔdS2ð Þ (10:14)

Writing for the difference in enthalpies of fusion between two polymorphs ΔdH1 −
ΔdH2 =ΔtrH, eq. (10.15) is obtained for the relationship in free enthalpies. The differ-
ence in free enthalpies and thus the difference in solubilities can be expressed by
values that can be assessed by thermoanalytical methods:

ΔdG1 −ΔdG2 =ΔtrH −T
ΔtrH
Tf, 1

+ΔdH2
Tf, 2 −Tf, 1
Tf, 1Tf, 2

(10:15)

Equations (10.13) and (10.15) show two important aspects of the relation of solubil-
ities between polymorphs:
– The difference in solubility is a function of temperature.
– Exactly one temperature exists, for which the solubility of both polymorphs is

equal. This is when the free enthalpy of dissolution of both polymorphs are
equal: ΔdG1 −ΔdG2 =0. This temperature is called transition temperature, Ttr,
that can be derived from eq. (10.15):

Ttr =
ΔdH1 −ΔdH2

ΔdS1 −ΔdS2
(10:16)
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For illustration, stearic acid and the relation of its three known polymorphs can be
used. The solubility has been determined as a function of temperature using the
bracketing technique for decane, methanol, and butanone [11]. The heats of dissolu-
tion derived are summarized in Table 10.1. Also given are the enthalpies of melting
as measured by differential scanning calorimetry, DSC, and the enthalpies of disso-
lution as derived from solution calorimetry [12]. The absolute values of the enthal-
pies differ due to different interactions between the solute molecule and the
different solvents. However, the differences between the three forms are indepen-
dent of the technique used, values behind brackets.

The difference in enthalpies of fusion or dissolution between two polymorphs can
be significant and thus the difference in solubility. However, although few cases
are known, this difference between polymorphs can be close to negligible. Such
polymorphs are called isoenergetic, and these polymorphs do have undistinguish-
able differences in solubility over a wide range of temperatures.

Monotropic and enantiotropic relationship between polymorphs
Except for isoenergetic polymorphs, the solubility of two polymorphs has a different
dependence on temperature. A temperature exists, where both forms have equal
solubility and thus equal stability. At all other temperatures, the form having the
lower solubility is the more stable form. Depending on the slope of the solubility–
temperature curve of the two i.e. depending on the heats of fusion of the two forms,
two cases are possible. This is schematically shown in Figure 10.11 for two poly-
morphs having an enthalpy of dissolution of ΔdH1 >ΔdH2.
The transition temperature, the crossing of the enthalpy–temperature curves, can be
either below or above the melting point of both forms leading to the two systems:

Table 10.1: Comparison of the heats of dissolution of stearic acid in decane, methanol, and
butanone with the enthalpies of melting determined by DSC and the enthalpies of dissolution as
determined by solution calorimetry, values behind brackets.

Poly-
morph

ΔH (kJ/mol) 

Δ H from DSC
ΔH from solubility ΔH from solution calorimetry
Decane Methanol Butanone Decane Methanol

C 64.0 ]6.0
64.4 ]4.6

84.4 ]4.5
73.2 ]4.7

62.2 ] 6.0
75.4 ] 5.9

B 70.0 69.9 ] 3.3
88.9 77.9 68.6 81.3

A 65.7

Indicated are also the differences between the forms, see respective brackets. although the
absolute values of the enthalpies vary, the differences between the polymorphs are identical.
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– Enantiotropic system
The stable from changes from one to the other at the transition temperature Ttr.

– Monotropic system
The polymorph with the higher enthalpy of dissolution is stable over the entire
range of temperatures, that is, polymorph II in this case.

Enantiotropic and monotropic systems are discussed in more detail in Chapter 9. It is
important to know the relationship between the polymorphs in the system under con-
sideration, both for the choice of the polymorph and for process development.

As the difference in enthalpy of dissolution of two polymorphs is independent of the
solvent, the transition temperature is also independent of the solvent. Thus, for the deter-
mination of the transition temperature one can resort to any solvent that is appropriate.
This is different for solvates and hydrates. This will be discussed in Section 10.2.3.3.

The difference in heats of dissolution can also be determined by thermal analy-
sis, for example by DSC. Though the values of the heats of dissolution and heat of
fusion can differ, these differences are very close to both polymorphs. This can
serve as an important sanity check for the experimentally determined difference in
solubility, as shown in Table 10.1.

The solubility–temperature curves do not cross at all for monotropic systems and
only cross once for enantiotropic systems. Thus, the stability of two polymorphs does
only change once for enantiotropic systems upon heating or cooling. Finding more
than one crossing indicates errors in assessment of the respective data.

The van’t Hoff plots shown in Figure 10.11 are equivalent to the well-known en-
ergy–temperature diagrams. For the energy–temperature diagrams, the melting points
of the forms and their enthalpy of fusion are used. For the present work, the enthalpy
of the melt is subtracted, and the dependence of the enthalpy of fusion on tempera-
ture is set to zero. This makes the diagram easier to construct and easier to grasp.

Range of temperatures to be covered for process-relevant solubility data
The range of temperatures over which the solubility should be measured is to be
chosen to cover at least the temperature range covered in the production process.
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Figure 10.11: Representation of an enantiotropic, left, and a monotropic, right, system of two
polymorphs 1 and 2 with an enthalpy of dissolution of ΔdH1 >ΔdH2. The crossing of the solubility
curves of both forms can be either below the melting point, top, or above, bottom.
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Preferably the range is to be extended to some 10 K outside this range. The reason
being that effects that have a large influence and are otherwise difficult to observe
are more easily discovered using this approach.

Figure 10.12 shows the solubility in a system with two relevant polymorphs,
B and E. The dependence of the solubility on temperature is relatively low. The dif-
ferences in enthalpies between the two forms is relatively large, ≈7.5 kJ/mol. This
entails that the difference in solubility between both forms rapidly increases below
the transition temperature of 5 °C. The implication of this with respect to process
development will be discussed in Section 10.5.4.

10.2.3.3 Solvates and hydrates

Stability of solvates and hydrates as function of temperature
For systems forming solvates or hydrates, the solubility depends on temperature in
a similar way as for polymorphs. The data follow the van Laar equation. In addi-
tion, for solvates and hydrates, a decrease in the degree of solvatization is observed
with increasing temperature. This is shown in Figure 10.13 assuming a system that
can form two different solvates and an ansolvate. The temperatures at which the
solid-state forms change are called transition temperatures and depend on the sol-
vent. Solvates can form different polymorphs, the relationship between polymorphs
discussed also above also applies to polymorphs of solvates and hydrates.

The slope of the solubility curves corresponds again to the heat of dissolution
of the respective solid-state form. The difference in heats of dissolution for different
solvates of a certain moiety are substantial. For hydrate forming systems, the
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Figure 10.12: Solubility for a system with two polymorphs, B and E. The temperature dependence on
the solubility is relatively low. However, the two polymorphs have a considerable enthalpy of phase
transformation of 7.5 kJ/mol. Thus, the solubility of the low-temperature form E starts to deviate
rapidly below the transition temperature of 5 °C. The determination of solubility at −20 °C easily
identifies this fact red flagging a process to obtain polymorph B below 0 °C to increase the yield.
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difference between an anhydrate and a hydrate are in the order of 10 kJ/mol and
thus roughly correspond to the enthalpy of crystallization of water [13].

Solid-state form as a function of solvent composition
In a solvent mixture, the solute can either form a solvate with one or both solvents.
The solvents itself can be two organic solvents or even more important aqueous
mixtures with miscible organic solvents.

To discuss the solubility as a function of solvent composition and tempera-
ture, solubility isotherms can be used, as depicted in Figure 10.14. Mixtures of
two solvents, s1 and s2, are shown, with the target moiety forming a solvate ei-
ther with both or with one of the solvents. With decreasing concentration and
thus decreasing activity of the solvent of solvatization, the respective solvate be-
comes destabilized. At a certain solvent composition, a transition between the
different solvated forms occurs. The solubility of a solvated form drastically

Csat

sϑtr

ϑ

Figure 10.13: Solubility in a system forming solvates with the solvent. Three different pseudo-
polymorphs are distinguished (blue = di-solvate, green = mono-solvate, red = ansolvate).
Each transition has a proper transition temperature.
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Figure 10.14: Solubility and stability isotherms of a system forming two different solvated forms, s1
and s2, in a solvent mixture of the two solvents. A critical concentration, str, ϑ , exists for the transition
between the two solvated forms. The solubility of a solvated form drastically increases when the
concentration of the solvent of solvatization approaches zero, depicted here for solvate s2.
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increases for the concentration of the solvent of solvatization approaching zero.
This is depicted in Figure 10.14 for solvate s2.

As an example of a system forming solvates and hydrates as well as a mixed
solvate with an organic solvent and water, the solubility isotherms for a steroid are
shown in Figure 10.15. Solubility data and the solid-state form of the residue were
assessed between 20 and 60 °C. Three different solid-state forms are observed: a
mono-hydrate, a mono-ethanol solvate and a mixed ethanol–water solvate. Thus,
two marked changes in solubility exist that are clearly associated with a change in
solid-state form of the residue. A log-linear rendering of the data is used in which
the temperature dependence on solubility is hardly discernible.

While in most relevant systems the number of coexistent solvates that need consider-
ation is limited, accounts have been published with a considerable number of differ-
ent solvates. For example, a determination of the stability domains of cephaloglycin in
ternary mixtures of water, acetic acid, and methanol and its solubility in the respective
binary mixtures revealed a larger number of solvates, single and mixed solvates [14].

Figure 10.16 shows three solubility isotherms of a steroid in a water–ethanol
mixture. This steroid is a promiscuous solvate former. However, it does not form a
hydrate, so that the ansolvated and anhydrated forms are directly accessible. Also
indicated are the respective transition points for three temperatures. As expected,
the ethanol solvate is stable above a critical concentration of ethanol. This critical
concentration increases steeply with temperature covering a wide range of fractions

0 40302010 50 60 70 80 90 100

1

10

100

1,000

60

.H2O

.EtOH . H2O

40
20 °C

c (g/kgsolvent)

φEtOH/wt% 

.

.EtOH

Figure 10.15: Solubility isotherms of a steroid in aqueous ethanol. The moiety can form both a
mono-solvate with ethanol and a mono-hydrate, as well as mixed solvate with ethanol and water.
The change in solid-state forms as a function of solvent composition is indicated by the red lines and
at the same time accompanied by a marked change in slope of the solubility curve. A log-linear plot
has been chosen so that the dependence of solubility on temperature is hardly distinguishable.
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for the ethanol over a small range of temperature. The enthalpy calculated from the
slope of ≈12 kJ/mol representing the solvate–ansolvate transition is on the order of
the expected value and thus plausible.

The development of the transition point as a function of temperature follows
the same rules as discussed for a pure solvent system, that is, with increasing tem-
perature, an increasing concentration of the solvent of solvatization is required to
stabilize the solvate, as shown in Figure 10.13. The free enthalpy for the solvate–
ansolvate transition is related to the activity of the solvent of solvatization:

−ΔGsolvate− ansolvate =RTlnasoc (10:17)

From eq. (10.17) one can derive the dependence on temperature of the transition
point in mixed solvent systems as

dlnaSoC
d1=T

= −
ΔtrHsolvate− ansolvate

R
(10:18)

Thus, with increasing temperature a higher fraction of the solvent of solvatization
is required in the solvent phase to stabilize the solvate. The slope of the line is
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Figure 10.16: Solubility isotherms and transition points between an anhydrate, left, and an ethanol
solvate, right, as a function of solvent composition in a mixture of water and ethanol. Water is a
poor solvent. Solubility decreases in such a way that water can be used to drown the steroid out of
a solution in ethanol. The solubility of the ethanol solvate goes through a maximum at high
fractions of ethanol. This effect can be observed frequently.
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given by eq. (10.18). Figure 10.17 schematically shows the trends in a mixture of an
organic solvent with water for the transition point between a hydrate and anhydrate
and for a solvate with the organic solvent and an ansolvate. The slope is in both
cases towards the solvent-of-solvatization side.

The transition point at constant temperature between an ansolvate and the solvate
in mixed solvents apparently depends also on the nature of the second, inert sol-
vent. The free enthalpies of the ansolvate and solvate are equal at the transition
point. This is the same principle as for polymorphic phase transformations. For the
solvate, the activity of the solvent of solvatization, asoc, in the solution phase must
also be considered, eq. (10.17).

For the hydrate-anhydrate transition of theophylline, the transition in mixtures
of water with methanol and with isopropanol occurs at different concentrations of
water, as shown in Table 10.2. Transforming the concentration of water to its activity,
the transformations occurred at the same water activity [15]. The activity coefficient

𝜗
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Water

System
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II

Anhyrate⇦--⇨Hydrate

Solvate⇦--⇨Ansolvate

Figure 10.17: Development of the transition point as a function of temperature for the transition
between an anhydrate and hydrate, system I, and a solvate and ansolvate, system II. In both cases,
the slope is towards the solvent-of-solvatization side.

Table 10.2: Transition points for the anhydrate–hydrate transformation of
theophylline in mixtures of water with methanol and isopropanol at 25 °C.

Solvent Anhydrate–hydrate transition observed at

Water fraction Water activity

Water + MeOH . .
+iPrOH . .

Given are the concentration of water and the activity of water at the
transition point. The activity of water in the solvent can be estimated from
vapour pressure measurements of the respective organic–water mixture.
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of water can be derived from the vapour–liquid equilibria (VLE) of the respective sol-
vent mixtures, neglecting an influence of the solute on the VLE:

atr =
p
pe

p
pe

≡ rHjwater
(10:19)

The transition point at constant temperature between an ansolvate and the solvate
in solution and in an atmosphere of the respective solvent is inter related. This is of
interest namely for hydrates. In both cases, the activity atr of the solvent of solvati-
zation, for example, water, at the transition point is equal. In the vapour case, the
activity is given by the vapour pressure (eq. (10.19)). For water as solvent of solvati-
zation, this corresponds to the relative humidity, rH|water.

10.2.3.4 Incongruently dissolving systems

Incongruent dissolution of solids is relevant for multi-component solids such as hy-
drates, solvates, pharmaceutical salts, and co-crystals. A multi-component solid is
a solid phase on its own. For such a system, the solubility of the compound as well
as that of its other components must be considered. Two cases can be distinguished
as shown in Figure 10.18 using the example of a co-crystal:
– The solubility of the co-crystal is lower than the solubility of its components,

indicated by co-crystal I

csat, A

csat, B

StoichiometricA

B

II

csat, co-crystal

I

Figure 10.18: Incongruent dissolution of a co-crystal: The solubilities of the two components A and B
are assumed to be independent of each other. Two cases of the solubility of the co-crystal are
distinguished: (I) the solubility of the co-crystal being lower than the solubility of the single
components and (II) the solubility of the co-crystal being higher than the solubility of the single
components. The latter case will lead to the – partial – precipitation of one of the components when
measuring the solubility of the co-crystal. In the case presented, it will be components A/B that
precipitate. The partitioning will proceed until the concentration in the supernatant reaches the corner.
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– The solubility of the co-crystal is higher than the solubility of its components,
indicated by case co-crystal II

Thus, in thermodynamic equilibrium, the solid phase will consist of both the co-
crystal and the low-soluble constituent. The degree of partitioning will depend on
the ratio of the solubilities of the components of the co-crystal. It proceeds until the
concentration of both components of the co-crystal have reached the corner in the
supernatant, as shown in Figure 10.18.

The case of an incongruent dissolution is often a desired property of pharmaceu-
tical salts as well as of co-crystals. It is desired that a pharmaceutical salt or a co-crys-
tal has a higher solubility for the corresponding base, acid or active moiety itself.
Thus, for a solubility-limiting concentration, the disproportionation might occur.

10.2.4 Solubility in systems with phase separation

More often than expected, a phase separation of the supernatant can occur. This
phase separation can either be metastable, occurring only upon supersaturating
the system, or stable. A phase separation will lead to a system with one phase hav-
ing a high concentration of the solute and a second with a low concentration of it.
If the high concentration phase is carried during the crystallization process to con-
ditions where the phase split is no longer stable, crystallization will instantly occur
in that phase. This can have three effects:
– Large chunks of material are generated, sometimes called spherical agglomer-

ates or lolly pops that are difficult to handle. Figure 10.19 shows an example.
– The solidification of the phase rich in solute is not accompanied with a purifi-

cation. High inclusions of solvent and mother liquor occur. The structures are
not accessible to a removal of the liquid phase, i.e. a washing process.

Figure 10.19: Agglomeration of crystalline material within droplets to nearly spherical
agglomerates during an oiling-out. Liquid inclusions of mother phase are clearly seen in the
middle and lower right part.
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– A persistent liquid phase can lead to a considerable loss in target compound
during solid–liquid separation, as often the solute has a considerable concen-
tration in one of the liquid phases.

Two cases of a stable phase separation can be distinguished:
– In a single solvent system, the dissolution of the solute in the solvent can in-

duce a phase separation of the supernatant into a phase rich in solute and a
phase with a low concertation of the solute.

– In a system comprising of two or more solvents that are completely miscible,
the dissolution of solute can also induce a phase separation into a phase rich
in one of the solvents and one phase poor in this solvent. The solute will mostly
dissolve in the phase rich in the better solvent or solvents.

In equilibrium, the chemical potential of the solute in the two phases is equal:

μI =μII (10:20)

Thus, if one of the phases is saturated with respect to the solute, the other phase is
also saturated, as the chemical potential of a solute is independent of the solvent (see
Figure 10.20). Two equilibria are observed, the solid-solution equilibrium, that is, solu-
bility equilibrium, and the partitioning of the solute between the two liquid phases.

Aqueous
phase

Organic phase

Solid phase
w/ liquid inclusions

0.01
g/g solvent

0.40 g/g solvent

I

II

Figure 10.20: Solubility in a system with two liquid phases, I and II. The two equilibria between solid
and phase II and between the two liquid phases I and II are shown on the left. A flask with a system
exhibiting a liquid–liquid phase split is shown to the right. The system is a steroid dissolved in
aqueous acetone. The solid is at the bottom while two liquid phases are above. The acetone-rich,
lower phase dissolves considerable amounts of steroid, ≈0.4 g/gsolvent or 400 g/kg. As a result, this
organic phase, though having mainly acetone – which has a lower density compared to water – as
solvent forms the bottom phase while the aqueous phase is the upper phase.
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The isotherms for the solubility of the steroid in aqueous acetone are shown
in Figure 10.21. The phase split occurs at and above 40 °C. Due to the high solubil-
ity of ≈400 g/kg, The dissolution properties of the acetone for water change. The
phase rich in acetone, right circle in Figure 10.21, has a concentration of ≈400 g/
kg, while the aqueous phase, left circle, has a concentration of ≈30 g/kg. This ex-
plains why the acetone-rich phase is the heavy phase in Figure 10.20.

