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ABSTRACT 

 

Although pharmaceutical cocrystals have emerged as a useful strategy for enhancing the 

solubility, dissolution, and oral bioavailability of poorly water-soluble drugs, their development 

has thus far been marked by a lack of critical understanding of their solution behavior and the 

underlying solution interactions that govern drug supersaturation and exposure.  This has led to 

empirical, time-consuming approaches with inadequate methods to control cocrystal behavior, 

leaving cocrystals as appearing overly risky and a largely untapped drug development strategy.   

However, changes in cocrystal solubility and thermodynamic stability have been shown 

to be readily predictable as a function of changing solution conditions.  The purpose of this 

research is (1) to develop a quantitative, mechanistic-based approach through which known 

relationships between cocrystal solubility advantage (SA = Scocrystal / Sdrug) and solution 

conditions such as pH, surfactant concentration, or excess coformer concentration can be used to 

fine-tune cocrystal inherent supersaturation, and (2) to modulate nucleation by selecting 

additives that will exhibit thermodynamic and kinetic control over the dissolution-

supersaturation-precipitation (DSP) behavior of cocrystal systems. 

The effects of changing solution conditions on SA and corresponding DSP behavior were 

studied for cocrystals of three different poorly water-soluble drugs: lamotrigine, danazol, and 

posaconazole.  Cocrystals with highly soluble coformers were found to have SA values orders of 

magnitude higher than parent drug in aqueous conditions, which left them at high risk for rapid 

solution-mediated conversion during previously reported in vitro and in vivo dissolution studies.  

For cocrystals with ionizable components, aqueous solubility was found to predictably change 
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with pH, with some cocrystals exhibiting a transition point pHmax at which cocrystal and drug 

solubilities were equal and above or below which their relative stabilities were inverted.  

Cocrystal SA was found to predictably decrease in the presence of additives with increasing drug 

solubilization power (SPD = Sdrug,T / Sdrug,aq).  The SA - SP relationship provided a mechanistic 

basis to fine-tune SA (thermodynamic supersaturation limit) below critical supersaturation 

(kinetic supersaturation limit) which, combined with precipitation and growth inhibitors, 

promoted sustained supersaturation.  Drug dose/solubility ratio (D0(D) = Cdose / Sdrug) was found 

to be an important parameter to define the potential fraction dose dissolved by the cocrystal as 

well as the risk of dose-limited supersaturation or undersaturation if SA was dialed too low.  

Finally, excess coformer concentration was also shown to predictably modulate cocrystal SA 

according to the solubility product Ksp, which allowed the cocrystal to sustain supersaturation 

and maintain a quasi-equilibrium at concentrations near the eutectic point.   

Design of cocrystal delivery systems that can generate both thermodynamically possible 

and kinetically sustainable supersaturation in the gastrointestinal tract is essential for cocrystals 

to be a viable strategy to enhance the oral bioavailability of poorly soluble drugs.  Although 

cocrystals may appear to be risky due to their vulnerability to conversion to less soluble forms, 

their development can be successfully streamlined through rational, mechanistic approaches that 

are cognizant of solubility transition points and utilize both the thermodynamic and kinetic 

control of additives on DSP behavior. 
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Introduction 

 

Orally administered drug products may be the most preferred dosage forms, but their 

successful delivery remains challenged by dissolution- and solubility-limited absorption in the 

gastrointestinal tract.  Solubility and permeability have been defined by the Biopharmaceutics 

Classification System (BCS) as the primary factors that influence oral drug absorption.1  BCS 

Class II drugs are categorized as having low solubility and high permeability, where drug 

dissolution is the rate-limiting step to absorption and the drug dose/solubility ratio (D0 = dose 

concentration / Sdrug) is greater than 1.2  For these drugs, development efforts to improve both 

dissolution and solubility must be made in order to successfully dissolve the drug dose and 

achieve efficacious drug concentration levels in vivo. 

Supersaturating drug delivery systems such as cocrystals, salts, and amorphous forms 

have been shown to enhance the solubility of crystalline drug, which can lead to increases in 

drug dissolution rate, exposure, and oral bioavailability.3-8  Cocrystals in particular have recently 

gained a lot of pharmaceutical interest in this area.  Cocrystals are defined as multicomponent 

solid forms composed of two or more neutral molecular components in a single homogenous 

crystalline phase with well-defined stoichiometry.  When a poorly-soluble parent drug is 

cocrystallized with a highly soluble, generally regarded as safe, typically inert coformer, 

pharmaceutical cocrystals have been shown to impart solubility advantage orders of magnitude 

higher than parent drug.3, 9-11   
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As shown in Figure 1.1, one of the most important properties of cocrystals is the ability to 

fine-tune their solubility and solubility advantage (SA = SCC / SD) as a function of solution 

conditions, such as pH, solubilizing agent concentration, and nonstoichiometric coformer 

concentration.  This unique property of cocrystals gives them the development advantage of 

being versatile and tailorable to a wide range of solution conditions. 

 
 

Figure 1.1.  Cocrystal solubility and stability vary with solution conditions such as (a) pH, (b) 

drug solubilizing agents, and (c) excess coformer concentration.  The intersection of the 

cocrystal and drug solubility curves represents a transition point, where Scocrystal = Sdrug.  

Cocrystal is stable when Scocrystal < Sdrug, and has solubility advantage when Scocrystal > Sdrug.  

Changing solution conditions can be used to fine-tune relative cocrystal stability.3 

 

Despite the increased interest in cocrystals due to these unique properties, their 

development has thus far been marked by a lack of critical understanding of their solution 

behavior and the underlying solution interactions that govern drug supersaturation and exposure.  

This has led to empirical, time-consuming approaches with inadequate methods to control 

dissolution – supersaturation – precipitation (DSP) behavior of cocrystal systems.  Such studies 

have stereotyped highly soluble cocrystals as risky to develop, owing to their vulnerability to 

rapidly undergo solution-mediated transformation to their more thermodynamically stable parent 

drug forms and essentially negating their solubility advantage. 
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The purpose of this chapter is to introduce the well-recognized concepts of cocrystal 

formation, synthesis, solubility, and dissolution that relate to their ability to generate 

supersaturation and enhance oral bioavailability.  This chapter will conclude with research 

objectives for expanding the understanding of cocrystal solution behavior and ultimately for 

streamlining their development. 

 

Cocrystal Formation and Design 

Multicomponent solid forms include both crystalline and amorphous systems.  Figure 1.2 

schematically demonstrates the differences in composition of cocrystals and other 

multicomponent solids.12  While amorphous systems, polymorphs, solvates, and salts currently 

represent the most common solid forms in product development, cocrystals have been largely 

underutilized despite offering a unique set of advantages.  Cocrystals differ from solvates in that 

both components are solids at room temperature.  Crystallinity gives cocrystal stability 

advantage over amorphous materials, and lack of reliance on ionic interactions like salts allows 

nonionizable drugs and coformers to be amenable to cocrystallization.  Both cocrystals and salts 

can exhibit polymorphism and solvate formation, and their stoichiometric nature makes their 

solubilities uniquely tailorable with solution conditions. 3, 13   
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Figure 1.2.  Multicomponent crystalline forms that can be used to alter the physicochemical 

properties of an active pharmaceutical ingredient (API) or drug without changing molecular 

structure.12 

 

Cocrystal and salt formation have been described as a continuum, whereby complete 

proton transfer yields an ionic bond and salt formation, while incomplete transfer yields a 

noncovalent bond and cocrystal formation.13  ΔpKa values (pKa of base – pKa of acid) serve as 

reliable parameters for predicting salt formation when greater than 2 or 3 and for predicting 

cocrystal formation when less than 0.14, 15  However, these predictions become more arbitrary 

when ΔpKa is between 0 and 2.   