A liquid–liquid phase (LLP) separation can go unnoticed by observation with
the naked eye. However, it is easily observed by microscopic inspection of the –
suspected – suspension. An LLP split will manifest itself in droplets.

Figure 10.22 shows two micrographs of the same systems at different stages.
First, an emulsion is formed consisting of droplets in the lower micrometre range
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wAcetone/wt% 

Figure 10.21: Solubility isotherms of a steroid in aqueous acetone. The system shows a phase split
at and above 40 °C, see red circles indicating the two phases in equilibrium. The tie line
connecting the two saturated liquid phases is also drawn, red, bold straight line connecting the
circles, which is in the representation as solubility isotherms not a horizontal line.

Liquid droplets–1–2μm

50 μm 50 μm

crystallites–≈5μm

Figure 10.22: Micrographs of a system showing metastable oiling out. To the left, the emulsion is
shown, while on the right crystals obtained from this emulsion are shown. Oiling out is easily
detected by microscopy. The crystalline phase distinguishes itself by its birefringence.
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by supersaturating a system. Out of these droplets, crystals are formed over time, as
the oiling out for this system is metastable.

The phase separation leads to a steep increase in solubility as a function of tem-
perature, dashed line (Figure 10.23). Below the temperature of demixing, Tm, the
solubility is X2, but at Tm, the solubility increases to X2ʹ. The phase separation is
observed above a certain concentration of the solute. The immiscibility dome as
shown in Figure 10.23 can be below the solubility line, which leads to the metasta-
ble phase separation. In this case, the phase separation is not observed. This fact is
of relevance for process development purposes. A phase separation can be avoided
by carrying out the crystallization slowly around the phase separation point.

10.3 Determination of solubility

10.3.1 General

Several methods for solubility determination relevant for process development are
available, which fit different purposes and require more or less experimental effort.
In many cases, the effort is a manual one, though concepts for automation are avail-
able. Details of the methodology used are also often subject to modifications accord-
ing to the requirements, such as accuracy or number of parameters to be treated.
The quality and reliability of the data may depend on the technique used for deter-
mining solubility, but certainly the effort put into

SolventSolute x2, heavy phase x2, light phase

𝜗

SLE
LLE

Tm

Figure 10.23: Phase separation in a composition temperature diagram. Two cases are
distinguished: (a) The miscibility dome penetrates the solubility curve, dashed solubility line, and
(b) the dome is below the solubility line, solid black solubility curve. In the first case, the phase
split is thermodynamically stable while it is metastable in the second case. Contrary to the
conventional notation, temperature and concentrations have been inverted, the y-axis showing
temperature, while the x-axis shows concentrations. SLE and LLE denote the solid–liquid
equilibrium, the solubility line, and the liquid–liquid equilibrium, the oiling out.
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– covering the correct space of parameters,
– making sure, that the solid-state form is known for which the solubility is

determined and,
– in making sure that the data are correct and consistent has to be adequate.

Thus, these latter topics are treated alongside with the techniques for measuring
solubility.

10.3.1.1 Units for solubility data

Units in which solubility can be expressed are manifold and should be chosen ac-
cording to the specific needs. However, the data must be unique. Grams per litre do
not fall into this category, as the density of the solution needs to be known, for ex-
ample, when preparing the solutions. Molar or mass fractions are often used.
However, for systems containing more than two components, for example, for sys-
tems with more than one solvent, these units might be misunderstood. In such
cases
– concentrations of the solute can be given as grams of solute per gram of solvent

on a solute free basis, or
– the composition of the solvent for a solvent mixture can be given as mass of

the respective solvent per total mass of solvent on a solute free basis.

10.3.1.2 Requirements for accuracy of data

The accuracy with which solubility data is measured depends on the purpose of
the data, which might vary. However tempting it might be to roughly estimate
solubility first and increase accuracy later, this might lead to bad data, which is
never challenged and thus never accurately assessed. Some general considera-
tions should always be considered:
– The solid-state form for which the solubility was assessed needs to be unambig-

uously known, as this is one of the major influencing parameters.
– The quality of the solvent should be known.
– The saturation temperature should be known to ±1, . . ., ±2 K, for example, if the

data is to be used for seeding point estimation, this corresponds to a typical
error in saturation concentration of ±3% to ±7%.

The concentration in a plant vessel has also a certain error adding to the uncertainty.
A plot of data and a test of consistency can facilitate assessing the accuracy of the

data. Figure 10.24 shows data of the solubility of all three modifications of stearic acid
in decane and the result of a fit using the van Laar equation. It is evident that the data
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can be represented over the entire range of temperatures covered by this fit. A zoom
into the data reveals individual deviations from the straight line of ≤0.2 K. This is at the
same time the maximum error in concentration of ≈5% which is considerable.

10.3.1.3 Reproducibility

Solubility data are thermodynamic values, which are independent of person, lo-
cation, and technique and do no not vary over time. Any changes encountered,
deviations from previously obtained data, any influence of the quality of the
starting materials should be taken seriously and indicative of hitherto unknown
variables.

The most obvious errors are sampling of the supernatant from the saturated sus-
pension and determining the concentration of the solute. Thus, repeated samplings,
at least at one temperature, and an assessment of the concentration of the solute
with independent techniques are advisable. As will be discussed below, evaporation
to dryness of the supernatant is prone to an inclusion of residual amounts of solvent,
namely for higher solubilities.

Measurements at high temperatures are prone to an evaporation of the solvent
during equilibration and namely during sampling. Evaporation of solvent during
equilibration has only an influence if solvent mixtures are concerned through the
preferential evaporation of one of the solvents inducing a change in solvent composi-
tion. The evaporation of solvent during sampling and work-up is a general point of
concern which applies also to assessment of solubility in a pure solvent. The
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Figure 10.24: Data for the solubility of the three modifications A, B, and C of stearic acid in decane as a
function of temperature. The data points are shown as well as a fit using the van Laar equation, and a
zoom into the data, insert. The deviation of the individual measurements is ≤0.2 K. The error of 0.2 K
corresponds to a considerable error in the saturation concentration of ≈5%.

10 Solubility and phase behaviour from a drug substance manufacturing perspective 285

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



determination of the saturation temperature using hermetically sealed containers is a
work-around, see section 10.3.4.

Thus, it is a good idea for every lab to assess the magnitude and influence of
the errors, the experimental imperfectness of the processes used, at least once and
for new systems.

10.3.1.4 Kinetics of equilibration

The kinetics of equilibration of a solution with the solid residue is often a question
of concern and rarely answered completely. The best technique to unambiguously
determine the saturation concentration is schematically shown in Figure 10.25. By
starting both from a subsaturated point, the usual case when mixing solvent and
solute, and from a supersaturated solution, the thermodynamic equilibrium is
reached from both sides. In addition, the error in saturation concentration can be
estimated.

The kinetics of equilibration depends on the system itself, the solute, and the sol-
vent. The most prominent influencing parameter is the impurity content of the sys-
tem. Its effect on the kinetics of equilibration is twofold:
– The dissolution kinetics can be affected by the presence of impurities; in most

cases, the level of impurities is determined by the purity of the solid used in

0.0 0.5 1.0 1.5 2.0
0

1

2

3

4

5 c (g/kg )

t / d

csat

Figure 10.25: Strategy to corner the “true” solubility isotherm by observing the concentration in
solution reached both from a subsaturated starting point, circles, the typical situation in a
measurement of solubility, but also by starting from a supersaturated solution, squares. The latter
starting point is rarely used. The supersaturated starting solution can be prepared by cooling a
solution prepared at higher temperatures. From both approaches, the saturation concentration can
unambiguously be stated.
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the measurements. The influence on the kinetics is to be distinguished from
the influence on the equilibrium solubility itself.

– When reaching saturation from a supersaturated solution, the level of impuri-
ties can be considerably higher, as the crystallization leading to a saturated so-
lution is in most cases associated with a purification and thus enrichment of
impurities in the mother phase.

In impure systems the kinetics of growth of the crystals can be drastically impeded.
Cases are known, where fresh and pure crystals are added to a supersaturated solu-
tion of a solute in an impure system, where the crystals grew for some time and
subsequently ceased to grow or grew at a much lesser rate. Equilibrium, i.e., satura-
tion took weeks to reach.

Typically, but not always, the kinetics of dissolution is affected to a lesser extent
by the level of impurities than the growth of the crystals. This might explain the dif-
ferent rates with which equilibrium is reached for the case shown in Figure 10.25.

A further effect that can slow the equilibration process is a change of the solid-
state form of the residue from a metastable to a more stable form, see the path for
cases c and c’ in Figure 10.2. Of course, this effect is immediately evident if the
solid-state form is assessed.

If solubility as obtained from the subsaturated and supersaturated starting
point is not the same, this might reflect that in both approaches different solid-state
forms have been obtained.

10.3.1.5 Range covered and number density of points

The range of conditions that the solubility measurements should cover depend on the
properties of the system. In general, the range of temperature should at least cover
the range of temperatures envisaged for the process. This range should consider the
current as well as possible extension of conditions at later stages of the development
process. Preferably, the range should cover somewhat of 10 K outside this range.

The extension of data points outside the range envisaged for the process is in-
strumental in detecting changes in the solubility behaviour that might otherwise go
unnoticed. The driving force for possible changes in the solid-state form are in-
creased, thus increasing the possibility of detecting changes.

The number of data points to be measured depends on the accuracy required.
For measurements of solubility as a function of temperature, at least three data
points at different temperatures are necessary to assess the slope and thus the tem-
perature dependences. If this number is set to five, this enables both the detection
of errors in individual measurements and in detecting possible changes in solubility
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behaviour by detecting deviations in the trends. These changes in solubility behav-
iour can both be changes in the solid-state form or other effects, for example, oil-
ing-out processes.

For the measurements of solubility in solvent mixtures, the influences of solvent
composition should always be determined over the entire range of relevant solvent
compositions. Additionally, the inclusion of pure solvents, even if not envisaged for
the process, allows for the possible finding of hitherto undiscovered solvates that
might otherwise appear later.

10.3.1.6 Accuracy of solvent composition in solvent mixtures

For solvent mixtures, two aspects are of relevance. The solvent composition can
change due to the preferential evaporation of one solvent during the measurement,
in most case of the lower boiling solvent and the consumption or production of sol-
vent in case the solvation state of the solute changes. This is namely important, if
the solid residue has a high fraction, or if the solvent consumed or produced has a
low fraction in the solvent mixture.

It is thus advisable, to check if a significant change in solvent composition has
occurred.

10.3.1.7 Programme for data measurement

It is advisable to assess the solubility variable by variable as it allows for the deter-
mination of influencing parameters as well as a consistency check of the data.
Thus, solubility should be determined as a function of temperature for a certain sol-
vent or solvent mixture at fixed solvent composition, and at constant temperatures
(at least for two temperatures) as a function of solvent composition.

The assessment of any influence of impurities such as a second solute can fol-
low at selected temperatures and solvent compositions and using the trends ob-
served for pure systems.

10.3.2 Rendering of data

Rendering of solubility data is an important process as it can serve several purposes
such as a supporting sanity check, detecting outliers, interpolating data, and to a
certain degree help to extrapolating data. Additionally, it is useful to understand
phase diagrams.
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Several types of plots are used for this purpose:
– Solubility as a function of temperature for a given solvent composition; see

Figures 10.3, 10.12, and 10.13 for example.
– The influence of the composition of the solvent can be plotted in isotherms as

shown in Figures 10.5, 10.6, and 10.16.
– For three-component systems, triangular diagrams are in use; see for example

Figure 10.8.

In all cases, attention should be paid to the solid-state form of the residue.
For the development and optimization of crystallization processes, it is often ad-

vantageous to follow or to depict the course of the crystallization in the phase dia-
gram. By this, a change in the domain of the stable solid-state form can be identified,
see chapter 10.5.4.

10.3.3 Flask method

The flask method is a simple yet very versatile method to measure solubility. The
basic idea is to equilibrate a solid with solvent, for which a flask is used. To acceler-
ate the equilibration, the flask is usually shaken, or its content is stirred. Two strains
will be discussed in detail, a semi-quantitative and a quantitative flask method.

10.3.3.1 Semi-quantitative flask method

Rough estimations of solubility are often performed for solvent screening by a semi-
quantitative flask method. Two types of this method are known:
– A certain amount of solute, for example, 50 or 100 mg of solute are weighted

into a flask, and increasing amounts of solvents are successively introduced
into the flask.

– The interval between a fully dissolved system and the system with a certain
amount of undissolved solute present gives the estimate of solubility.

– A certain amount of solvent, for example 2 g, is introduced into a flask and suc-
cessively small amounts of solute are added.
Here the solubility is bracketed between a system still fully dissolved and with
a small amount of undissolved solute present.

After each addition of solute or solvent, the system should be shaken or stirred
intensely to accelerate equilibration. If measurements at higher temperatures
make shaking or stirring difficult, one can resort to a longer equilibration time.

This methodology is very much limited to systems reaching equilibrium consis-
tently and quickly, as after each addition of either solvent or solute, the system
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must be given enough time to attain equilibrium. This method gives only an inter-
val of the solubility.

With respect to phase behaviour, the major drawback of this method is that no
control and no reliable information is available on the solid-state form of the resi-
due for which the solubility is estimated.

10.3.3.2 Quantitative flask method

The quantitative flask method can be used to determine the solubility for both poly-
morphs as well as solvates. Typically, it is employed to assess the data for the stable
form. However, depending on the system, it is also possible to determine, or to esti-
mate the solubility of metastable forms.

10.3.3.2.1 Flask method – stable polymorphs or solvates
For the quantitative flask method, solid and solvent are weighed into a sealed flask
and incubated including stirring or shaking to equilibrate at chosen constant tem-
perature. The saturation concentration for this temperature is determined by sam-
pling the supernatant of the suspension (Figure 10.26).

For the sampling process the amount of solute dissolved and the mass of the sam-
ple withdrawn are relevant. Thus, the sampling consists of several steps:

– Sampling of the supernatant
This can be achieved by pulling a larger quantity of supernatant into a syringe. To
avoid evaporation of the solvent, sampling should not (!) be through a needle but
directly into the syringe. To avoid crystallization in the syringe, it should be at the
temperature under investigation or higher.

𝜗=const.

Figure 10.26: Equilibration of a suspension using the isothermal flask method, left, and procedure
for sampling of supernatant, right.

290 Wolfgang Beckmann

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



– Separation of solid residue from the sample
This can be achieved by pressure filtering through a 0.4–0.2 µm membrane filter,
with the filter material being chosen according to the solvent under investigation,
either hydrophobic or hydrophilic. The filters area itself should be chosen large
enough for easy filtration.

To avoid crystallization in the filter, it is mandatory that the filter is at a tem-
perature equal or higher than the temperature under investigation. As the concen-
tration of solute is typically high, a pre-saturation of the filter with solute is not
necessary.

– Assessment of the amount of solution taken
This can be achieved by filtering the sample into a flask containing a weighed
amount of solvent at room temperature. This solvent serves both as a dilatant but
namely as a quench in the case that hot solutions are filtered entailing the danger
of a loss of solvent and thus weight due to evaporation. The size of the sample fil-
tered can be assessed by weighing the flask before and after filtration.

Once the samples are diluted and subsaturated, with the quantity of sample
known, the amount of solute present is to be determined. Several methods are in use:

– The most versatile method is the use of HPLC or UPLC
The technique has the advantage to cover a very wide range of concentrations for
which the concentration can be assayed. Relatively small concentrations for solubility
are accessible. A further advantage being that it can distinguish and quantify impuri-
ties present in the supernatant.

– Quantitative UV spectroscopy is sometimes used.
The method can cover a limited range of concentrations. Its results are obscured by
low specificity as not only the solute but other moieties, for example, related sub-
stances, might also absorb in the UV range chosen.

– Evaporating the solvent in the sample, by a “rotavap” or any other device
The use of a “rotavap” is advisable, as the surface area of the solid in the round
bottomed flask can be kept large, minimizing the risk of solvent inclusions in the
solid. A drawback of this technique is that the mass of solute and solid impurities
present in the supernatant are not differentiated, which might lead to erroneous
results.

Thus, only the chromatographic method can unambiguously quantify the
amount of dissolved target compound, while the latter two cannot distinguish im-
purities stemming from the dissolution of the starting material.

As already mentioned, the solid-state form of the solid residue during equilibra-
tion with the supernatant must be assessed. This requires the sampling of the resi-
due and assessment of the actual solid-state form. Sampling can be achieved by
either a quick filtration or a decanting of a suspension that has settled. For the set-
tling, centrifuges with a temperature control can be used. For the assessment of the

10 Solubility and phase behaviour from a drug substance manufacturing perspective 291

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



solid-state form, several techniques such as PXRD, DSC, IR, or Raman spectroscopy
can be used. Care must be taken during drying of the solid residue to avoid conver-
sion of solvates to ansolvates or lower solvates due to loss of solvent of solvatiza-
tion. The same holds true for hydrates. A comparison of the solid-state form of wet
and dried samples is recommendable.

Finally, a microscopy of the crystals might be of help, as changes in the solid-state
form during sampling and measurement will most probably be a solid-solid phase tran-
sition, as the time would not suffice for a solution mediated phase transformation.
Such a phase transformation is generally accompanied with a destruction of the homo-
geneity in the crystal appearance as shown in Figure 10.27.

The quantitative flask method has its advantages but also some drawbacks.
Advantages are:
– The method is simple and cheap to set up.
– The solid-state form for which the solubility is determined can be unambigu-

ously assessed by sampling the residue.

Some of the advantages are also directly a drawback:
– The equilibration takes time, where the actual time required is not known. A

solution of this issue is a repeated sampling of the supernatant and a determi-
nation of the concentration in solution. Figure 10.25 shows data for a solution
being saturated. In addition, data for the desaturation of a supersaturated solu-
tion is shown.

– Data for temperatures close to the boiling point of the solvent are difficult
to assess, as the effects of solvent evaporation during sampling become
important. In such cases, techniques discussed in Section 10.3.4 are better
suited.

Parent
hydrate

Transformed
anhydrate

Figure 10.27: Microscopic images of a solvate form of a crystal, left, undergoing a desolvatization
in a solid-solid phase transformation during drying, right. The neat and homogeneous
birefringence is lost while the outer shape and symmetry of the crystals remains.
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10.3.3.2.2 Flask method – metastable forms
The equilibration of solid and solution takes time, so that a metastable solid-state form
can transform to a more stable, and thus less soluble one before equilibrium has been
reached. Thus, the flask method is mainly used to assess solubility of the stable form.
However, if the nucleation of and transformation into a more stable from is slow, the
flask method can used at least to estimate the solubility of a metastable solid-state
form.

A suspension with the form under investigation is prepared. Both the concentration
of the solute in the supernatant and the solid-state form of the residue are assessed as a
function of time. If the concentration has reached a plateau and stays at this plateau for
at least some hours, while the solid-state form of the residue remains – mainly – of
the form under investigation, the concentration at the plateau can be taken for its solubil-
ity (Figure 10.28). As the concentration in solution roughly corresponds to the solubility
of the dominant phase of the solid residue, small amounts of a more stable form do not
significantly influence the results.

The data can be checked by plotting the solubility of both the metastable form and the
stable form as a function of temperature in a van’t Hoff- plot. The difference in enthal-
pies of dissolution should be comparable to the difference in fusion as assessable by
thermal analysis.
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Figure 10.28: Concentration of a solute in its supernatant using a metastable form, either a
polymorph or a solvate, circles. Both the concentration and the solid-state form are followed
as a function of time. The solid state form is expressed as fraction of the unstable ß (editor:
sign for beta that is ) form, triangles. If the concentration reaches a plateau for some time
while the solid-state form of the residue remains – mainly – of the form under investigation,
the concentration at the plateau can be estimated for the solubility of the metastable form
used for preparation.
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10.3.4 Saturation temperature methods

The drawbacks of solubility determination via measurement of the concentration of
solute in the supernatant, namely during sampling and workup of the supernatant,
can be avoided by the determination of the saturation temperature for a solution
with known concentration. Several techniques for the determination exist. All have
certain advantages and disadvantages.

10.3.4.1 Slow heating –manual procedure

A suspension with a known concentration is prepared, for example, by weighing
solvent and solute into a tightly sealed container. The amount of solid weighed
must be such that the system still contains an amount of undissolved solute at the
starting temperature. This suspension is slowly heated, for example, in 5 K or better
1 K steps. At each step, the development of the residue is observed visually, over
one day. If the solid material is not dissolved completely, the temperature is in-
creased to the next temperature level. Depending on the step width, the saturation
temperature is accessed to a certain interval. The suspension must be observed for
a time long enough that the dissolution process has attained equilibrium. However,
this is only necessary for the last interval before the saturation temperature is
reached, where the amount of solid residue is low. This considerably shortens the
time for complete equilibration.

The container must be tightly sealed to avoid any evaporation. As a check, the con-
tainer can be weighed after each temperature step.

This method has the advantage of being accurate with respect to the solid residue,
as the eye can easily detect even tiny amounts of solid. The time for equilibration can
be chosen over a wide range.

The solid residue can be controlled to be the stable form by preparing the initial
suspension with this solid-state form.

If no solid is present after preparation or after bringing the system to complete dis-
solution, crystalline material can be generated by a cooling step. No active control
over the solid-state form of the solid residue is possible during this procedure. One
way to tackle this issue is to analyse the solid residue generated. However, after sam-
pling the concentration is no longer known, so that this determination is possible only
retrospectively.

10.3.4.2 Crystal16 method

An automated version of the saturation temperature measurement was first pub-
lished by Mettler [16] while commercial equipment is available under the name
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“Crystal16” [17]. The basic idea is the same as described above for the determination
of the saturation temperature, i.e. the temperature of complete dissolution: A sus-
pension with known composition is slowly heated until all solid is dissolved. The
process is automated using a turbidity probe to monitor the dissolution process
(Figure 10.29).

Afterwards, each vial is cooled to generate a suspension. Different heating and cool-
ing rates can be employed, thereby extrapolating the temperature for infinitely slow
heating.

The apparatus accommodates in total 16 vials grouped into four blocks. The
temperature of each block can be controlled independently. Thus, four independent
trials with four repeats each can be carried out simultaneously.

Figure 10.30 shows a scheme of heating and cooling cycles and typical curves
for turbidity as measured by the probe. This technique allows the determination of
solubility, but also the determination of the metastable zone limit.

By plotting the turbidity versus temperature (Figure 10.31), the saturation tem-
peratures and their variability as well as the temperatures required for nucleation
become evident.

The second and all following cycles need the nucleation of crystals, which can
be difficult for lower solubility at lower temperatures as nucleation in organic sys-
tems typically requires a substantial subcooling of typically 10–15 K.

Figure 10.32 shows the results for measurements at elevated temperatures. The
heating and cooling rates varied between 0.25 and 1 K/min. The clear points, i.e.
the apparent saturation temperatures do not depend significantly on the heating
rates. However, as expected, the nucleation temperatures or cloud points are a
steep function of the cooling rate.

𝜗=𝜗 (t)

Figure 10.29: Experimental set-up for the “Crystal16”
automated measurement of solubility. The sample is
in a 2 mL vial equipped with a magnetic stirrer. This
vial is placed inside a temperature-controlled heating-
block. The dissolution of crystals during heating and
the appearance of crystals after cooling is followed by
a transmission turbidity probe.
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Solubilities as determined by the Crystal16 method are compared with values
obtained by the static flask method for the same system (Figure 10.33). The agree-
ment is satisfactory.
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Figure 10.31: Plot of turbidity versus temperature for the measurements presented in Figure 10.30.
A considerable variability between the cycles can be seen, namely for the temperature of
nucleation.
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Figure 10.30: Temperature cycles for the determination of the saturation temperature of a
suspension with known composition. Each heating ramp is followed by a cooling ramp until
nucleation occurs. Repeated saturation temperature determinations with different heating and
cooling rates can be carried out. This technique also yields the metastable zone width.
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Using the synthetic solutions and the Crystal16-method is especially advanta-
geous at higher temperatures, where sampling of the supernatant might be difficult
due to excessive evaporation of the solvent.

There are several issues that need to be addressed for the Crystal16 method to
yield reliable data:
– The solid-state form of the crystals in suspension is not unambiguously known.

Namely the spontaneous nucleation during the cooling cycle is prone to yield a
metastable modification.
Oiling-out might occur and be mistaken as crystallization by the turbidity probe.
Additionally, disappearing of the emulsion might be mistaken as saturation tem-
perature of the crystals.

– Conversely, any transformation in solid-state form might occur during heating but
go unnoticed.

– Cases are known where the crystals tend to agglomerate during the heating
cycle or even stick to the walls and thus disappear from the field of view of the
turbidity probe. This yields erroneous results for the saturation temperature.

Awareness of these issues and addressing them by visual inspection of the suspension
or by sampling the suspension can solve these problems.

A further improvement is the automatic addition of known quantities of solvent
after heating/cooling cycles, allowing for the true automated determination of the solu-
bility diagram.

0 20 40 60 85 90 95 100
0.0
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c ( g/gwater)

Clear -points

Cloud -points
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Figure 10.32: Solubilities determined by the Crystal16 method. The clear points, that is, the
apparent solubilities, do not vary significantly with the heating rates, while the cloud points
significantly depend on the cooling rate. Note the different scales for temperatures 0 to 70 and
85 to 100°C.
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10.3.4.3 Bracketing technique

One of the few techniques that can unambiguously assess the solubility of all solid-
state forms is the bracketing technique [11, 18, 19]. The basic idea is to place one crystal
of the respective solid-state form under consideration into a solution with known com-
position and to observe the partial dissolution and partial growth of that specific crys-
tal of known modification under a microscope in a temperature interval around the
saturation temperature of this form (Figure 10.34).

The temperature of the solution is first set to a temperature where the crystal slowly
and slightly dissolves. Afterwards, this temperature is lowered to a temperature
where the crystal grows. This cycle in repeated with a decreasing temperature span
until the saturation temperature is cornered by a dissolution and a growth tempera-
ture to a degree small enough for the purpose (Figure 10.35). It can be important to
start the cycle with a dissolution step to clean and activate the surface. Otherwise,
growth might be impeded at low supersaturations.

Lamp

Synthetic solution
w/ crystal at bottom

Figure 10.34: Set-up for the bracketing technique to
assess the solubility of a crystal of known solid-state
form. The crystal is placed into a solution of known
composition. Its dissolution and growth are observed
under a microscope at certain constant temperatures.
For the choice of temperature points see text and the
sequence of temperatures as indicated in Figure 10.35.

∆ϑ≤ 0.5...2 K

ϑ

ϑsat

Acceptable
uncertainty

Time

Figure 10.35: Temperature programme to determine the saturation temperature of a desired solid-
state form via the bracketing technique. The saturation temperature is cornered between
dissolution and growth until the saturation temperature is cornered within an acceptable limit for
the saturation temperature.
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The bracketing technique is very tedious to employ. Consequently, it has been
used only sporadically.

10.3.5 Plausibility checks

Solubility data are unique and do not depend on person, place or time. However,
solubility data can be prone to depend on parameters that the experimenter may
not be aware of, and solubility data can be prone to errors due to experimental con-
ditions. Some simple plausibility tests have been summarized in Table 10.3. These
are easily applied and can prevent from using faulty solubility data.

Plotting the data according to the suggestions in Table 10.3, that is, in a manner
that the data points form a straight line and making some good practice judgement
can help improve the quality of the solubility measurements drastically.

Some few rules apply to the transition points between polymorphs and between
differently solvated forms. These should also be used for a plausibility check of the
data (Table 10.4). However, there are also exceptions from these rules, like hydrates
that convert to anhydrates in aqueous suspensions [20].

10.3.6 Interpolation and extrapolation

The interpolation of solubility data is best made from a plot of solubility that ren-
ders the data in a straight line, i.e., ln c versus 1/T for the dependence of solubility
on temperature and ln c versus solvent composition for isotherms as a function of
solvent composition. This should be done for the solid-state form under
consideration.

An extrapolation of solubility data bears the risk that a change in solid-state form
is not considered as this is a first order phase transition occurring at a defined point,
which cannot be extrapolated. As in any extrapolation, small deviations from the trend
might become too large. Determination of solubility should be made in such a way that
an extrapolation is not required.

10.4 Modelling solubility of crystalline material

10.4.1 General remarks

In this chapter, modelling solubility is understood as predicting the solubility either ab
initio or from a very limited set of information. This topic is also discussed in chapter 3
of this book. For process development and optimization purposes, this means treating
fully crystalline solids. Attempts are made to model the increase in solubility by going
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Table 10.3: Plausibility checks for solubility data that can be inferred from plots of solubility data.

Type of
measurement

Plotting Tests

Solubility as a
function of
temperature

Plot ln x, the logarithm of the
molar fraction as a function of
/T, if the solubility is not too
high, concentration can be
plotted instead of the molar
fraction

– The data should be on a straight line, or a line
with a small curvature.
Outliers are easily detected,
If outliers are observed, a redetermination of
solubility will either yield the “true” data or
reveal a dependence meriting further
investigation.

– The slope of the line should be in most case
close to or somewhat lower than the heat of
fusion.

– Check for changes in slope and assess if
sudden changes in the slope are accompanied
by changes in the solid-state form
A change in solid-state form in the range of
temperatures covered is accompanied by a
change in slope of the solubility curve. The
change in slope between solvates or between a
solvate and an ansolvate is usually quite high,
with the solid-state form of the higher solvated
form having the lower heat of dissolution and
consequently a lower slope.

– In enantiotropic systems, there is only one
crossing between the forms.

– If a change in solid-state form occurs and if at
least one of the solid-state residues is a
solvate, the degree of solvatization decreases
with increasing temperature.

Solubility
isotherms as
a function of
solvent
composition

Linear plot Curves can be either concave, convex, or even
exhibit a maximum.

Plot log of concentration as a
function of solvent composition

– For a solubility isotherm, a change of the
solid-state form of the solid residue can only
concern a change in the degree of
solvatization or in the solvent of
solvatization.

– The higher the concentration of the solvent of
solvatization, the more stable is the
respective solvate and the higher is the
degree of solvatization with this solvent.

– Plot solubility isotherms reduced with the
solubility in pure primary solvent
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from a crystalline to amorphous solid-state forms, mostly for solubilization of low solu-
bility moieties in water, but will not be discussed here.

Modelling of solubility of crystalline solids is an evolving field. One of the un-
derlying goals of the development of solubility models lies in a reduction of exper-
imental efforts to accelerate process development, namely for solvent (pre-)
selection or even in a pre-selection of development candidates from their solubil-
ity behaviour.

10.4.2 Thermodynamic basis of models

As detailed in part 2 of this chapter and summarized by eq. (10.5), solubility is
given by the free enthalpy of dissolution, ΔdG, and the activity coefficient, γ2, of the
moiety in the specific solvent. The two terms can be discussed as follows:
– ΔdG

The free enthalpy of dissolution influences solubility exponentially. Therefore,
it must be known with some accuracy. Up to now, no models are known to cal-
culate the free enthalpy of dissolution ab initio. However, in first approxima-
tion, the free enthalpy of dissolution is independent of the solvent if the
interaction between solvent and solute are comparable and can be estimated
from the heat and temperature of fusion (eq. (10.7)). Thus, the free enthalpy of
dissolution can either:

– be estimated experimentally from DSC data. Again, a high accuracy is required,
for which the sample must be pure enough, namely free of residual solvent,
and it must be of high crystallinity. These conditions are often not fulfilled, at
least in early stages of development when a modelling would be most helpful.

or
– it can be estimated from the solubility of the moiety in one solvent.

This of course requires the activity coefficient to be known for the first and all
other solvents.

Table 10.4: Rules for transition points between polymorphs and between differently solvated solid-
state forms that should be checked for phase diagram assessments.

Transition between Rules

Polymorphs – Only one or no transition between two forms possible

Solvates
Solvates and
polymorphs

– Degree of solvatization decreases with temperature
– In solvent mixtures, concentration of solvent necessary to stabilize solvate
increases with increasing temperature
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– γ2
The activity coefficient plays an important role in solubility, its prediction, and
transfer between solvents, cf. eq. (10.5).

The discussion of solubility modelling is thus concentrating on modelling the activ-
ity coefficient of the solute in the given solvent.

Thus, ab initio modelling of solubility from structural information, including
the crystal structure and accordingly the solid-state form, so far appears to be im-
possible to any necessary accuracy for process development. However, the influ-
ence of different solvents on solubility can be modelled, if the solubility in one or a
small number of solvents is known.

10.4.3 Modelling solubility via activity coefficients

As discussed in the last paragraph, modelling solubility at least partially boils down to
the task of modelling the activity coefficients of the solute in solution. Several ap-
proaches are known:
– Solubility parameter models [21, 22]
– Wilson, NRTL and polymer NRTL models [21]
– UNIQUAC model [21]
– UNIFAC group contribution models, namely those specialized for pharmaceutical

compounds [23]
– COSMO-RS [24]
– PC- SAFT [25]

10.4.3.1 Example of group contribution modelling

To model the solubility of a compound, more specifically to model the activity coeffi-
cient of the solute in a solvent, the group interaction parameters must be known. For
the group interaction parameters, both the solute and solvent molecule are broken into
basic groups, which are assumed to have universally applying interactions. Thus,
these interaction parameters can be derived from model systems and then transferred
to the system in question. However, given the molecular complexity of modern re-
search and development compounds, splitting the molecules into groups is difficult,
and the interaction parameters of these groups are not all known.

For a simple molecule such as long-chain aliphatic carboxylic acid, the solubility
in methanol, acetone, and ethylacetate has been measured and modelled using
UNIFAC. From the solubility measurements, the activity of the solute has been calcu-
lated backward using the experimental heat and temperature of fusion. These experi-
mental activity coefficients are compared with the modelled ones (Figure 10.36). The
agreement for this simple molecule is acceptable, that is, within an error of 30%.
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10.4.4 Modelling solubility via transfer – SAC-NRTL

The NRTL model has been extended to use experimentally determined solubility
data to improve the modelling. A small number of five solvents has been proposed
in which the solubility has to be measured. These solvents cover the spectrum of
four types of “conceptual surface segments”
– Hydrophobicity
– Hydrophilicity
– Hydrogen-bond donors and acceptors
– Electrostatics: electron donors and acceptors
– Solvation: attractive to hydrophilic molecular surface
– Dipolar: repulsive or attractive to hydrophilic molecular surface

These data first yield values for the enthalpy of dissolution as well as NRTL interac-
tion parameters.

The solubility of Lovastatin was modelled for 13 solvents using SAC-NRTL with
the experimentally determined solubility in water, methanol, acetone, toluene, and
heptane as calibration. The comparison between calculated and measured values is
shown in Figure 10.37. The agreement between measured and predicted values ap-
pears sufficient. However, in some cases, deviations of half an order of magnitude
are also observed.

The dependence of the solubility on temperature can also be predicted using
SAC-NRTL. Figure 10.38 shows the comparison between measurement and pre-
diction for the solubility of Lovastatin in five solvents. Again, the deviation of
the prediction from the measured values is reasonable and on the order of ½
magnitude.

MeOH
Acetone
EtOAc
Other

0.0 1.0 2.0 3.0
0.0

1.0

2.0

3.0 𝛾UNIFAC

𝛾mxd

Figure 10.36: Comparison of experimental activity coefficients of long-chain aliphatic carboxylic acids
in three organic solvents (methanol (MeOH), acetone and ethylacetate (EtOAc)) as derived from
solubility data and experimental data for fusion. Activity coefficients were calculated using UNIFAC.
Solubility increases with decreasing activity coefficient.
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The prediction of solubility isotherms in aqueous mixtures with organic solvent
yields the results shown in Figure 10.39. The absolute values of solubility are pre-
dicted in an acceptable way. However, the curvature itself and namely the position
of the maxima in the solubility curves are not always met.
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Figure 10.37: Comparison of the solubility of Lovastatin in thirteen solvents as calculated using
SAC-NRTL based on a calibration with experimental solubility data in water, methanol, acetone,
toluene, and heptane. All data are for 45 °C. Graph redrawn from [26].
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Figure 10.38: Solubility of Lovastatin in five solvents as a function of temperature: Comparison of
measured data and data predicted by SAC-NRTL. Graph adapted from [26].
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10.4.5 Literature data of solubility

For most systems in the healthcare but also in the life science industry, solubility
data is required for moieties, for which hitherto no solubility data have been
assessed nor published. Several databases exist that have compiled nearly all solu-
bility data published [27]. Data for inorganic systems as well as organic systems are
included in the database. Many of the data have been checked for consistency.

10.5 Solubility and crystallization development

The development, trouble-shooting, and optimization of a crystallization process is
very much facilitated by the knowledge of solubility data or better, by knowledge of
the phase diagram. Some examples of conclusions derived from solubility data and
phase diagrams are presented below.
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Figure 10.39: Comparison of solubility isotherms in mixed solvents. Predicted and measured
solubilities are compared for two moieties dissolved either in an acetone–water mixture, top and
an n-propanol–water mixture, bottom. Graph redrawn from [26].
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10.5.1 Solubility and crystallization conditions

A crystallization process of a drug substance, an intermediate or any other spe-
cies requires the substance to be dissolved in a given solvent. Starting from the
homogeneous solution, the solubility of the moiety is decreased. The solution
becomes supersaturated, and the substance is crystallized and harvested. With
this crystallization process, the substance is not only yielded in a solid form, but
also the solid-state form, the polymorph is defined. Additionally, the particle
size distribution and crystal shape are determined. Finally, but equally impor-
tant, a purification is achieved. A parameter beyond quality of the drug sub-
stance is the yield of the crystallization process. All these parameters are
governed by solubility of the substance, and with regard to purification of re-
spective impurities.