By definition, cocrystals form in a stoichiometric ratio of drug and coformer.6, 11, 16  

Instead of conducting cocrystal screens which can be costly in both material and time, rational 

coformer selection can be achieved by examining the functional groups capable of hydrogen 

bonding with the drug.  Because of the directional interactions they impart on the respective 

components, hydrogen bonds are known to strongly influence molecular recognition.17  As a 

result, general guidelines have been established to predict which hydrogen bond interactions will 

result in crystal formation: (1) all acidic hydrogen atoms will participate in hydrogen bonding; 

(2) contingent on sufficient number of hydrogen bond donors, all good hydrogen bond acceptors 
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will be used; (3) hydrogen bonds will preferentially form between the best proton donor and 

acceptor; and (4) intramolecular hydrogen bonds in a six-membered ring will form preferentially 

over intermolecular hydrogen bonds.17-19 

Common noncovalent intermolecular interactions of specified geometries and bonding motifs 

are referred to as synthons.  By performing supramolecular retrosynthetic analysis for a target 

compound, the Cambridge Structural Database (CSD) can be used to identify both 

homosynthons, which are formed between identical functional moieties, and heterosynthons, 

which are formed between different functional moieties.20-22  Some of the most common synthon 

pairs are shown in Figure 1.2. 

 
 

Figure 1.3.  Common supramolecular synthons formed with hydrogen bonds between carboxylic 

acids, amides, pyridines, and other aromatic nitrogens.3, 18-20 

 

 When designing cocrystals to be supersaturating drug delivery systems, it is also 

important to thoughtfully select a coformer for its solubility.  As shown in Figure 1.3, a 

correlation has been observed between cocrystal SA and the ratio of coformer to drug 

solubilities.3  In general, coformers 10 times more soluble than drug will yield cocrystals with 

SA = 1.  Ionizable coformers also have the ability to impart or alter the solubility – pH 
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dependence of the drug, so cognizant selection of highly soluble coformers with complementary 

ionization to the drug has the greatest chance to yield cocrystals with solubility advantage.  

 
 

Figure 1.4.  A correlation is observed between cocrystal solubility advantage (Scocrystal / Sdrug) 

and the ratio of coformer to drug solubilities (Scoformer / Sdrug).  Scoformer / Sdrug > ~10 relates to 

Scocrystal / Sdrug = 1.  Final pH values from equilibrium solubility measurements at 25°C are shown 

as numbers by data points.3  

 

Cocrystal Screening and Synthesis 

While the CSD represents a useful basis for rationally identifying potential cocrystalline 

coformers, it is not a definitive predictor of molecules that will cocrystallize.  Nor can it predict 

cocrystal structure, conditions that promote cocrystallization, or physicochemical properties of 

formed cocrystals.  Thus, cocrystal screening remains to be an important aspect of the synthesis 

process.3  A variety of cocrystal screening techniques can be found in the literature, including 

slow solvent evaporation,23-27 slurry conversion,28 neat (dry) grinding,29, 30 solvent drop 

grinding,31-33 and melt.34, 35  However, these techniques have limitations, as they often result in 

crystallization of individual components, cannot be readily upscaled, and are costly in both time 

and materials.  By examining the basic equilibria and mathematical relationships that govern 
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crystallization, the nucleation and growth principles of cocrystals can be readily understood and 

controlled. 

 For the case of cocrystal AyBz, formation is characterized as the crystallization of a single 

phase with components A and B in an exact stoichiometric ratio according to   

AyBzsolid

Ksp
⇔ yAsoln + zBsoln                                                                                                    (1.1) 

where A and B represent drug and coformer, and y and z represent their respective stoichiometric 

coefficients.36  The forward reaction is dissociation and represents dissolution, while the reverse 

reaction is association and represents precipitation.  The solubility product Ksp is the 

thermodynamic equilibrium constant for this reaction and is defined as the product of the molar 

activities or concentrations of cocrystal constituents.  Ksp is given by 

Ksp,a = γA[A]
y γB[B]

z ≅ Ksp = [A]
y [B]z                                                                                (1.2) 

where γ represents the activity coefficients of components A and B.  Under ideal conditions 

where activity is constant and γ = 1, the activity-based solubility product Ksp,a can be replaced by 

the concentration product Ksp.  It is important to note that Ksp is explicitly calculated as the 

product of the cocrystal components in the same molecular state as the cocrystal.  While 

cocrystal Ksp considers [A] and [B], salt Ksp considers the ionized compounds as 

 Ksp = [AH
+]y [B−]z                                                                                                                 (1.3) 

Ksp  [A]T [B]T when there are molecular species in solution different from those in the 

corresponding solid phase.  These Ksp values are not calculated from total analytical 

concentrations of salt or cocrystal components when there are molecular species in solution 

different from those in the salt or cocrystal solid phase. 

 Supersaturation (σ) is the driving force for cocrystal nucleation and growth and is 

represented as  
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σ = (
aAaB

Ksp,a
)
1/2

≅ (
[A][B]

Ksp
)
1/2

                                                                                                       (1.4) 

This equation demonstrates that supersaturation with respect to cocrystal can be increased by 

increasing the product of the component concentrations in solution.3 

 The reaction crystallization method (RCM) utilizes this relationship between cocrystal 

supersaturation and solution component concentrations in order to avoid crystallization of pure 

components.37  The phase solubility diagram of Figure 1.5 shows graphically how cocrystal 

supersaturation can be generated while component solution concentrations are only at or below 

saturation.11, 38   

 
 

Figure 1.5. Phase solubility diagram defining regions where cocrystal can form or dissolve.  

Solubility of drug A is indicated with dashed blue line, solubility of coformer B is indicated with 

solid green line, and solubility of cocrystal AB is indicated with red curve.  Nonstoichiometric 

cocrystal solubility decreases with increasing coformer concentration ([B]T).  Subscript T 

represents total analytical concentrations.  Region I represents supersaturation with respect to 

drug, where the cocrystal can covert to drug.  Region II represents supersaturation with respect to 

cocrystal and drug, where both forms can precipitate.  Region III represents undersaturation, 

where cocrystal, drug, and coformer may dissolve.  Region IV represents supersaturation with 

respect to cocrystal, but undersaturation with respect to drug.  Pink arrows represent a possible 

cocrystal formation pathway, whereby drug in saturated coformer solution may dissolve above 

nonstoichiometric cocrystal solubility and convert to precipitate pure cocrystal.  This method of 

cocrystal synthesis is known as reaction crystallization method (RCM).3, 37, 38 
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In this case, cocrystal AB is more soluble than drug under stoichiometric conditions, and 

nonstoichiometric cocrystal solubility decreases with increasing coformer B concentration as 

governed by Ksp.  In region III, the components and the cocrystal are all below saturation.  In 

contrast, the solution is supersaturated with respect to drug in region I and with respect to both 

cocrystal and drug in region II, which charters the potential for undesired precipitation of the 

supersaturated component(s).  However, region IV represents supersaturation with respect to 

only cocrystal.  Assuming that coformer is more soluble than drug, cocrystal (the most 

thermodynamically stable phase) can be formed by saturating a solution with respect to coformer 

and then dissolving drug at or below its solubility.   

Phase solubility diagrams are essential to guide cocrystal discovery and synthesis. 

Manipulating solution conditions to be within region IV of the diagram will maximize the 

likelihood of successful cocrystal synthesis by a controlled approach.  Furthermore, RCM has the 

advantages of not being limited by differences in component solubilities, being amenable to a 

large range of solvents, and being adjustable for any reaction scale, including small scale in situ 

monitoring for cocrystal discovery and large scale cocrystal production.3, 37, 39-41   

Employment of supramolecular retrosynthetic analysis and proper selection of a cocrystal 

screening technique can effectively streamline the process of cocrystal formation.  Both 

cocrystals and salts have been discovered by their tandem use. 

 

Cocrystal Eutectic Point and Keu 

The cocrystal eutectic point has been well established as an important transition point that 

defines cocrystal thermodynamic stability relative to its components.11, 38, 39, 42  The phase 

solubility diagram denotes cocrystal eutectic points where the cocrystal solubility curve 
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intersects with the drug and coformer solubility lines (Figure 1.5).  For cocrystals of highly 

soluble coformers and poorly soluble drugs, their resulting SA means that they are not the most 

thermodynamically stable phase and that stoichiometric cocrystal solubility is not experimentally 

measurable due to drug precipitation.  However, the eutectic point, defined as drug or coformer 

and cocrystal solid phases in equilibrium with solution, represents experimentally measurable 

nonstoichiometric solubility that can be used to calculate stoichiometric cocrystal solubility 

according to 

SCC = √
[A]T [B]T

yyzz

y+z

                                                                                                                      (1.5) 

where the total concentrations of components A and B represent the total analytical equilibrium 

concentrations of each component.   