Depending on the solubility behaviour, the crystallization technique is chosen
from the following techniques:

– Cooling crystallization
For organic moieties, the cooling crystallization is by far the most frequently ap-
plied crystallization technique. It is easiest to control via a temperature programme.
Cooling crystallizations require the solubility to change by a factor of 10–20 over a
temperature range from close to boiling point of the solvent to the lowest tempera-
ture practically used, which is around ‒10 °C.

– Evaporative crystallization
An evaporative crystallization can be carried out for any kind of temperature depen-
dence of the solubility. However, control of such a crystallization process is more
advanced, namely the control of local supersaturation heavily depends on the mix-
ing conditions.

– Drowning-out crystallization
Drowning-out crystallizations are rarely used. This is since drowning-out crystalli-
zations are usually associated with high (local) supersaturations that do not allow
for an easy control of crystallization conditions. They entail no or a reduced purifi-
cation effect.

Cases when a drowning-out is advised are crystallizations requiring high yields
such as for the recovery of intermediates where the purification does not matter
much and crystallizations of moieties that are promiscuous solvate formers, for
which no primary solvent can be found with which no solvate is formed.

Knowledge of solubility as a function of solvent composition will facilitate find-
ing appropriate crystallization conditions.

When considering the crystallization process, it is not only the crystallization
itself, but also the solid–liquid separation including the washing that is affected by
solubility:
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– Suspension density, that is, the concentration of solids in the suspension:
The suspension density in a crystallization process is determined by the starting con-
centration and yield desired. As the desired yield is typically around or above 90 %,
the suspension density is equivalent to the starting concentration. Depending on the
equipment, the suspension density that can be used in a batch crystallization is typi-
cally on the order of 20 % with maximum values up to 40 %, which limits the starting
concentration to these values.

– Solubility at the end of the crystallization process:
Solubility at the end of the crystallization should be low to minimize losses during
washing. In most cases, the washing liquor will reach concentrations close to satura-
tion. As the washing liquor is removed, this would amount to substantial losses in
yield. For a typical cake porosity of 25 %, a solubility of 2 % would result in losses of at
least 1 %. Finally, a high solubility in the mother liquor will most probably lead to
more agglomeration during drying when the material dissolved in the residual mois-
ture crystallizes out.

In cases that no solvent with appropriate solubility of the substance can be
found, the solubility can be decreased by adding an anti-solvent. A close to linear
relationship between solvent composition and solubility as depicted in Figure 10.5
and discussed in Section 10.5.2 is needed for facile and robust processes.

10.5.2 Choice of solvent–solvent mixture to reduce suspension
density

Basic considerations for the choice of solvent are the ICH classification of solvents
and the quantity of solvent remaining in the crop after drying, the availability of
the solvent in the plant, the solvents used on previous stages, and finally, the solu-
bility and its dependence on temperature.

For the crystallization of a steroid, a small number of solvents came into focus.
The solubilities of the steroid in these solvents at room temperature are listed in
Table 10.5. A high solubility in various solvents, such as ethylacetate (EtOAc),
methyl-ethyl-ketone (MIBK), and isopropanol (iPrOH), is found. An exemplary de-
termination of the solubility as a function of temperature for MIBK showed suffi-
cient dependence of solubility on temperature (Figure 10.40). As can be deduced
from Table 10.5, non-polar solvents such as diisopropylether (DIPE) or hexane are
bad solvents.

Opting for MIBK would have resulted in a suspension density of >800 g/kg, a
way too high value.

Testing mixtures of MIBK and DIPE, it was found that these two solvents do not
behave like a solvent–anti-solvent pair. Rather a close to linear dependence on solvent
composition was found (Figure 10.41).
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It was thus decided to crystallize this steroid from a 1:3 mixture of MIBK and DIPE
using a cooling crystallization, the preferred crystallization process. The suspension
density for these conditions was ≈20 %, a value easily within the process conditions.
Finally, the crystallization afforded a yield of 90–95 %.

10.5.3 Seeding – point of addition

Common practice for seeding is the addition of seeds shortly after passing the satu-
ration line and well before reaching the metastable zone, that is, typically one-third
into the region between saturation and spontaneous nucleation. Thus, the measure-
ment of solubility will give valuable information on the point of seeding. The point

Table 10.5: Solubility of a steroid in few solvents
estimated for 25 °C.

Solvent Solubility at  °C in g/kg of solvent

EtOAc 

MIBK 

iPrOH 

DIPE 

n-Hexane .

It is evident that the steroid has a very high solubility in
the first three solvents, while the solubility in the latter
two is negligible.
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Figure 10.40: Solubility as a function of temperature of the steroid also discussed in Table 10.5 in
MIBK. Data give only the trend but show that a cooling crystallization with a high yield appears
feasible. The high solubility of up to 800 g/kg of solvent at 80 °C would result in a suspension
density that cannot be handled, neither in the lab nor in the plant.
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of seeding can be equally well determined by a titration, that is, by a subsequent
addition of seeds to a solution slowly driven from subsaturation to spontaneous nu-
cleation. A comparison of the point of seeding with solubility measurements might
reveal hitherto undetected parameters influencing solubility.

For a solution containing 37 g of solute per 1 kg of solvent, dichloromethane in this
case, the temperatures for seeding were titrated. The interval of temperatures between
dissolution of the seeds and their growth are shown in Figure 10.42. Contrarily, the

0 20 40 60 100

0.1

0.2

0.3

47

25
–10 °C

c(g/gsolvent)

(%)𝜙
MIBK

Figure 10.41: Solubility isotherms of a steroid in MIBK–DIPE mixtures. The solubility has a close to
linear dependence on composition. DIPE does not act as an anti-solvent but can rather be used to
decrease the solubility in pure MIBK and to arrive at a suspension density that can be handled.

44

40

36Dissolution

Seeding in lab

Solubility

Metastability

Growth
Lab Pilot plant

Plant

C (g/kg)

Figure 10.42: Temperatures at which seeds introduced as a suspension to a solution containing
37 g of solute per 1 kg of solvent dissolved or grew, depending on the lieu of the process.
Contrarily to laboratory conditions, the seeds dissolved in the pilot plant and plant under
conditions under which growth was occurred in the laboratory.
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seeds dissolved in the pilot plant and plant conditions under which growth al-
ready occurred under laboratory conditions. In effect, the point of addition of
the seeds was increased by more than 5 K, indicating an increased solubility.

It was shown by solubility measurements that the effect was due to the pres-
ence of small amounts of water in the dichloromethane which was used as solvent
resulting from the work-up of the solvent under pilot plant and plant conditions. As
discussed in Section 10.2.2 and quantified in Figure 10.4, small levels of water
below the miscibility gap increase the solubility considerably. Consequently, the
parameter water is to be monitored and taken into account.

10.5.4 Representation of the crystallization process in phase
diagrams

The course of crystallization processes can be followed in the respective phase dia-
gram. This is not a prerequisite in process development but can facilitate process
optimization.

10.5.4.1 Polymorphs

A representation of the crystallization process in the solubility phase diagram is ad-
visable for systems forming more than one polymorph and namely for polymorphs
with an enantiotropic relation. The system presented in Figure 10.12 will be used to
elaborate this. For the process development and optimization, the low dependence
of the solubility on temperature lead to the choice of an evaporative crystallization
close to the boiling point of the solvent, followed by a cooling crystallization to
maximize yield.

The evaporative crystallization at elevated temperatures definitely leads to
the crystallization of form B . This is confirmed by sampling of the suspension
and determination of the concentration in the supernatant and the polymorph
(Figure 10.43). For the cooling part of the crystallization, it becomes obvious
that the cooling is carried out too fast. Consequently the concentration in solu-
tion deviates considerably from the equilibrium solubility. A cooling below the
transition temperature between forms B and E of 5 °C quickly supersaturates the
system. Form E is nucleated. The solubility diagram indicates the rapid increase
in the supersaturation of form E below 5 °C.
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10.5.4.2 Solvate-forming systems

For a system forming an anhydrate and a hydrate, the solubility phase diagram has
been determined for mixtures of water and ethanol. Solubility was determined as
isotherms as a function of solvent composition (Figure 10.44, left). These values
were consequently converted to solubility at constant solvent content as a function
of temperature for three characteristic water contents, 1 %, 4.5 %, and 9 % water
(Figure 10.44, right). The transition points between the anhydrate and hydrate are
shown.

The moiety is a hydrochloride salt. Water is the good solvent while ethanol is a
mediocre solvent. Salt formation is initially carried out at a temperature of 25 °C by
the addition of hydrochloric acid followed by cooling to increase yield.

The phase diagram shows that the starting concentration of water plays a deter-
mining role in the hydrate form formed and its stability throughout the process. The
path of cooling crystallizations after the addition of hydrochloric acid starting at cstart
are shown in Figure 10.44 for three different fractions of water. For the fractions < 8 %
water, the solid-state form initially stable is the anhydrate. Depending on the degree of
cooling and the fraction of water present, a change in stable solid-state form from the
anhydrate to the hydrate might occur. In cases ① and ③, either the anhydrate or hy-
drate remain stable, while the cooling at intermediate fractions of water, case ②, the
stable solid-state form changes upon cooling. In effect, the anhydrate is nucleating first
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cend

cstart

𝜗end
𝜗start

𝜗 (°C)

Figure 10.43: Course of a cooling crystallization of a system with two polymorphs – forms B and
E – that are enantiotropically related. The enantiotropic transition temperature is above the
final- temperature of the crystallization process but below the starting temperature. For a run on
production scale, the concentration in the supernatant has been followed, green triangles.
A considerable supersaturation in the supernatant is necessary for the crystallization to proceed. From
the solubility curves for both polymorphs, the supersaturation of modification E can be estimated, if
the primary cooling results in the high-temperature modification B.
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but the nucleation of the more stable hydrate upon cooling below the stability tempera-
ture occurs within ≤1 h. This is far too short for any stable process.

Starting from such a phase diagram, the developer can make an informed choice
for the process conditions.

10.5.4.3 Incongruent dissolution of solid-state forms

In case of a compound that is incongruently dissolving, the crystallization process
must make sure that the solid-state form crystallized is the desired one and possesses
the desired purity. In case of incongruent dissolution, the path of the crystallization is
shown in Figure 10.45.

The crystallization is started in a subsaturated state. A removal of solvent will
drive the concentration along the diagonal. Two cases can be distinguished:
– In case of a congruent melting, the saturation line of the compound will be

reached, and the desired compound will crystallize out, full line in Figure 10.45.
– In case of an incongruent melting, the concentration in solution will first reach

the saturation of one of the components that will crystallize.
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Figure 10.44: Solubility isotherms for a hydrochloride salt in aqueous ethanol. The moiety forms
both a hydrate and an anhydrate. The data were measured for 0 and 25 °C. Transition are shown
for these temperatures. For 45 °C, only the transition point was assessed. Measurements were
done by assessing the isotherms, left, and then used to calculate the solubility at constant solvent
composition, right. The path of cooling crystallizations starting at cstart are shown for two different
fractions of water. For the fractions shown, that is, < 8 % water, the solid-state form initially stable
is the anhydrate. Depending on the degree of cooling and the fraction of water, a change in stable
solid-state form from the anhydrate to the hydrate might occur. In cases① and ③, the anhydrate
or hydrate, respectively, remains stable, while the cooling at intermediate fractions of water will
stabilize and possibly yield the hydrate upon cooling, case ②.
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Via this crystallization of one of the components, component A in Figure 10.45, the
concentration in solution will tend towards the solubility line of the compound, case II.

10.5.5 Liquid–liquid phase separation

An LLP separation must be avoided in a crystallization process, as it might lead to a
decrease in purification, high residual solvent content, and particles difficult to
handle. Thus, it is of importance to detect such a phase separation and to take
counter-measures. In case of a:

– Stable oiling-out
The only remedy is to change the solvent system or for a given solvent system to
start the crystallization below the LLP separation. However, due to a possible insuf-
ficient solubility at this temperature, this might be impracticable as it might lead to
low yields. In essence, a change in solvent is recommended.

– Metastable oiling out
The crystallization can be carried out at supersaturations low enough so that the
system stays between the saturation line and the immiscibility dome: Frequently
this means to carry out the crystallization very slowly. In case of a cooling crystalli-
zation the temperature difference between the suspension and the wall of the vessel
must be kept small.

An example of a metastable oiling out and its mediation is shown in Figure 10.46. The
top of the miscibility dome is only ≈5 K below the solubility line and follows the solu-
bility line closely.

csat, A

csat, B

Stoichiometric
A

B

II

csat, co-crystal

I

co’s

1
2

Figure 10.45: Course of a crystallization for a system forming a compound of the two components in
solution, that is, a co-crystal. Two cases are differentiated: One with congruent dissolution, II and one
with incongruent dissolution I. For the latter case, the crystallization follows the blue line.

314 Wolfgang Beckmann

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



In this case, crystallization needs to be carried out with a low supersaturation, includ-
ing a heavy seeding some few degrees below saturation, point ① in Figure 10.46, and
a slow cooling to the final temperature, line②, without any acceleration at lower tem-
peratures, point ③. The latter point also limits the temperature difference between the
suspension and the coolant to some few degrees at the expense of a decreased cooling
rate in the plant.

10.6 Summary

The development, optimization, as well as the trouble-shooting of crystallization
processes are vastly facilitated by a sound knowledge of solubility data and phase
diagrams. These are especially important for the crystallization of moieties that can
form polymorphs or pseudo-polymorphs such as hydrates and solvates. Especially
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Figure 10.46: Solubility line with immiscibility dome in a single component solvent/API system.
Also indicated is the path of the crystallization, as shown by the red arrow. The immiscibility and
the solubility range are close. The tip of the miscibility dome in only ≈5 K below the solubility line.
At low temperatures, the liquid–liquid equilibrium and solubility line are close. Three critical
points are noted. First, the point where the system is first supersaturated by cooling,①, and
where the cooling must be slow enough to reduce the supersaturation generated by the cooling
sufficiently. Second and third, the cooling itself must be slow enough for the system to follow the
critical path between solubility and liquid–liquid phase split, ② and ③.
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in the case of moieties with multiple solid-state forms, following the crystallization
process in the phase diagram can greatly improve the process understanding and
help in assessing the limits within which the crystallization process can be safely
carried out, namely with respect to the desired solid-state form.

Assessing solubility data and the respective phase diagrams is straightforward
and can be carried out in a structured approach that can be tailored according to
the polymorphic behaviour of the system and the solvent system under consider-
ation. Equally important and helpful are thermodynamic considerations for the sol-
ubility behaviour that can serve both to structure and guide the measurements and
to corroborate and cross-check the results obtained. The experimental effort for the
determination of solubility and phase behaviour is relatively small. The equipment
necessary is simple, an automation of the measurements is possible, but not neces-
sarily advantageous.

Optimization strategies for crystallizations based on approaches such as quality
by design and design of experiment should be based on measured solubility data
and by following the path of the crystallization in the phase diagram.

The models available to predict solubility for process development are evolving.
For the time being, the most promising are based on a small subset to extrapolate
to other solvents. However, given the current accuracy of the predictions and the
ease of the experimental determination of solubility data, the latter approach might
still be the best choice.
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David Elder

11 Biowaivers

11.1 Introduction

The International Conference on Harmonization (ICH) guideline M9 titled
“Biopharmaceutics Classification System (BCS)-based Biowaivers” [1, 2] was first
adopted in June 2016 and reached the public consultation stage by June 2018. A bio-
waiver provides regulatory support for in vitro testing, to be used in lieu of in vivo
bioavailability and/or bioequivalence studies to enable product approval, based on
biopharmaceutical considerations. In vitro testing covers aspects such as solubility,
permeability, and dissolution. A biowaiver is therefore predicated on the assump-
tion that two solid oral immediate release products (test and reference) will behave
similarly within the gastrointestinal (GI) tract due to a combination of high solubil-
ity, rapid in vitro dissolution and an absence of drug precipitation once the drug is
solubilized, such that the in vivo dissolution profiles will be similar. This allied
with high passive permeability should ensure that the formulations exhibit the
same rate and extent of absorption resulting in bioequivalence [3].

It is therefore the expectation that ICH M9 will consequently minimize unneces-
sary in vivo studies in man and allow greater public access to vital medicines.
However, it should be recognized that this approach has not always universally
aligned or internationally accepted. Indeed, the sparsity of successful biowaivers
during clinical development may be a result of a lack of harmonization [4], which it
is hoped will be addressed by the ICH M9 initiative.

BCS and biowaiver considerations play an important role in approval of generic
drug products [5]. Over the 10-year period (2000 to 2011), the FDA approved 263
ANDA (Abbreviated New Drug Application) submissions. Prospective assessment of
these ANDA submissions using BCS criteria showed that 42% were BCS class I
drugs, 21% were BCS class II drugs, and the remaining 37% were for BCS class III
drugs. Not surprisingly, there were no BCS class IV drugs approved.

The most common deficiencies with respect to non-approval of proposed BCS-
based biowaivers were:
– Absence of pH-solubility profiles
– Inappropriate methodology for solubility determinations
– Absence of dissolution data across all marketed strengths
– Absence of critical aspects of quality management systems, for example, SOPs

(standard operating procedures) to support analytical methodologies
– Absence of data that support GI stability
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– Absence of any data assessing impact of efflux transporters on the cell line, for
example, Caco-2, MDCK (Madin-Darby Canine Kidney), etc., used in the in vitro
permeability assessments

– Absence of bidirectional data on the in vitro permeability assessments on the
compounds

11.2 The role of biowaivers

In certain cases, regulatory applications using biowaivers are likely to be permissi-
ble. As such, submissions can be based on either BCS considerations, in vitro–
in vivo correlations (IVIVC), in vitro–in vivo relationships (IVIVR) or simply based
on in vitro dissolution profile comparisons at different physiologically relevant
pHs, that is, pH 1.2, 4.5, and 6.8. Current examples of BCS, IVIVC, or IVIVR bio-
waiver approaches [6] include:
– supporting generic product entry versus the existing innovator product,
– supporting early-stage regulatory submission, that is, changing the product

type during early clinical development, for example, capsules to tablets, etc.,
– supporting the use of over-encapsulated comparator products, which are fre-

quently used in pivotal clinical studies, that is, Phase III,
– supporting bridging between the product used in pivotal clinical studies, that

is, Phase III and the ‘to be marketed’ commercial product,
– supporting product line extensions (PLEs), for example, oral liquids, for differ-

ent clinical populations, for example, age-appropriate formulations for vulner-
able populations, that is, paediatric or geriatric products,

– supporting various post-approval CMC (chemistry, manufacturing and control)
changes.

11.3 History and evolution of BCS

11.3.1 BCS definitions

Solubility can be simplistically defined as the amount of a drug substance that will
dissolve in a given amount of solvent (typically water or a simple aqueous buffer) at
a designated pH, temperature, and pressure (see chapter 1). From a BCS perspec-
tive, “a drug substance is classified as highly soluble if the highest single therapeu-
tic dose is completely soluble in 250 mL or less of aqueous media over the pH range
of 1.2–6.8 at 37 ± 1°C” [2].