Pharmaceutically, the eutectic point between drug and cocrystal is most typically relevant 

since drug is typically the less soluble component.11  Figure 1.6 shows the cocrystal and drug 

eutectic point for two different cocrystals in a particular solvent: a stable cocrystal 1 with low 

solubility and low Ksp, and metastable cocrystal 2 with high solubility and high Ksp.  The dashed 

line indicates stoichiometric solution concentrations, which congruent cocrystal saturation would 

follow.  Stoichiometric cocrystal solubilities are indicated with the blue and red dots, and 

nonstoichiometric cocrystal solubilities predictably decrease according to Equation 1.5.  

Intersection with the solid drug solubility line indicates the eutectic point.  The metastable 

cocrystal 2 has stoichiometric solubility above drug solubility, meaning that it would 

incongruently saturate as generated supersaturation led to drug precipitation.  As a result, 

stoichiometric solubility is not experimentally measurable, but can be estimated from eutectic 

point measurements.  In contrast, stable cocrystal 1 congruently saturates and is less soluble than 
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parent drug, and therefore its solubility can be directly measured and need not be estimated from 

eutectic concentrations.      

 
 

Figure 1.6.  Schematic phase solubility diagram indicating the eutectic points (*) where 

cocrystal and drug solid phases are in equilibrium with solution.11  Ceu represents the eutectic 

concentrations of drug and coformer.  The circles represent stoichiometric cocrystal solubilities.  

Two different cocrystals are considered based on their stability with respect to drug under 

stoichiometric conditions: a stable cocrystal (cocrystal 1), and a metastable cocrystal (cocrystal 

2) where the cocrystal generates supersaturation with respect to drug.  Drug solubility (Sdrug) is 

indicated and is much lower than the solubility of the coformer, which is not shown.  The dashed 

line illustrates stoichiometric concentrations of cocrystal components, which congruent 

dissolution would follow.3 

 

 The eutectic constant Keu also serves as an indicator of cocrystal stability and solubility.42  

Keu is defined as 

Keu =
[coformer]eu,T

[drug]eu,T
                                                                                                                     (1.6) 

at the eutectic point where drug and cocrystal are in equilibrium with solution.  Subscripts eu and 

T represent total analytical concentrations (ionized and nonionized) at the eutectic point. 

 Keu represents a transition point when it is equal to the stoichiometric ratio of coformer to 

drug in a cocrystal.  Keu values greater than the stoichiometric ratio indicate that cocrystal is 
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more soluble than the drug (SA > 1), and vice versa for Keu values less than the stoichiometric 

ratio (SA < 1).  Mathematically, Keu can also be used to calculate cocrystal SA according to 

SA =  
y

z
 Keu

z/(y+z)                                                                                                                     (1.7) 

Figure 1.7 shows excellent agreement between the experimental and predicted 

relationship between Keu and SA for NVP cocrystals. 43  Because Keu changes with pH, it can 

also serve as an indicator for a pHmax, the pH at which drug and cocrystal solubilities are equal.  

NVP-MLE is a 1:1 cocrystal, so the Keu and SA values greater than 1 at all studied pH values 

indicate that cocrystal is more soluble than drug and there is no pHmax within this range.  NVP-

SAC and NVP-SLC are 2:1 cocrystals, so the transition point would occur at Keu = 0.5.  Figure 

1.7 indicates that NVP-SAC exhibits a pHmax between 1.2 and 2.4, while NVP-SLC has a pHmax 

between 1.2 and 3.2.42, 43 

 
 

Figure 1.7.  Predicted and experimental eutectic constant Keu and solubility advantage (SA = 

Scocrystal / Sdrug) values for 1:1 NVP–MLE (solid line) and 2:1 NVP–SAC and NVP–SLC 

cocrystals (dashed line).  Keu is a key indicator of SA, and Keu dependence on pH reveals the 

cocrystal pHmax.  At pHmax, Keu = 1 for 1:1 cocrystals and Keu = 0.5 for 2:1 cocrystals.  Symbols 

represent experimental values.  The numbers next to data points indicate pH at eutectic point or 

equilibrium pH.  Predicted lines were calculated according to Equation 1.7 (shown for 1:1 and 

2:2 cocrystals on plot).43 
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Figure 1.8 summarizes all the different cocrystal parameters, transition points, and 

diagrams that can be calculated and/or predicted from a single eutectic point measurement.  