Permeability can be defined as the movement or flux of a molecule across a bio-
logical membrane. BCS is typically concerned with passive transcellular permeability.
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From a BCS perspective “a drug substance is considered to be highly permeable
when the systemic bioavailability or the extent of absorption in humans is deter-
mined to be ≥85% of an administered dose based on a mass balance determination
(along with evidence showing stability of the drug in the GI tract) or in comparison to
an intravenous reference dose”[7].

Dissolution can be defined as the in vitro rate of solubilization (or release) of
drug from a solid oral dosage form at a designated pH, temperature, apparatus, agi-
tation speed, and using a specified media. To “qualify for a BCS-based biowaiver
for BCS Class I drug substances both the test product and reference product should
display either very rapid (≥85 for the mean % dissolved in ≤15 min) or rapid (≥85 for
the mean % dissolved in ≤30 min) and similar in vitro dissolution characteristics
under all of the defined conditions” [2].

11.3.2 Regulatory history on the use of BCS-based biowaivers

The BCS approach was introduced over two-decades ago in the mid-90s [3] to facili-
tate the introduction of biowaivers into the regulatory lexicon. The BCS approach
comprises of a four-box model for drug product evaluation based on an assessment
of drug solubility and permeability of the API and related in vitro dissolution pro-
files of the drug products.

There are four BCS classifications: class I (high solubility and high permeabil-
ity), class II (low solubility and highly permeability), class III (high solubility and
low permeability), and class IV (low solubility and low permeability). In the current
regulatory climate, biowaivers are typically granted for highly soluble compounds,
that is, BCS class I or class III products. The BCS is summarized in Table 11.1.

The US Food and Drug Administration (FDA) subsequently published regulatory
guidance for BCS Class I drugs describing the essential regulatory requirements in
which biowaivers would be applicable [8]. The Japanese National Institute Health
Sciences also published comparable guidance [9, 10]. Subsequently, the World
Health Organization (WHO) [11] and European Medicines Agency (EMA) [12, 13] fol-
lowed suite and additionally they also addressed the potential for the inclusion of

Table 11.1: Summary of BCS 4-box model [3].

BCS Class I
High Solubility/High Permeability

BCS Class II
Low Solubility/High Permeability

BCS Class III
High Solubility/Low Permeability

BCS Class IV
Low Solubility/Low Permeability
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BCS class III compounds. This encouraged updates in Japan [14] and the US [7] to
attempt to align international biowaiver guidance, which culminated in this topic
being recommended for inclusion in ICH discussions [1, 2].

11.3.3 Application of BCS-based biowaivers to essential drugs

A very comprehensive series of BCS biowaiver assessments of essential drugs is
being undertaken and concurrently published by the International Pharmaceutical
Federation (FIP) [15]. FIP have currently published 49 monographs covering all four
BCS classes and many drugs that cannot be easily assigned unambiguously into a
single BCS class. This is typical because either literature data for solubility or per-
meability is equivocal or inadequate, that is, insufficient data to accurately permit
BCS categorization (see Section 11.1 for typical deficiencies) or in those cases where
the solubility classification changes with respect to the definition of dose. That is,
the drug may be BCS class I for lower doses, which could be the highest market
dose strength of the product, but this subsequently changes to BCS class II for
higher doses which maybe the maximum single dose administered. Each mono-
graph summarizes the drugs’ physicochemical and pharmacokinetic performance,
including importantly the recommended dose in various international territories.
The monograph then summarizes dosage form performance including typical exci-
pients used, in vitro dissolution performance, and details of any bioavailability
studies that have been published. The discussion then focusses on solubility, per-
meability, BCS classification, evidence of bio-inequivalence from the literature, and
any patient risks associated with potential bio-inequivalence. A full summary of the
findings from the FIP initiative (to date) is provided in Table 11A.1 in Appendix 1,
and condensed summaries of those drugs that can be unambiguously assigned to
BCS categorization are provided in Tables 11.2. The BCS classification of the API is
based on the specifications of the guidances that were valid at the time of
publication.

The data fully exemplify the difficulties in applying BCS-based approaches for the
assessments of biowaivers. There are 49 monographs (accurate as of January 2019),
some of which cover more than one pharmaceutical salt, that is, Chloroquine (phos-
phate, sulfate, and hydrochloride) and diclofenac (sodium and potassium). Of these
only two-thirds of the monographs (i.e., 29 compounds) can be unambiguously as-
signed into one of the four BCS classes. The remainder cannot be unambiguously as-
signed to a single category. The lack of harmonization in the guidance and lack of
adequate data, especially arising from definition of dose and pH specifications, are
the reasons for most of the ambiguities in BCS classification.

From a biowaiver perspective, the following findings hold true for compounds
listed in Table 11.2. All BCS class I compounds (i.e., twelve) and all BCS class III
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compounds (i.e., seven) will support biowaivers; whereas, all BCS class IV com-
pounds (i.e., three) do not support biowaivers.

11.3.4 Evolution of BCS concepts

Tsume et al. [16] proposed a modification of the existing BCS approach for poorly
soluble BCS II/IV drugs, sub-dividing them into BCS II/IVa, II/IVb, and II/IVc. BCS
class IIa and IIb exhibit pH-dependent solubility; the former are weakly acidic
drugs which are poorly soluble at gastric pHs, for example, ibuprofen, ketoprofen,
but show good solubility at intestinal pHs. In contrast, class IIb drugs, for example,
carvedilol, ketoconazole, are weakly basic drugs, which show the inverse solubility
relationship. Class IIb drugs are prone to supersaturation and precipitation as they
move from the gastric into the intestinal compartments [15], see chapter 2.

In contrast, BCS class IIc drugs, for example, danazol, fenofibrate, are neutral
and exhibit low, pH-independent solubility. The BCS class IV drugs can similarly be
classified into IVa (high intestinal solubility), IVb (high gastric solubility), and IVc
(low solubility in both gastric and intestinal compartments). This is summarized in
Table 11.3.

Table 11.2: Condensed Summary of FIP Biowaiver Monographs for Essential Drugs
(BCS Classes I-IV) [15].

Essential Drugs Assigned into Various Biopharmaceutical Classification System (BCS) classes
(Biowaiver (Y/N) in brackets)

I II III IV
Acetylsalicylic Acid (Y)
Bisoprolol Fumarate (Y)
Chloroquine (Y)
Codeine (Y)
Doxycycline Hyclate (Y)
Levetiracetam (Y)
Levofloxacin (Y)
Metronidazole (Y)
Propanolol (Y)
Primaquine Phosphate (Y)
Stavudine (Y)
Zidovudine (Y)

Diclofenac (Y)
Fluconazole (Y)
Ibuprofen (Y)
Ketoprofen (Y)
Nifedipine (N)
Piroxicam (N)
Rifampicin (N)

Atenolol (Y)
Cimetidine (Y)
Enalapril (Y)
Lamuvidine (Y)
Metoclopramide (Y)
Pyrazinamide (Y)
Ranitidine HCL (Y)

Ciprofloxacin (N)
Folic Acid (N)
Furosemide (N)

1These so-called BCS IIa compounds (weak acids with good intestinal solubility) were initially
granted biowaivers under the original WHO guidance. However, the most recent WHO guidance
only covers BCS class I and class III compounds.
2As long as the composition of the test product is qualitatively the same and quantitatively very
similar to the reference product, with demonstrated usage in marketed products, then biowaivers
can be considered.
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There have also been some suggestions of modifying the BCS system by includ-
ing routes of drug elimination and assessing the effects of efflux and absorptive
transporters on oral drug absorption. Wu and Benet [17] identified that for those
drugs exhibiting high intestinal permeability rates, that is, BCS class I and II com-
pounds, the main route of drug elimination in man was via urinary metabolites. In
contrast, those drugs showing poor intestinal permeability rates in man, that is, BCS
class III and IV compounds, were principally eliminated unchanged in the faeces
[18]. They proposed that this new classification system, that is, Biopharmaceutics
Drug Disposition Classification System (BDDCS), was complimentary to the BCS ap-
proach, particularly in simplifying and accelerating drug development [18]. The au-
thors indicated that the BDDCS [17] was useful in assessing the (a) type, mechanism,
and relative importance of food in the absorptive process, (b) likely transporter ef-
fects on systemic drug concentrations following both oral and intravenous dosing,
and (c) overall drug disposition in those cases when transporters or enzymatic inter-
actions can produce clinically significant effects [19]. Wu and Benet [17] suggested
that there would be an increase in the number of compounds that could fall into the
BCS class I biowaiver category if the BDDCS approach was utilized. However, many
of these transporter and efflux systems are dose-dependent and can be saturated at
higher doses. Benet et al. [20] then applied the BDDCS approach to classify nearly
1,000 drugs, as well as trying to predict the BDDCS classification for new chemical
entities (NCEs) using computational approaches [21]. Based on these studies the
authors demonstrated the importance of the solubility/dose ratio in the BDDCS
approach.

The impact of dose was explored further in the dose-dependent BCS (DDBCS)
[22]. The authors used in silico simulations based on mathematical modelling of F
(fraction of dose absorbed) versus drug dose. It showed a constant value for F
across a wide range of doses for BCS classes I-III drugs thereby justifying biowaiver

Table 11.3: Proposed Re-classification of BCS Class II and Class IV (Adapted from Tsume
et al., 2014 [16]).

Proposed BCS Sub-
Classifications

Permeability Solubility at
pH  (H/L)

Solubility at
pH . (H/L)

I High High High
IIa High Low High
IIb High High Low
IIc High Low Low
III Low High High
IVa Low Low High
IVb Low High Low
IVc Low Low Low
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claims. The impact of increasing dose was then assessed. The authors showed that
even for high-solubility drugs, that is, BCS Class I and III, F will change above a
critical dose (Dosecr), after which the quantity of drug absorbed is independent of
the dose, that is, non-linearity of PK-dose response. Thus, for doses higher than
Dosecr, BCS Class I drugs become solubility limited and change to BCS class II and
similarly, BCS class III drugs become BCS Class IV. Therefore, Dosecr was utilized to
define an in vivo effective solubility, that is, Seff = Dosecr/250 mL, based on an
assessment of literature data.

The authors showed that it is possible to classify drugs with F ≥ 0.90 as class I
drugs; similarly, drugs with limited absorption (F ≤ 0.20) as class IV drugs. Finally,
those drugs with 0.20 < F < 0.90 can be classified as either class II or class III drugs
(dependent on administered dose) with F ≥ 0.90 would be appropriate for biowaiver
consideration. This is a similar approach to that adopted by world-wide regulatory
authorities that the human F should be ≥0.85.

In parallel with this, Butler and Dressman also proposed the Developability
Classification System (DCS) [23], which was intended to have a greater focus on drug
development criteria, rather than merely biowaivers of marketed drugs. The DCS sys-
tem is a four-box model based on a dose/solubility ratio (rather than solubility
per se) and permeability. Dose/solubility ratio is used because if the dose is low, for
example, ondansetron (4–8 mg), biperiden (2 mg), dexamethasone (2-4 mg) [24],
then even for those drugs that could be classified as poorly soluble according to stan-
dard pharmacopoeial criteria, they could still have adequate solubility within the GI

Table 11.4: The Biopharmaceutics Drug Disposition Classification System (BDDCS) [17].

BDDCS Class I
High Solubility/Extensive Metabolism

BDDCS Class II
Low Solubility/Extensive Metabolism

BDDCS Class III
High Solubility/Limited Metabolism
Renal and/or Biliary Clearance of unchanged
drug

BDDCS Class III
Low Solubility/ Limited Metabolism
Renal and/or Biliary Clearance of unchanged
drug

1Extensive metabolism is defined as metabolism >70%.

Table 11.5: The Dose-Dependent Biopharmaceutics Classification System (DDBCS) [22].

Class I (F ≥ .) Class II (. < F < .)
Dose > Dose CR I-II

Class IV (F ≤ .)

Class II (. < F < .)
Dose < Dose CR I-II

Class III (. < F < .)
Dose < Dose CR III-IV

Class III (. < F < .)
Dose > Dose CR III-IV

Shaded areas indicate those classes where biowaivers should be achievable
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tract. The DCS system also stresses the importance of intestinal solubility in bio-
relevant media, that is, FaSSIF (Fasted State Simulated Intestinal Fluid) and
FeSSIF (Fed State Simulated Intestinal Fluid). This is because bio-relevant media
have significantly more solubilizing power than conventional aqueous buffers,
due to the presence of naturally occurring surfactants, for example, bile acid
salts, which can emulsify hydrophobic drugs [25] (see chapter 6). The ratio of
FeSSIF/FaSSIF solubilities can be used to predict the likelihood of a food effect in
man. Consequently, the DCS system also has significant utility in predicting the
appropriate formulation strategy based on DCS categorization.

DCS utilizes a value of 500 mL for the volume of available GI fluids (based on both
gastric and intestinal fluid volumes); whereas, BCS recommends using only the gas-
tric volume, that is, 250 mL. Consequently, some BCS II compounds would become
class I using the DCS criteria and would likely benefit from being included in any
future biowaiver programme. The DCS approach also takes into account the syner-
gistic interplay between solubility and permeability, that is, this is a dynamic equi-
librium between these two parameters and if dissolved drug is removed from the
intestinal compartment as a result of absorption, then more GI fluid is free to solu-
bilize additional drug. DCS defines a solubility limited absorbable dose (SLAD),
which equates to the dose above which absorption is constrained by solubility [23],

Dose/solubility ratio

 IIa (Dissolution
rate limited)

 IIb (Solubility rate
limited)

I

III IV

Pe
rm

ea
bi

lit
y

BCS Division between high and low solubility (red line)

Figure 11.1: Developability Classification System (DCS) [23].
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which is a similar concept to DoseCR [22]. This then leads to a sub-division of the
DCS class II compartment into DCS IIa (dissolution rate limited absorption) and
DCS IIb (solubility limited absorption); not to be confused with BCS classes IIa
and IIb by Tsume et al. [16], which refers to ionization behaviour of drugs and
consequently pH dependence of solubility. The DCS also includes an assessment
of the drug substance particle size and its role in helping to address “dissolution
limited” absorption. Reduction in particle size increases the rate of solubility, that
is, the dissolution rate, but does not enhance the intrinsic solubility of the API. In
contrast, for “solubility limited” compounds, DCS can be used to identify which
formulation strategies are appropriate. In all cases, these formulation approaches
will endeavour to enhance the intrinsic solubility, either by using lipid solutions
or by using amorphous stabilized formulation strategies. DCS has a greater capa-
bility than the BCS system in predicting those factors that are critical to in vivo
performance.

11.4 The role of in vitro dissolution testing

In vitro dissolution testing is always used in support of any biowaiver proposal.
The concept of “rapidly dissolving” is also important for biowaivers, and it is de-
fined as not less than (NLT) 85% of the dose dissolves in 30 min using either (i)
USP apparatus 1 (or equivalent) at 100 rpm or (ii) USP apparatus 2 (or equivalent)
typically at 50 rpm (or at 75 rpm when appropriately justified – but see later dis-
cussions on coning), using either 900 mL of media (for EU, Japan, WHO) or
500 mL or less (or the higher volume of 900 mL when appropriately justified) (for
US) in pH 1.2, pH 4.5, and pH 6.8 buffer at 37°C [26]. A similar concept of “very
rapidly dissolving” is used to support biowaivers of BCS class III compounds
(highly soluble/poorly permeable), this is defined as NLT 85% of the dose dis-
solves in 15 min with the other conditions as before. Quite why a more aggressive
dissolution specification should be applied to highly soluble drugs that also hap-
pen to be poorly permeable (that is, BCS class III), when dissolution per se cannot
discern any differences in permeability is somewhat of a conundrum. There is
also the significant concern that the hydrodynamics within the dissolution vessel
will result in increased variability for any time point less than 30 min. For exam-
ple, Sanofi Aventis performed a world-wide comparative assessment of the disso-
lution testing of 5 mg glibencamide instant release tablets across its global
network of 29 centres. All sites used a USP paddle apparatus with a rotation speed
of 75 rpm and pH 7.4 phosphate buffer (900 mL). Sampling intervals were 10, 20,
30, 45, 60, 90, and 120 min. The overall variability (both method and product) as
a function of time point is shown in Table 11.6. It can be readily seen that the
method variability at 10 min is nearly 2.5 x greater than that seen at 30 min [27].
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Indeed, 30 min is often seen as the best compromise between variability and dis-
crimination [28]. At earlier time points, variability is too high; whereas at later
time points, discrimination is too low.

If the dissolution testing conditions need to be changed to better reproduce
rapid in vivo dissolution (e.g., use of a different non-compendial rotation speed),
such modifications need to be justified by matching the in vitro dissolution with
in vivo absorption data (e.g., performing a relative BA study), that will allow a ro-
bust IVIVC to be developed [26].

Comparative dissolution testing of 12 units of both the test and reference com-
pounds are typically assessed at three different pH values, that is, pH 1.2, 4.5, and
6.8. Applicants can use standard aqueous media or buffers, or use simulated gas-
tric fluid (SGF) or simulated intestinal fluid (SIF), both without enzymes. The dis-
solution profiles are then compared for equivalency or similarity using the f2 test,
or other similarity test [7, 11–14, 26]. The similarity test (f2) permits the use of
mean data (mean12) in the comparison of dissolution profiles, but specifies that
the coefficient of variation (CV) should not be more than 20% at the earlier time
points (e.g., ≤10 min), and should not be more than 10% at later time points;
again re-emphasizing that the intrinsic variability at time points less than 30 min
are significant.

There are several advantages inherent in using these pharmacopoeial methodol-
ogies; they are easy to operate, robust (as long as the time point is ≥30 min), univer-
sally available, extensive experience exists (but only when using standard media
volumes, that is, 900 mL – see next section), and they are accepted by academia,
industry, and the regulatory bodies [25]. However, although aqueous buffers reflect
the typical pH conditions experienced within the GI tract, that is, pH 1.2–6.8, they are
not reflective of other key attributes of bio-relevant media, that is, ionic strength, os-
molality, viscosity, wetting, and surface tension properties [25]. However, at this time

Table 11.6: Variability in Dissolution Testing as a Function
of Time Point: Results from a Collaborative Study across
29 Centres using 5 mg glibencamide immediate release
tablets. (adapted from Weinandy 2005) [27].

Time point (Minutes) Variability (% RSD)

 .
 .
 .
 .
 .
 .
 .
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in the ICH M9 proceedings (1Q 2019), there appears to be little appetite to use these
bio-relevant media as part of the biowaiver strategy.