Utilizing these relationships will not only provide a holistic characterization of cocrystal 

solubility and stability, but also can be time- and material-sparing during early cocrystal 

development. 

 
 

Figure 1.8.  A single eutectic point measurement can be used to obtain important cocrystal 

parameters, transition points, and diagrams.  General equations refer to a cocrystal of 

stoichiometry y:z. 

 

Cocrystal Solubility and Transition Points 

Mathematical Forms of Cocrystal Solubility and Stability 

Although solubility is often reported as a single value, in reality it varies with changing 

solution conditions such as pH, presence of solubilizing agents, or excess coformer (Figure 1.1).  

Total solubility of a binary cocrystal AyBz may be expressed as a function of equilibrium 

constants and relevant concentrations as 
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SCC,T = 𝑓(Ksp, Ka, Ks, Kc, [H
+], [M], y, z)               (1.8) 

where Ksp, Ka, Ks, and Kc are the dissociation, ionization, solubilization by additives, and 

complexation equilibrium constants respectively; [H+] represents hydrogen ion concentration as 

determined by pH; [M] represents total solubilizing agent concentration or micellar 

concentration; and y and z represent the stoichiometric coefficients of the drug and coformer 

respectively.  For simplicity, complexation will not be considered here.   

The total influence of both ionization and solubilization on cocrystal solubility may be 

summarized for both the drug and coformer using the representative terms δD,T and δCF,T, where 

δD,T = δD,I + δD,S                (1.9) 

and 

δCF,T = δCF,I + δCF,S                  (1.10) 

where subscripts I and S refer to ionization and solubilization.  The ionization parameters δD,I 

and δCF,I are a function of Ka and [H+], and the solubilization parameters δD,S and δCF,S are a 

function of Ks and [M].  Thus, Equation 1.8 may be simplified as 

SCC,T = 𝑓(Ksp, δD,T, δCF,T, y, z)              (1.11) 

Cocrystal solubility can be calculated from the general equation  

SCC,T = √
Ksp

(yyzz)
δD,T

y δCF,T
z(y+z)

           (1.12) 

This equation can be used to calculate solubility for a cocrystal of given stoichiometry and under 

specific ionization and solubilization conditions by substituting δI and δS expressions in terms of 

the appropriate equilibrium constants (Table 1.1).42  
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Table 1.1.  Ionization (δI) and solubilization (δS) terms used to calculate cocrystal solubility 

according to Equations 1.9, 1.10, and 1.12.  The expressions for cocrystal solubilities were 

previously derived and experimentally confirmed.a 

Ionization of 

Cocrystal Component 
δI δS 

Nonionizable (R) 1 Ks
R[M] 

Monoprotic Acidic 

(HA) 
1 +

Ka
HA

[H+]
 Ks

HA[M] 

Diprotic Acidic (H2A) 1 + 
Ka
H2A

[H+]
 +
Ka
H2AKa

HA−

[H+]2
 Ks

H2A[M] 

Monoprotic Basic 

(BH+) 
1 + 

[H+]

KaBH
+ Ks

BH+[M] 

Amphoteric (HAB) 1 +
Ka
HAB

[H+]
+
[H+]

Ka
H2AB+

 Ks
HAB[M] 

Zwitterionic (-ABH+) 1 +
Ka
−ABH+

[H+]
+
[H+]

KaHABH
+ Ks

−ABH+[M] 

aIt should be noted that these expressions for δS have excluded the Ks term(s) for all non-neutral 

species.  In cases when Ks
neutral >>Ks

non-neutral, the solubilization of non-neutral species will have a 

negligible effect on total cocrystal solubility.44-47 

 