Interestingly, the recent FDA guidance on dissolution requirements for biowaivers
[7, 26] recommends 500 mL of media (or less) should be used in the comparative dis-
solution tests. However, this proposed change is not aligned with EU [12], Japanese
[14], or WHO [11] requirements for dissolution media volume. Historically, the media
volume for USP apparatus 1 and 2 was 900 mL, even though volumes between 500
and 900 mL are still deemed to be acceptable [29, 30]. It would appear that this modi-
fication is to make the dissolution media volume more “bio-relevant”, as under fasting
conditions. The typical total volume of gastric (250 mL) and intestinal media (250 mL)
compartments are 500 mL [23, 31], but this is not explicitly stated. Whilst changing
media volume is commendable in its objectives, there is not huge amount of historical
scientific data in support of the routine use of reduced media volume for dissolution
in a production setting. The concern would be that the hydrodynamics within the dis-
solution vessel may be adversely impacted as it will be working at the bottom end of
its design range, so issues such as coning may become more prevalent [32]. Coning
was observed in doxycycline formulations at 50 rpm [33]. EMA and WHO conse-
quently suggest 75 rpm with paddle apparatus. However, the current ICH M9 guidance
[2] does not support a default increase in paddle speed from 50 rpm to 75 rpm to ad-
dress coning, rather, it states that “When high variability or coning is observed in the
paddle apparatus at 50 rpm, the use of the basket apparatus at 100 rpm is recom-
mended. In addition, the use of sinkers in the paddle apparatus, to reduce method
variability, may be considered with justification” [2].

Interestingly, dissolution may be a better arbiter of bio-relevant “solubility”
than solubility itself. Yazdanian et al. [34] highlighted that, “an inherent limita-
tion of the solubility classification is that it relies on equilibrium solubility deter-
mination, which is static and does not take into account the dynamic nature of
absorption” (see also Solubility – Definition and basic physicochemical consider-
ations and discussions on Equilibrium Solubility). It should also be noted that the
defined acceptance criterion for “rapidly dissolving” dosage forms, that is, NLT
85% dissolved in 30 min, is independent of, and not correlated with the drug’s
solubility/dose ratio, which is a critical factor controlling the rate of dissolution
[35]. As such dissolution could in principle be used as the “sole indicator for bio-
pharmaceutic drug classification” [36]. However, dissolution is inherently more
complex than solubility measurements, with significantly more critical parame-
ters; that is, apparatus, agitation speed, media (stirring rate, pH, ionic strength,
sink conditions, surfactants, bio-relevance), Q value (where Q is a pre-defined
value that is established for each drug product in its monograph at a pre-specified
time, that is, Q = 80% after 30 min), time point, etc., and whether this will ever be
a meaningful strategy is open to doubt.

For biowaiver applications, FDA reviews dissolution data from different per-
spectives dependent on whether this is a new chemical entity (NCE) or a generic
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product. For new drug applications (NDA) bioavailability data always assumes
primacy and in vitro dissolution data is supportive in nature, (ii) For abbreviated
NDA (ANDA) the reverse holds true and in vitro dissolution data is likely to be
pivotal [37].

11.5 ICH M9: potential discussion points

As the new ICH M9 guidance progresses towards step 4 ratification, several areas of
debate/contention are becoming apparent.

11.5.1 Supportive data for BCS assessment

11.5.1.1 Solubility

Solubility should be assessed using the shake-flask (or other justified) methodol-
ogy, within the pH range of 1.2–6.8 and if the drug is ionizable then the pH condi-
tions should also include the pKa and at pH 1.2, 4.5, and 6.8 [2, 7, 12–14]. The pH
should be measured both before and after the addition of the drug substance and
adjusted if required. The volume is typically 250 mL (to reflect fasted state gastric
volumes), and the temperature is 37 ± 1 °C. The lowest measured solubility value
over the biologically relevant pH range, that is, 1.2–6.8, defines the solubility crite-
ria for the BCS assessment. In addition, adequate stability of the API in the media
should be demonstrated using an appropriately validated stability-indication
method, for example, HPLC. See acetylsalicylic acid entry in Table 11A.1 in the
Appendix (Summary of FIP Biowaiver Monographs for Essential Drugs) for addi-
tional commentary on the stability of the API.

The major area of contention focusses on whether the solubility should be
based on either the highest therapeutic dose (EMA [13]) or conversely the highest
strength (FDA [7]) of the medicinal product. For example, the anti-malarial drug
quinine sulfate [38] has a maximum therapeutic dose from the product label of
648 mg; whereas, the highest dose strength is 324 mg/capsule. The guidance indi-
cates that the target dose/solubility (D/S) ratio is based on the gastric volume, that
is ≤250 mL [3]. Quinine sulfate shows greater solubility at acidic pHs, that is, BCS
class IIb compound. A summary of the solubility, D/S, and BCS assignment in vari-
ous media of differing pHs is given in Table 11.7.

Therefore, quinine sulfate is a BCS class I compound across all physiologically
relevant pHs based on the highest capsule strength criterion. In contrast, quinine
sulfate is a BCS class I compound at acidic pHs, but a BCS class II compound at
neutral pHs, based on the highest dose criterion.
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However, if the D/S ratio was based on the total GI volume, that is, ≤500 mL
[23], then quinine sulfate would be a DCS class I compound – based on both highest
strength and highest dose calculations, although in the latter case, the drug is bor-
derline class I at pH 6.8.

There are other examples of commercial drugs, particularly weak anionic
drugs, for example, NSAIDs (non-steroidal anti-inflammatory drugs) where BCS
classification changes from BCS I to II at higher doses. For example, the DoseCR for
ibuprofen is 1,200 mg; for diclofenac, it is 100 mg; and for flurbiprofen and fenopro-
fen, it is >300 mg [22]. It is also increasingly common for new chemical entities
(NCE’s) in Phase I to straddle DCS I to IIb [23] across the range of doses intended for
dose escalation.

11.5.1.2 Permeability

ICH M9 aims to harmonize different approaches to assessing permeability, that is,
in vitro or in vivo assessments. Currently, data from man is preferred using either
absolute bioavailability or mass balance studies [39]. In addition, the cut-off be-
tween high and low permeability often prompts debate and is currently “ ≥85% or
more of an administered dose based on a mass balance determination (along with
evidence showing stability of the drug in the GI tract) or in comparison to an intra-
venous reference dose” [2, 13]. Guidance is provided to applicants on how to in-
clude metabolites in the discussion and only oxidative and conjugative metabolites
should be considered [2].

It has been widely recognized that differences do exist in assessing permeabil-
ity between the various in vivo and in vitro models in Ussing chambers and cell
monolayers, that is, MDCK, Caco-2, etc [39].

As such it can be extremely difficult to unambiguously define a permeability
classification. The cell-based permeability data should be “discussed in the context

Table 11.7: Solubility, D/S and BCS assignment of quinine sulfate in various media (derived from
Strauch et al., 2011 [31]).

Media Solubility
(mg/mL)

D/Sc mL (based on
 mg- highest strength)

BCSd

Assignment
D/S mL (based on
 mg – highest

dose)

BCS
Assignment

SGFa .    

SIFb .    

aSGF simulated gastric fluid, pH 1.2;
bSIF simulated intestinal fluid, pH 6.8;
cD/S dose/solubility ratio;
dBCS Biopharmaceutics Classification System

11 Biowaivers 331

 EBSCOhost - printed on 2/11/2023 5:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



of available data on human pharmacokinetics” and the methodology is required to
be appropriately validated” [2]. In addition, if high permeability is inferred by using
cell-based methodology, then “permeability independent of active transport should
be proven”.

Quinine sulfate is a well-characterized drug and it is often reported as being
highly permeable [38]. However, the absolute bioavailability after oral dosing
was reported to be between 76% [40] and 88% [41], which would make this drug
a borderline case. However, because quinine sulfate is extensively hepatically
metabolized [42], the absolute bioavailability represents only a minimum esti-
mate of the fraction of drug absorbed and as <5% of the oral dose is found un-
changed in the faeces, this provides auxiliary evidence of high permeability [43,
44].

In general, there exists a reasonable correlation between log P values and
small intestinal jejunal permeability. However, there are significant numbers of
“false-negative” cases that have been reported, in which drugs with lower log
P than metoprolol, that is, 2.3, exhibit complete absorption. These include co-
deine phosphate, antipyrine, cephalexin, d-glucose, levodopa, l-leucine, phe-
nylalanine, piroxicam, valacyclovir, pseudoephedrine, and sotalol. This shows
the challenges inherent in using limited physicochemical characteristics in try-
ing to assign BCS classification [45].

For biowaiver applications, FDA is looking for a study report, use of appropriate
reference compounds to define that the system would be able to discriminate be-
tween high and low permeabilities and characterization of active transporters and
any efflux mechanisms that might be present [36]. Frequently missing from these
reports are drug stability data in the GI tract and data supporting the appropriate-
ness of the in vitro or in situ permeability methods. FDA is concerned with issues of
bio-inequivalence at very low permeability values [37].

11.5.1.3 Published literature

Literature data are typically not acceptable for regulatory purposes, as the underly-
ing data cannot be reviewed [2, 37]. However, data from FIP monographs are likely
to be acceptable as it is a very complete review of available data for solubility, per-
meability, and dissolution [15].

11.5.2 Scope of biowaivers

Biowaivers are constrained to instant release solid oral dosage forms. Specifically
excluded for consideration in the US are any product designed to be released/ab-
sorbed in the oral cavity, for example, sublingual or buccal tablets [7]. In the EU,
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buccal, sublingual, and oro-dispersible tablets designed to be released/absorbed in
the oral cavity are excluded [13]. The WHO provides similar guidance to EU but sup-
ports biowaivers for oro-dispersible products if there is no absorption in the oral
cavity [11]. The ICH M9 [2] guidance is supportive of the EU position (no biowaivers)
and states further that “an oro-dispersible product is eligible for a biowaiver appli-
cation only if there is no buccal or sublingual absorption and the product is labelled
to be taken with water only”.

All territories (and ICH M9) currently exclude narrow therapeutic index (NTI)
drugs. They can be characterized as “drugs where small differences in dose or
blood concentration may lead to serious therapeutic failures and adverse drug reac-
tions that are life-threatening or result in persistent or significant disability or inca-
pacity” [7]. FDA (and other agencies) recommends tighter quality and bioequi-
valence standards to ensure the safety and efficacy of generic NTI drugs.

11.5.3 Setting the requirements for in vitro dissolution testing

It is interesting to note that the ICH M9 guidance links the dissolution testing with a
“representative” batch, that is, “using one batch representative of the proposed
commercial manufacturing process for the test product relative to one batch of the
reference product. The test product should originate from a batch of at least 1/10 of
production scale or 100,000 units, whichever is greater, unless otherwise justified”.
ICH M9 also identifies that smaller batch sizes may be acceptable (if justified) dur-
ing the clinical development phase [2].

It is recommended to determine the dose/solubility ratio of the NCE prior to ini-
tiating dissolution studies, as a ratio of <250 mL in aqueous media of various differ-
ent pHs, that is, pH 1.2–6.8 is indicative that “dissolution is very unlikely to limit
drug absorption” [25]. Good guidance for dissolution method development is pro-
vided by Klein et al. [46]. In vitro dissolution testing will be a pre-requisite for any
biowaiver. The ICH M9 guidance [2], in terms of apparatus (basket or paddle), agita-
tion rate (100 or 50 rpm, respectively), media volume (900 mL), pH of media (pH
1.2, 4.5 or 6.8), the use of the f2 similarity factor for comparison of profiles and the
number of units to be tested (12) are fairly standard and well established. The only
new areas in the guidance are how to address the coning of tablet dosage forms in a
50 rpm paddle method (see earlier Section 11.4).

Currently, there are two different criteria for high-solubility compounds, either
Q = 85% after 30 min (BCS class I) or Q = 85% after 15 min (BCS III). However, given
the well-established and poor hydrodynamic mixing capabilities [28] of pharmaco-
poeial dissolution apparatus (particularly USP 2), it makes little sense to apply dif-
ferent specification limits, particular as both BCS class I and class III compounds
are highly soluble. Since it is practically impossible to perform any meaningful
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comparability assessment between two dissolution profiles with Q values centred at
15 min, Q = 85% after 30 min may be preferred for both.

Biowaivers are likely to continue to use pharmacopoeial buffers at various dif-
ferent physiologically relevant pHs. However, bio-relevant media, particularly
FaSSIF and FeSSIF media, may be more appropriate and may enjoy greater use in
the future (see chapter 6). In particular, there may be a role for biowaivers in lieu of
relative bioavailability studies in man to assess the effects of food [25], which are
not part of the current ICH M9 biowaiver proposals. Galia et al. [47] compared the
dissolution performance of 200 mg danazol in FeSSIF and FaSSIF media using
500 mL media and USP apparatus 2 at 100 rpm. They demonstrated that there was
a threefold to fourfold increase in the dissolution rate of the drug in FeSSIF com-
pared to FaSSIF media. These in vitro results were confirmed in man. Charman
et al. [48] performed a relative bioavailability study in 11 healthy female volunteers.
The data are provided in Table 11.8 and show a sixfold increase in both AUC (area
under the curve) and Cmax for the drug dosed in the fed state.

11.5.4 Pharmaceutical equivalents

Thus far biowaivers have been restricted to pharmaceutical equivalents and pri-
marily to BCS class I and III compounds. Pharmaceutical equivalence implies the
same amount of the same active substance(s), in the same dosage form, for the
same route of administration and meeting the same or comparable standards. In
contrast, pharmaceutical alternatives contain the same therapeutic moiety, but
are different pharmaceutical salts, esters, or complexes of that moiety, or are dif-
ferent dosage forms, that is, tablets versus capsules [49]. In Europe, under
Essential Similarity rulings, alternative pharmaceutical salts have historically
being considered “similar”. In contrast, in the US pharmaceutical alternatives are
not permitted. ICH M9 indicates that “a biowaiver is not applicable when the drug
substance in the test product is a different pharmaceutical salt, ester, isomer, or
mixture of isomers from that in the reference product. Pro-drugs may be consid-
ered for a BCS-based biowaiver when absorbed as the pro-drug” [2].

Table 11.8: Relative bioavailability study for danazol in fed
and fasted state (derived from Charman et al. [48]).

PK Parameter Fed State Fasted State

AUC-h (ng h mL−)  ±   ± 

Cmax (ng/mL)  ±   ± 
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An interesting example of the differences in perspective between the EU and US
is seen with different salts of paroxetine. The innovator salt is the hydrochloride, and
this has a solubility of 5.4 mg/mL in water, high permeability, and a typical dose of
20 mg/day (as the free base equivalent) [50]. In contrast, paroxetine mesylate has sig-
nificantly higher aqueous solubility (>1,000 mg/mL) in water, high permeability, and
a typical dose of 20 mg/day (as the free base equivalent) [51]. Both salts are BCS class
I, the significantly higher solubility of the mesylate is not clinically relevant because
of the low dose (i.e., 20 mg) and both salts would be inter-changeable and be appro-
priate candidates for a biowaiver in the EU, prior to the implementation of ICH M9. In
contrast, in the US, no biowaiver could be approved despite the fact that generic ver-
sions, that is, Paxeva [51] which contain the mesylate salt as API have been approved
based on successful bioequivalence studies comparing the mesylate salt and the hy-
drochloride salt [50].

11.5.5 The role of excipients in biowaivers and bioequivalence
studies

There has been widespread concern regarding the effect of different excipients on the
permeability and thereby the bioavailability of different formulations. For example,
FDA [7] guidance states, “Unlike for BCS class I products, for a biowaiver to be scien-
tifically justified, BCS class III test drug product must contain the same excipients as
the reference product. This is due to the concern that excipients can have a greater
impact on absorption of low permeability drugs.” ICH M9 [2] indicates that, “BCS
Class III drug substances are considered to be more susceptible to the effects of exci-
pients. These drugs are poorly permeable and may have site-specific absorption, so
there are a greater number of mechanisms through which excipients can affect their
absorption than for BCS Class I drugs”.

As such, the composition of the test product is defined as being qualitatively
the same (except for those excipients, for example, colorants, flavorants, or preser-
vatives that will not affect the bioavailability), quantitatively very similar to the ref-
erence product” and demonstrate well-established usage in products containing
that particular API, as well as no effect on GI motility, no interference with trans-
porter processes, and finally no effect on PK of drug substance [7, 11]. In order to
assess whether a new formulation of a BCS class III drug is suitable for a biowaiver,
any potential effects that the excipients have on the permeability of the drug need
to be assessed (see risk assessment). The ICH M9 guidance [2] provides a useful de-
cision tree, which is reproduced below for ease of review.

If no effects are observed in a fully validated in vitro model, for example, Caco-2,
MDCK, or an in situ rat perfusion model, then it would be logical to assume that
there would be no effect on in vivo permeability [52].
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The following are allowable differences in excipients articulated in ICH M9 [2]
based principally on SUPAC IR [53] considerations:
– Changes in the technical grade of an excipient
– Changes in excipients, less than or equal to,

– Filler (±10 %)
– Disintegrant, starch (±6 %), or disintegrant, other (±2 %)
– Binder (±1 %)
– Lubricant, calcium, or magnesium stearate (±0.5 %) or lubricant, other (±2 %)
– Glidant, talc (±2 %), or glidant, other (±0.2 %)
– Film coat (±2 %)

Although most of the focus on excipients has rightly centred on BCS class III com-
pounds, certain excipients, such as surfactants (e.g., polysorbate 80) and sweet-
eners (e.g., mannitol or sorbitol) may be problematic, and can influence the rate
and extent of drug absorption of BCS class I compounds. ICH M9 [2] indicates that,
“BCS Class I drugs are highly absorbed, and have neither solubility nor permeabil-
ity limited absorption. Therefore they generally represent a low risk group of com-
pounds in terms of the potential for excipients to affect absorption, compared to
other BCS classes”. As such any excipient effects that could affect BCS Class I drug
products need to focus on any potential for changes in the rate or extent of absorp-
tion. Interestingly, the ICH M9 [2] guidance cites the example of drugs that have
“high permeability due to active uptake”, and hence “excipients that can inhibit
uptake transporters are likely to be of concern”. However, such drugs would be typ-
ically classified as BCS class III (not BCS class I) as their passive permeability is
low, but they are substrates for active transport. In addition, “for BCS Class I drugs
that exhibit slow absorption, the potential for a given excipient to increase absorp-
tion rate should also be considered”. Therefore, for BCS Class I drugs, “qualitative
and quantitative differences in excipients are permitted, except for excipients that
may affect absorption, which should be qualitatively the same and quantitatively
similar, i.e., within ±10.0% of the amount of excipient in the reference product”.
The ICH M9 [2] guidance again provides a useful decision tree, which is reproduced
below for ease of review.

The case of risperidone has become something of a cause celebre amongst cer-
tain researchers. Risperidone is a BCS class I [54] and also a BDDCS class I com-
pound [17]. It is often formulated with SLS (sodium lauryl sulfate). However, a
1 mg generic product formulated with SLS (3.64 mg) showed bio-inequivalence in
a 34 subject 2 × 2 cross-over study; for both AUC (74.7–91.7 μg h2/mL) and Cmax

(70.0–86.8 ng/mL). In contrast, in vitro dissolution data showed very rapid disso-
lution (<15 min) at both pH 1.2 and 6.8. There was concern that small levels of this
surfactant, that is, SLS, could cause bio-inequivalence that could not be detected
by in vitro tools and therefore biowaivers should not be applied to products con-
taining these critical excipients [54].
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However, we should be cautious about over-interpreting the outcomes of this
study, as failed bioequivalence studies are fairly common and are often attributed
to various factors: (a) an under-powered study, (b) inappropriate study designs, (c)
an outlier response from one or more subjects, (d) assay issues, (e) a wrong refer-
ence, (f) baseline-corrected versus not corrected, (g) incorrect statistical analysis,
(h) compliance issues, and finally (i) a formulation that is not truly bioequivalent to
the reference [55]. As the reasons for the failed BE study are not fully known and
risperidone known to show high PK variability [56], primarily because of CYP 2D6
polymorphism in the general population (i.e., 20% of population are poor metabo-
lizers), it could be that the study was under-powered, or one of the other myriad
factors that could have caused the study failure.

However, it is by no means true that all excipients can adversely influence ab-
sorption [57]. A recent permeability study using Caco-2 and in situ rat intestinal per-
fusion studies of five common excipients (lactose, povidone, HPMC, SLS, and PEG
400) with five model BCS class III drugs, that is, acyclovir, atenolol, antipyrine,
ganciclovir, and nadolol, showed that these excipients caused no changes to drug
permeability; with the exception of SLS at concentrations of 0.1 mg/mL or higher,
where the cell monolayer integrity was affected [57]. The authors concluded that
biowaivers could be supported for this combination of excipients and BCS class III
drug substances. It is likely that the various precepts defined in the “scale up and
post approval change” (SUPAC IR) [53] guidance documents will be useful in as-
sessing the likely impact of any changes in excipient quality or quantity.

11.5.6 Biowaiver risk assessment

As indicated in the FIP biowaiver initiative, the “biowaiver monographs are not
aimed at merely applying these guidelines, but rather critically evaluating the
properties of the API and applying risk analysis to complement the biopharma-
ceutics classification system (BCS)” [58]. There has been some risk assessments
reported mainly based on failure mode and effects analysis (FMEA) approaches
[59]. The biggest risk appears to be based on the presence of excipients in the test
formulation that could subsequently influence absorption, and this risk is of
course highest for BCS class III compounds. The latest draft of the ICH M9 guid-
ance [2] goes a long way towards minimizing this risk, with decision trees for both
BCS class III (Figure 11.2) and BCS class I (see Figure 11.3) molecules discussing
allowable qualitative and quantitative excipient changes. Other risks that are typi-
cally encountered usually arise due to omissions in the regulatory submission.
The more common omissions have been previously identified in Section 11.1.
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Are they present at levels which are
within ± 10% , when compared to the

reference product?

Are all excipients qualitatively the same,
and quantitatively similar?

Are there excipients in the drug product
that are known or suspected to

influence absorption?

Biowaivers cannot be granted

Biowaivers are possible; dissolution
similarity (f2) needs to be demonstrated
between test and reference products at

three different pHs (1.2, 4.5 and 6.8)

No

No

No
Yes

Yes

Yes

Are they present at levels which are
within ± 10% , when compared to the

reference product? Biowaivers cannot be granted

Are all excipients qualitatively the same,
and quantitatively similar?

Are all excipients in the drug product
that are known or suspected to

influence absorption?

Biowaivers are possible; dissolution
similarity (f2) needs to be demonstrated
between test and reference products at

three different pHs (1.2,4.5 and 6.8)

No

No

No
Yes

Yes

Figure 11.2: Decision Tree for the Allowable Levels of Excipient Differences for BCS Class III Drug
Products (modified from [2]).
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11.6 Conclusion

ICH M9 will provide comprehensive recommendations to support a BCS assessment
of drug products and the potential for biowaiver relief. The objective of ICH M9 is to
prevent unnecessary in vivo bioequivalence studies being performed as a result of
conflicting regional recommendations on the acceptability of current BCS based bi-
owaivers. This of course often results in increased drug development costs, as well
as unnecessary human volunteer studies. However, the challenges facing ICH M9
are still significant and may be difficult to achieve.

The FIP biowaiver monograph initiative fully exemplifies the difficulties in apply-
ing BCS-based approaches for the assessments of biowaivers. There are currently
49 monographs (accurate as of January 2019), some monographs cover more than one
pharmaceutical salt, that is, chloroquine (phosphate, sulfate and hydrochloride) and
diclofenac (sodium and potassium). Of these, only two-thirds of the monographs can
be unambiguously assigned into one of the four BCS classes. The Biopharmaceutics
Drug Disposition Classification System (BDDCS) is also complimentary to the BCS ap-
proach, particularly in simplifying and accelerating drug development.

Drug products with different dose strengths are not clearly covered by the existing
BCS based biowaiver initiative and this raises many questions. Where a medicinal
product is marketed in several strengths, that is, amitriptyline, has four strengths: 10,
25, 50, and 75 mg, does this mean that the BCS-based biowaiver has to be performed
on all four strengths? Or can the applicant bracket the strengths, that is, 10 and 75 mg
or if all four strengths are compositionally similar and there is evidence of linear

Biowaivers cannot be granted

Are they present at levels which are
within ± 10% , when compared to the

reference product?

Biowaivers are possible; dissolution
similarity (f2) needs to be demonstrated
between test and reference products at

three different pHs (1.2,4.5 and 6.8)

Are there excipients in the drug product
that are known or suspected to

influence absorption?

No

No

Yes Yes

Figure 11.3: Decision Tree for the Allowable Levels of Excipient Differences for BCS Class I Drug
Products (modified from [2]).
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pharmacokinetics in the proposed dosing range, can the applicant use one strength,
that is, 75 mg? Current experience would suggest that biowaivers will need to be evalu-
ated on all marketed doses. For example, amoxicillin trihydrate straddles several BCS
classes based on dose considerations and biowaivers can only be recommended based
on the lowest dose of this drug, that is, ≤875 mg. The impact of dose on BCS classifica-
tion is also addressed in the DDBCS system and this approach shows that above a criti-
cal dose (DoseCR) many drugs do change their BCS classification. Similarly, Butler and
Dressman [23] use the dose/solubility ratio rather than solubility per se to address this
problem. Nevertheless, it should still be noted that for biowaiver applications, BCS-
based biowaiver approaches as specified in the ICH M9 guidance are applicable.

The concept of “very rapidly dissolving” is used to support biowaivers of BCS
class III compounds (high solublity/poor permeability), this is defined as NLT 85% of
the dose dissolves in 15 min. However, given the poor hydrodynamics of pharmaco-
poeial dissolution apparatus, having a specification time point at less than 30 min
makes limited sense, nor indeed does trying to use dissolution (which is a measure of
rate of solubility) to control permeability (which is a measure of drug flux across bio-
logical membranes). Similarly, the adoption by the FDA of a default media volume of
500 mL or less for biowaivers without any meaningful discussion with interested par-
ties (including other regulatory agencies) makes limited sense and issues such as
coning may become more a prevalent topic in dissolution experiments in the future.
Also, the classical approach of addressing coning issues in the paddle apparatus
(USP 2), by increasing paddle speed from 50 to 75 rpm, is not supported in the ICH
M9 guidance. This guidance advocates the use of the basket apparatus (USP 1) at
100 rpm in those cases where coning is seen with the paddle apparatus at 50 rpm.

One major area of contention focusses on whether the solubility should be
based on either the highest single therapeutic dose (EMA) or conversely the highest
strength (FDA) of the medicinal product and differences in perspective can lead to
dose-related differences in BCS classifications.

There has been widespread concern regarding the effect of different excipients on
the permeability and thereby the bioavailability of different formulations, particular for
biowaivers for BCS class III compounds. The majority of Health Agencies have taken a
pragmatic view on this issue noting that “certain excipients, such as surfactants (e.g.,
polysorbate 80) and sweeteners (e.g., mannitol or sorbitol) may be problematic” but that
as long as the composition of the test product is qualitatively the same and quantitatively
very similar to the reference product, with demonstrated usage in marketed products,
then biowaivers can be considered. Others have strongly articulated that formulations
containing these problematic excipients should be exempt from biowaiver consideration
based on a small number of failed BE studies; without fully demonstrating that the fail-
ure was indeed a result of dissimilar in vivo performance of the product, rather than any
one of the other innumerable reasons for BE failure that have been identified over the
years. However, it is clear that more needs to be done to fully understand the interplay
of these problematic excipients with in vivo permeability. The presence of two decision
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trees (see Figures 11.2 and 11.3) covering qualitative and quantitative aspects of excipient
selection is to be welcomed, as it de-risks this key area of biowaiver assessment.

Finally, looking to the future, biowaivers may also have a role in paediatric and
food interaction assessments, and there may also be a role for more bio-relevant
media, for example, FeSSIF, FaSSIF in future biowaiver considerations.
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Appendix 1

Table 11A.1: Summary of FIP Biowaiver Monographs for Essential Drugs.The classifications
mentioned in the biowaiver monographs are based on the regulatory specifications relevant at the
time of monograph publications.

Drug BCS Assessment References

Acetaminophen
(Paracetamol)

BCS class III ( borderline BCS Class I)
Acetaminophen is a suitable candidate for biowaiver with certain
caveats (see [a]).

[a]

Acetazolamide Ambiguous, no BCS classification possible.
Available data on solubility, on oral absorption and permeability
are not sufficiently conclusive for classification.
Acetazolamide is not a suitable candidate for biowaiver.

[b]

Acetylsalicylic Acid BCS class I.
Hydrolytic degradation over the timeframe of the solubility
determination is the probable reason behind the
inconsistency among the solubility data reported in
literature [c].
Acetylsalicylic acid is a suitable candidate for biowaiver.

[c]
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Table 11A.1 (continued)

Drug BCS Assessment References

Aciclovir Ambiguous, no BCS classification possible.
Different territories have different highest tablet strengths on
their markets, which would lead to different BCS classifications
in those countries. The risk of an aciclovir drug product being
bioinequivalent appears to be very low.
Aciclovir is a suitable candidate for biowaiver for doses ≤  mg
(under new guidelines).

[d]

Amitriptyline HCl Ambiguous, BCS I/II.
Solubility data is lacking to unambiguously assign BCS class.
Amitriptyline HCl is a suitable candidate for biowaiver with
certain caveats (see [e]).

[e]

Amodiaquine HCl Ambiguous BCS class III (WHO, EMA) and BCS class IV (FDA)
Applying the principles of BDDCS, its extensive metabolism in vivo
(% excretion of unchanged drug through urine) and a positive
food effect would likely support a high permeability classification.
Amodiaquine HCl products (as single API) can be considered for a
biowaiver only if both test and comparator products state the
absence of a food effect.

[f]

Amoxicillin
trihydrate

Ambiguous BCS I, II, IV.
Amoxicillin doses up to  mg ( BCS class I),  mg (BCS
class II) and doses >  ( BCS class IV).
Amoxicillin trihydrate biowaivers are applicable for doses of
≤  mg.

[g]

Atenolol BCS Class III.
Atenolol is a suitable candidate for granting a biowaiver (under
new guidelines).

[h]

Bisoprolol
fumarate

BCS I.
Bisoprolol fumarate is a suitable candidate for granting a
biowaiver. Other salts would be applicable for a biowaiver with
certain caveats (see [i]).

[i]

Chloroquine HCl,
Chloroquine
phosphate
Chloroquine sulfate

BCS class I.
All designated salts of chloroquine (HCl, phosphate, sulfate) are
suitable candidates for granting a biowaiver.

[j]

Cimetidine BCS class III.
Cimetidine is a suitable candidate for granting a biowaiver
(under new guidelines).

[k]

Ciprofloxacin HCl BCS class IV.
Ciprofloxacin HCl is not a suitable candidate for biowaiver.

[l]
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Table 11A.1 (continued)

Drug BCS Assessment References

Codeine phosphate BCS class I.
Codeine phosphate is a suitable candidate for biowaiver.

[m]

Diclofenac sodium
Diclofenac
potassium

BCS Class II.
Diclofenac salts (Na, K) are typically not suitable candidates for
biowaivers. However, these so called BCS IIa compounds (weak
anions with good intestinal solubility) may be granted
biowaivers under WHO guidance, with certain caveats (see [n]).

[n]

Doxycycline hyclate BCS class I.
Doxycycline hyclate is a suitable candidate for biowaiver.

[o]

Efavirenz Ambiguous BCS Class II/IV.
There is inconclusive permeability data. Efavirenz has been
classified as BCS Class II on the basis of its metabolic and
solubility behaviour using BDDCS approach [q].
Efavirenz is a suitable candidate for biowaiver.

[p]

Enalapril maleate BCS Class III.
Enalapril is a prodrug and is hydrolysed by carboxylesterases to
enalaprilat. Only %-% of an orally administered dose of
enalapril is absorbed from the GI tract.
Enalapril is a suitable candidate for biowaiver, with appropriate
caveats (see [r]). Other enapril salts, that is, Na must be
evaluated on a case-by-case basis.

[r]

Ethambutol
Dihydrochloride

BCS Class I/III
Ethambutol dihydrochloride is classified as BCS Class I using the
BDDCS approach [q].
Ethambutol dihydrochloride is a suitable candidate for
biowaiver, with appropriate caveats (see [s]).

[s]

Fluconazole BCS Class II (Forms II/III).
The risk of bio-inequivalence because of formulation or
manufacturing considerations is deemed to be low.
Fluconazole is a suitable candidate for biowaiver, with
appropriate caveats (see [t]).

[t]

Folic acid BCS IV.
Small doses of folic acid (≤ μg) are absorbed completely via
active transport; however, permeability data for higher doses of
- mg are inconclusive.
Folic acid is not a suitable candidate for biowaiver.

[u]

Furosemide BCS IV.
Furosemide is not a suitable candidate for biowaiver.

[v]
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Table 11A.1 (continued)

Drug BCS Assessment References

Ibuprofen BCS Class II.
BCS class II drugs are typically not suitable candidates for
biowaivers. However, these so called BCS IIa compounds
(weak anions with good intestinal solubility) may be granted
biowaivers under WHO guidance. Ibuprofen is a suitable
candidate for biowaiver, with certain caveats (see [w]).

[w]

Isoniazid Ambiguous BCS Class I/III.
Dependent on the definition of permeability, isoniazid is
borderline. Isoniazid is classified as BCS  using the BDDCS
approach, as it is extensively metabolized [q].
Isoniazid is a suitable candidate for biowaiver, with appropriate
caveats (see [x]).

[x]

Ketoprofen BCS Class II.
BCS class II drugs are typically not suitable candidates for
biowaivers. However, these so called BCS IIa compounds (weak
anions with good intestinal solubility) may be granted
biowaivers under WHO guidance, with certain caveats (see [y]).

[y]

Lamuvidine BCS Class III.
Lamuvidine is also classified as BCS III using the BDDCS
approach [q]. No cases of bioinequivalent lamivudine
formulations have been reported in the literature.
A biowaiver is judged acceptable for any new lamivudine
multisource product with certain caveats (see [z]).

[z]

Levetiracetam BCS Class I.
Levetiracetam is a suitable candidate for biowaiver.

[aa]

Levofloxacin BCS Class I.
Levofloxacin is a suitable candidate for biowaiver.

[bb]

Mefloquine HCl Ambiguous, no BCS classification possible.
Mefloquine hydrochloride is not a highly soluble API and no data
on permeability are available, as such it cannot be classified.
Mefloquine HCl is not a suitable candidate for biowaiver.

[cc]

Metoclopramide
HCl

BCS Class III.
Metoclopramide HCl is a suitable candidate for biowaiver, with
appropriate caveats (see [dd]).

[dd]

Metronidazole BCS Class I.
Metronidazole is a suitable candidate for biowaiver.

[ee]

Nifedipine BCS Class II.
Nifedipine is not a suitable candidate for biowaiver.

[ff]
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Table 11A.1 (continued)

Drug BCS Assessment References

Piroxicam BCS Class II.
BCS class II drugs are typically not suitable candidates for
biowaivers. However, these so called BCS IIa compounds (weak
anions with good intestinal solubility) may be granted
biowaivers under WHO guidance, with certain caveats (see [gg]).

[gg]

Prednisolone Ambiguous, no BCS classification possible.
Ambiguous, no BCS classification possible.
Available data on solubility, on oral absorption and permeability
are not sufficiently conclusive for classification (borderline BCS
Class I).
Available evidence indicates that a biowaiver for IR solid oral
dosage forms would be unlikely to expose patients to undue
risks.
Prednisolone is a suitable candidate for biowaiver with certain
caveats (see [hh]).

[hh]

Prednisone Ambiguous, no BCS classification possible.
Available data on solubility, on oral absorption and permeability
are not sufficiently conclusive for classification (borderline BCS
Class I).
Available evidence indicates that a biowaiver for IR solid oral
dosage forms would be unlikely to expose patients to undue risks.
Prednisone is a suitable candidate for biowaiver with certain
caveats (see [ii]).

[ii]

Primaquine
diphosphate

BCS Class .
Primaquine diposphate is a suitable candidate for biowaiver.

[jj]

Propranolol HCl BCS class I
Propranolol HCl is a suitable candidate for granting a biowaiver.

[h]

Pyrazinamide BCS Class III.
Linear absorption over a wide dosing range, indicating that
permeability is unlikely to affect absorption. Pyrazinamide can
be classified as a narrow therapeutic index (NTI) drug, which is
usually a caveat for biowaivers.
Pyrazinamide is a suitable candidate for biowaiver with certain
caveats (see [kk), and importantly only if the SmPC of the test
product indicates the need for monitoring of the patient’s liver
function.

[kk]

Quinidine sulfate BCS Class I/III.
Biowaivers are rarely granted for drugs, such as quinidine
sulfate, with narrow therapeutic windows.
Quinidine sulfate is not a suitable candidate for biowaiver.

[ll]
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Table 11A.1 (continued)

Drug BCS Assessment References

Quinine sulfate BCS Class I/II.
A recent pharmacokinetic study did show bio-inequivalence of
two products and it does show dose-related and certain
irreversible side effects and toxicities at concentrations slightly
above the therapeutic concentration range.
Quinine sulfate is not a suitable candidate for biowaiver.

[mm]

Ranitidine HCl BCS Class III.
There are no safety considerations that would prevent a
biowaiver approach.
Ranitidine HCl is a suitable candidate for biowaiver.

[nn]

Ribavarin BCS Class I/III.
Ribavarin is actively transported across the intestinal lumen, but
this system is saturatable. However, no excipients have been
found to compete for the transporter (hCNT) and there are no
reported issues of bio-inequivalence. Nonetheless, biowaivers
are rarely granted for drugs, such as ribavarin, with narrow
therapeutic windows.
Ribavarin is a not suitable candidate for biowaiver; however, this
should be assessed versus the considerable risks associated
with studying BE of ribavirin products in healthy subjects.

[oo]

Rifampicin BCS Class II.
There are many literature reports of bio-inequivalence, but the
reasons are not well understood.
Rifampicin is not a suitable candidate for biowaiver.

[pp]

Stavudine BCS Class I.
Stavudine is a suitable candidate for biowaiver.

[qq]

Verapamil HCl Ambiguous BCS I, II
If the solubility boundaries between pH . and pH . are used
this is a BCS class I compound.
Verapamil HCl is a suitable candidate for granting a biowaiver.

[h]

Zidovudine
Azidothymidine

BCS Class I.
A high percentage of failed bioequivalence studies have been
reported in the literature (mostly in fixed dose combination
products). Whether it is the influence of the other actives is still
unclear. Nonetheless, in vitro dissolution does appear to be
predictive of these failures.
Zidovudine (Azidothymidine) is a suitable candidate for
biowaiver with certain caveats (see [rr]).

[rr]
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List of Abbreviations

ADAM Advanced Dissolution, Absorption, and Metabolism
ADME Absorption, Distribution, Metabolism, and Excretion
ADMET Absorption, Distribution, Metabolism, Excretion and Toxicity
AIDS Acquired Immunodeficiency Syndrome
An Absorption Number
ANN Artificial Neural Network
ANDA Abbreviated New Drug Application
API Active Pharmaceutical Ingredient
ASD Amorphous Solid Dispersion
AUC Area under the Curve
BCS Biopharmaceutical Classification System
BDDCS Biopharmaceutics Drug Disposition Classification System
CD Cyclodextrin
CheqSol Chasing equilibrium Solubility
CLND Chemiluminescence Nitrogen Detector
clogP Calculated logP
Cmax Maximum concentration (in pharmacokinetic experiment)
CMC Chemistry, Manufacturing and Control
COSMO-RS Conductor like Screening Model for Real Solvents
CV Coefficient of Variation
D/S Dose/Solubility
D0 Dose Number
DCS Development Classification System
DDBCS Dose-dependent BCS
DIPE Diisopropylether
DMSO Dimethylsulfoxide
Dn Dissolution Number
DSC Differential Scanning Calorimetry
EMA European Medicines Agency
EtOAc Ethylacetate
Fa Fraction of Dose absorbed
FaSSCoF Fasted State Simulated Colonic Fluid
FaSSGF Fasted State Simulating Gastric Fluid
FaSSIF Fasted State Simulated Intestinal Fluid
FDA US Food and Drug Administration
FDM Facilitated Dissolution Method
FeSSCoF Fed State Simulated Colonic Fluid
FeSSIF Fed State Simulated Intestinal Fluid
FIH First in Human
FIP International Pharmaceutical Federation
FL Flux
FMEA Failure Mode and Effects Analysis
GI Gastrointestinal
GI-tract Gastrointestinal tract
GSE General Solubility Equation
HCF Human Colonic Fluid
HGF Human Gastric Fluid
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HIF Human Intestinal Fluid
HPβCD Hydroxypropyl-β-Cyclodextrin
HPLC High-Performance Liquid Chromatography
HTS High-Throughput Screening
ICH International Council for Harmonization
IMI Innovative Medicines Initiative
IMI OrBiTo Innovative Medicines Initiative Oral Biopharmaceutic Tools
iPrOH Isopropanol
IR Immediate Release
IUPAC International Union of Pure and Applied Chemistry
IVIVC in vitro– in vivo Correlations
IVIVR in vitro– in vivo Relationships
Ka Absorption Rate Constant
LBFs Lipid-based Formulations
LFCS Lipid Formulation Classification Scheme
LLE Liquid–Liquid Equilibrium
LLP Liquid–Liquid Phase
MAD Maximum absorbable Dose
MDCK Madin-Darby Canine Kidney
MIBK Methyl isobutyl ketone
MLP Multi-Layer Perceptron
MPt Melting Point
MS Mass Spectrometry
MW Molecular Weight
NCE New Chemical Entity
NDA New Drug Application
NLT Not less than
NRTL Non-random two-Liquid
NRTL-SAC Non-random two-Liquid Segment Activity Coefficient
NSAID Non-steroidal anti-inflammatory Drug
OrBiTo Oral Biopharmaceutics Tool
PBPK Physiologically based Pharmacokinetic
PC-SAFT Perturbed Chain-Statistical Associating Fluid Theory
PCB Polychlorinated Biphenyl
PD Pre-clinical Dose
PD0 Pre-clinical Dose Number
Ph. Eur. European Pharmacopoeia
PK Pharmacokinetic
PLE Product Line Extension
PTFE Polytetrafluoroethylene
PXRD Powder X-Ray Diffraction
QbD Quality by Design
SAC-NRTL Non-random two-Liquid Segment Activity Coefficient
SAD Single ascending Dose
SBEβCD Sulfobutylether-β-Cyclodextrin
SEDDS Self-emulsifying Drug Delivery System
SFI Solubility Forecast Index
SGF Simulated Gastric Fluid
SGFsp Simulated Gastric Fluid without Pepsin
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SIF Simulated Intestinal Fluid
SLAD Solubility limited absorbable Dose
SLE Solid–liquid Equilibrium
SLS Sodium lauryl sulfate
sRNA Small Ribonucleic Acid
SSF Saturation Shake Flask
SUPAC Scale-up and post-approval Change
TRIS Tris(hydroxymethyl)aminomethane
UNIFAC Universal quasi-chemical Functional Group Activity Coefficients
UNIQUAC Universal Quasichemical
UPLC Ultra-high-Pressure Liquid Chromatography
USP United States Pharmacopoeia
UV Ultraviolet
VLE Vapour–Liquid Equilibrium
WHO World Health Organization
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Index

“weakly coordinating” counterions 231
3-Dimensional Reference Interaction Site

Model 80

Abraham equation 173
absolute bioavailability 331
absorption 7, 57, 126, 127, 133, 157, 325, 336
activation energy 230
active pharmaceutical ingredient 149
activity 261
activity coefficient 261, 264, 303
ADMET properties 100
adsorption 180
agglomerates 280
agglomeration 308
Albendazol 249
allometric scaling 19
Amorphous 48, 61, 63, 223, 254
Amorphous Solid Dispersions 63, 219
amorphous solid-state forms 229
ampholytes 246
anhydrate 252
animal experiments 5
anti-solvent 265
Apparent solubility 28, 44, 48
areas under the curve 219
aromatic ring 191, 197
artificial neural networks 96, 97
aspirates 151
aspiration 135, 137
automated solubility assessments 14

BCS 218
BCS scheme 195
besylates 250
bile 160
bile salts 119, 152
bioavailability 6, 29, 45, 52, 57, 125, 128,

219, 223
bio-enabling formulations 240
bioequivalence 217
biomimetic media 53
Biopharmaceutical Classification Scheme 249
Biopharmaceutical Classification System 188
Biopharmaceutical Classification System

approaches 19

Biopharmaceutics Classification System 217,
319, 321

Biopharmaceutics Drug Disposition
Classification System 324

biorelevant media 7, 126, 150, 157, 165, 188,
328

bio-relevant solubility 16
Biowaiver 157
bootstrapping 91
bracketing approach 289
bracketing technique 272, 299
brick dust molecules 11
brick stone 32
British Pharmacopoia 3
buffer 212
buffer systems 5

Cambridge Crystallographic Data Centre 84
Canine media 153
centrifugation 139, 180
cephaloglycin 276
channel-hydrates 233
chasers 183
chasing equilibrium method 182
Chasing Equilibrium Solubility 15, 73
chemical potential 1, 86, 261
chemiluminescence nitrogen detector 185
chemisorption 233
chemoinformatics 77
chiral centre 191
chromatographic hydrophobicity

index 184
cilengitide 254
clear point 295
clog P 8
cloud point 295
coarse-grained simulations 77
co-crystal 62, 189, 197, 231, 244, 279
colonoscopy 137
combinatorial chemistry 175
common ion effect 16, 250
Common Ions 38
complexation 6
compound libraries 175, 200
computational prediction of solubility 71
Conductor-like Screening Model 79
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conceptual surface segments 304
conformation 253
conformational polymorph 253
congruent melting 313
consensus methods 101
cooling crystallization 307
co-precipitates 255
co-solvents 5, 38, 177, 212, 222
Coulombic interaction energy 88
Coulomb-interactions 231
counterion 239
critical micelle concentration 214
cross-validation 91
Crystal Engineering 61
crystal growth 41
crystal lattice 1
crystal shape 307
crystal structure prediction 83
Crystal16 295
crystalline 27, 223
crystallinity 37, 223
crystallization 42
cyclodextrins 7, 39, 49, 128, 215

Darunavir 237, 251
DCS 219
deep learning 100
degrees of freedom 77
density functional theory 83
density of states 90
design of experiment 316
Developability Classification System 218, 325,

326
Development Classification System

19, 249
Differential Solubility 40, 66
diffusion rate 1
dihedral angle 198, 199
diluent 265
disintegration 1
disproportionation 280
dissipative particle dynamics 83
dissociation constant 210
dissolution 33, 46, 47, 74, 115, 123, 149, 152,

219, 224, 321, 328, 329, 333
dissolution kinetics 286
dissolution rate 229
dissolution-limited absorption 19
distributed multipole analysis 83

DMSO 176
dose 160
dose number 114
drowning-out crystallizations 265, 307
Drude oscillator model 82
drug absorption 29
drug discovery 3, 169
drug substance 259
drug-likeness 8
Dynamic Solubility 45
dynamic-vapor-sorption 233

edisylates 250
Einstein crystal 84, 86
Einstein Crystal technique 83
electrolytes 76
electrostatic charge distribution 82
emulsions 6
enabling formulation 60, 121
enantiomers 268
enantiotropic system 273
enantiotropically related polymorphs 230
energy of fusion 77
energy of solvation 77
energy of sublimation 77
energy of transfer 77
enthalpies of melting 272
enthalpy 31, 37, 75
enthalpy of dissolution 263, 302
entropy 31, 37, 75
entropy of melting 88
environmental impacts 71
equilibration time 179
equilibrium 326
– dynamic 27
– thermodynamic 45
equilibrium constant 211
equilibrium solubility 1, 72, 122
esterification 196
European Pharmacopoeia 3
evaporation of solvent 285
evaporative crystallization 307
excipients 221, 255, 335, 340
explicit models 79
extrapolation of solubility data 300

facilitated dissolution method 15
FaSSIF 119, 121, 122, 124,

127, 218, 326
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fasted state simulating intestinal fluid
150

FeSSIF 122, 218, 326
Fick’s laws 113
filters 291
filtration 179, 180
first principles calculations 77
five-site model 82
flask method 289
flowability 240
food effect 6
formulation development 5
formulations 5, 123, 160
four-site models 82
fraction absorbed 114
fragments 171
free acid 231
free base 231
free energy perturbation 84
free enthalpies 271
free enthalpy of dissolution 262, 271
functional group 190
fusion cycle 77, 102

gastric and intestinal fluids 7
gastric emptying 149
Gaussian processes 100
general solubility equation 10, 86, 93, 188
Gibbs free energy 31, 37
Gibbs free energy of solvation 75
grease ball molecules 12, 18
grease balls 32
group contribution 190
group interaction parameters 303
growth of the crystals 287

habit 233
haloperidol 250
H-bond acidity 173, 190
H-bond basicity 173, 190
heat capacity 261
heat of dissolution 263
heat of fusion 263 , 271
heating and cooling cycles 295
Henderson–Hasselbalch equation 5, 74, 76,

161, 181, 211, 246
hetero-aromatic ring 191, 192
hetero-atoms 191
heterogeneous buffer 247

high-throughput screening 3
hot-meld extrudates 255
human trials 5
hybrid methods 102
hybridization 194, 197
hydrates 189, 231, 243, 244, 252, 274
hydration 1
hydration energies 84, 229
hydrogen-bridges 254
hydrolysis 237
hygroscopicity 4, 233

implicit models 79, 102
impurity 12, 269, 286
in silico 225, 324
in vitro–in vivo correlations 223, 320
inclusions of solvent 280
incongruent dissolution 279, 313
incongruent melting 313
instability 221
intermediate 259
intermolecular forces 31
intersubject 157
Intestinal fluids 117
intrinsic dissolution rate 15
intrinsic solubility 1, 74, 327
ion-dipole interaction 232
ionic strength 38, 181, 212
ionizable drugs 5
ionization 76
isoenergetic polymorphs 272

jack-knifing 91

Kelvin equation 13, 235
kinetic solubility 1, 14, 51, 72, 73, 161, 200,

223, 229
kinetics of equilibration 286
k-Nearest Neighbours 99

lab-grade solvent 265
laser-diffraction 236
lattice energy 32, 229
lead optimization 174, 188
lecithin 152
Lennard–Jones energy 88
Lennard–Jones fluid 87
Lennard–Jones repulsion-dispersion-

potential 81
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library compound 202
ligand efficiency 8
light scattering 176
lipid-based formulations 6, 65, 219, 222
Lipinski rule of 5 194
lipolysis 138
lipophilic efficiency 8
lipophilicity 6, 170, 188, 189, 191, 195, 196
liquid–liquid phase separation 282, 314
Lovastatin 304, 305

machine learning 95, 99, 100, 101
manufacturing 4
mass spectrometry 186
matched molecular pair 190
maximum absorbable dose 113
maximum yield 263
media 156
melting point 230, 232
mesophases 241
mesylates 250
metastable 28, 41, 45, 55, 59, 61
metastable solid-state form 236, 293
metastable zone 295, 309
micelles 6, 59, 61, 65, 144, 214
micellization 58
microenvironment 248
micronization 235
microscopy 292
mixed solvate 276
models 124, 125, 127
molecular discovery 71
molecular dynamics 77, 79
molecular mechanics 80
monotropic system 273
Monte Carlo Approach 87
mother liquor 270
multi-component solid 279
multi-linear regression 96

Nanocrystals 36, 63
nano-milling 235
nanoparticles 235
nano-suspension 221
napsylates 250
nephelometer 176
nephelometry 178
neural networks 100
new chemical entities 324

non-aqueous solvents 4
non-chasers 183
non-linear machine learning methods 96
non-stoichiometric pseudo-polymorphs 245
Norvir 253
Noyes-Whitney equation 74, 234
nucleation 42, 293, 295
nucleation temperature 295

oiling-out 280, 282, 297, 314
Ostwald ripening 33, 221
Ostwald rule 32, 57, 59
Ostwald–Freundlich relationship 34, 36
Ostwald–Miers 40, 41, 47

partial least squares 96
partial pressure 75
particle design 234
particle shape 233
particle size 12, 33, 35, 123, 219, 221, 225, 234
particle size distribution 307
partition coefficients 170
partitioning 9
pattern recognition 97
PBPK 125, 161, 162
permeability 7, 113, 170, 195, 196, 219, 320,

321, 331
pH 210, 211, 247
pH dependent solubility 246
pharmaceutical salt selection 245
Pharmaceutical Salts 62, 189, 199, 231, 242,

279
pharmacodynamic studies 5
pharmacodynamics 71, 72
pharmacokinetic simulation software 19
pharmacokinetic studies 5
pharmacokinetics 71, 76
pharmacopoeias 2
phase diagrams 259, 306, 315
Phase Separation 49, 280, 281
– centrifugation 51
– filtration 51
pH-dependent solubility 15
pHmax 247
phospholipids 152
physiologically based pharmacokinetic 124
physisorption 233
PK screening 119, 120
pKa 211
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planarity 194, 195, 196, 197, 198, 199
plate reader 176
plausibility tests 300
polarity 173
polarizability 173
Polarizable Continuum Model 79
polarizable models 82
polymer 223
polymorph screen 259
polymorph selection 245
polymorphs 27, 75, 231, 242
potency 170
Prasugrel 248
precipitate 54, 213
precipitation 4, 8, 63, 135, 230, 319
precipitation inhibitors 55
preservative 214
pressure 262
process development 259
process scale-up 4
processability 240
Prodrugs 66
promiscuous solvate formers 276, 307
pseudo-polymorphs 231, 243, 244
purification 280, 287, 307
purity 174, 262, 270

quality by design 316
quantitative flask method 290
quantitative structure-property

relationships 94
quantum chemistry 77
quantum mechanics 80

Random Forest 98
recrystallization 255
relative humidity 279
residence times in the stomach and small

intestine 17
rigid models 82
ritonavir 12, 76, 253
Ritonavir case 237
robotic systems 14
rotatable bond 190

salt formation 312
Salts 161

sampling 290
saturation line 309
saturation temperature 284, 294
scaffold 202
seeding 309, 315
self-emulsifying drug delivery systems 6
semi-quantitative flask method 289
Shake Flask Methods 15, 49, 73, 139, 162, 330
similarity test 328
Simple-Point-Charge 81
simulated gastric fluid 150
Simulated Gastric Fluid without pepsin 249
sink conditions 149
SLAD 218
Solid dispersions 223
solid solution 255, 270
solid-state forms 229
solid–liquid separation 307
solubility 153, 321, 326
Solubility Challenge 9, 93, 96, 97, 100, 101,

193
solubility determination 283
solubility forecast index 12, 191
solubility modelling 303
solubility product 247, 250
solubility theory 10
solubility-limited absorption 19
solute 1, 72
solution calorimetry 272
Solutions 60
solvates 189, 231, 243, 245, 274
solvation 1, 31, 48
solvation energy 229
Solvation Model based on Density 79
solvatochromic effect 184
solvent 72
solvent mixtures 265, 275
space of parameters 284
space-time yield 264
specific surface 234
spray dried dispersions 255
spring and parachute 54, 223
stability 216, 236
stearic acid 272
stomach fluids 117
subcooling 295
sublimation cycles 77, 102
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sulphonic acid salts 250
supersaturated solutions 4
supersaturation 8, 27, 30, 40, 43, 45, 53, 54,

57, 134, 144, 230, 250
– Assays 51
Support Vector Machine 96, 99
surfactants 6, 18, 39, 214, 340
suspension density 308

technical-grade solvents 265
telmisartan 253
temperature 211
temperature dependence of solubility 262
test set 91
theophylline 278
thermodynamic 161
thermodynamic solubility 14, 28, 133, 200, 229
topographical polar surface area 94
tosylates 250
toxicity 71
toxicological properties of salt-formers 239
toxicological studies 5
training set 91
Trametinib 237, 251
Transferable-Intermolecular-Potential 81
turbidimetry 73
turbidity measurement 175, 178
turbidity probe 295

ultra high-pressure liquid chromatography 177
United States Pharmacopoeia 3
units 284
UNIversal quasi-chemical Functional-group

Activity Coefficients 95

van Laar equation 261, 274, 284
van’t Hoff plot 263, 273, 293
vapour pressure 174, 279
vapour–liquid equilibria 279

washing 307
washing liquor 308
wettability 230
wetting 18
wetting properties 6

yield 259, 269

Zwitterionic 196, 246

µDISS 18
π-π stacking 12
π–π interactions 195, 197
ψmol 83
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