When cocrystal solubility is only influenced by dissociation (δD,T = 1 and δCF,T = 1), 

Equation 1.12 becomes 

SCC,T = √
Ksp

(yyzz)

(y+z)

                                                                                                                                         (1.13) 

 For a 1:1 cocrystal, y = z = 1 and Equation 1.12 becomes 

SCC,T = √Ksp δD,TδCF,T                                     (1.14) 
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The equations associated with the expressions in Table 1.1 are mathematically derived from 

equilibrium and mass balance equations of a particular system.  The equilibrium reactions 

corresponding to the δ terms in Table 1.1 are presented in Table 1.2. 

 

Table 1.2.  Equilibrium expressions and constants of drug or coformer cocrystal components that 

are nonionizable, acidic, basic, amphoteric, or zwitterionic.  Equilibrium constant equations can 

be used with knowledge of system mass balance to derive δI
 and δS equations.  Subscripts m and 

aq refer to the micellar and aqueous pseudophases, respectively. 

Ionization of Cocrystal 

Component 
Equilibrium Expression Equilibrium Constant 

Nonionizable (R) Raq ⇌ Rm Ks,R 

Monoprotic Acidic (HA) 

HAaq ⇌ H
+
aq + A

−
aq Ka,HA 

HAaq ⇌ HAm Ks,HA 

Diprotic Acidic (H2A) 

H2Aaq ⇌ H
+
aq + HA

−
aq Ka,H2A 

HA−aq ⇌ H
+
aq + A

2−
aq Ka,HA− 

H2Aaq ⇌ H2Am Ks,H2A 

Monoprotic Basic (BH+) 

BH+aq ⇌ H
+
aq + Baq Ka,BH+ 

BH+aq ⇌ BH
+
m Ks,BH+ 

Amphoteric (HAB) 

HABaq ⇌ H
+
aq + AB

−
aq Ka,HAB 

H2AB
+
aq
⇌ HABaq+ H

+
aq Ka,H2AB+ 

HABaq ⇌ HABm Ks,HAB 

Zwitterionic (-ABH+) 

−ABH+aq ⇌ H
+
aq + AB

−
aq Ka,−ABH+ 

HABH+aq  ⇌ −ABH
+
aq + H

+
aq Ka,HABH+ 

−ABH+aq ⇌ −ABH
+
m Ks,−ABH+ 
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The mass balance equation for the case of a 1:1 cocrystal RHA composed of nonionizable drug 

(R) and ionizable coformer (HA) is based upon the phase and chemical equilibria presented in 

Figure 1.9.3 

 
 

Figure 1.9.  Cocrystal solubility is determined by the total analytical concentrations of its 

molecular constituents in solution.  This diagram shows cocrystal-solution phase interactions for 

a cocrystal RHA composed of nonionizable drug (R) and acidic coformer (HA), as well as the 

associated equilibria common to pharmaceutical dosage forms, including dissociation, 

complexation, ionization, and solubilization.  Ksp represents the cocrystal solubility product, Ka 

is the ionization constant, Kc is the complexation constant, and Ks
HA and Ks

R are the 

solubilization constants for HA and R, respectively.3, 48 

 

Mass balance on R and A gives the total solubility of cocrystal RHA under stoichiometric 

conditions as 

SRHA,T = [R]T = [A]T                                                                                                              (1.15) 

where [R]T and [A]T represent the concentrations of all species in solution. The cocrystal 

solubility is 

SRHA,T = [R]aq + [RHA]aq + [R]m = [HA]aq + [A
−]aq + [RHA]aq + [HA]m                       (1.16) 

where subscript aq represents the aqueous phase and subscript m represents the micellar phase.   
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The concentrations of all species in Equation 1.16 can be expressed in terms of the 

concentrations of cocrystal components (free and nonionized) R and HA using the equilibrium 

constants.  This analysis gives the cocrystal solubility in terms of equilibrium constants 

(ionization and solubilization of cocrystal components, Ka
HA, Ks

HA, and Ks
R) and micellar 

concentration of surfactant [M]: 

SRHA,T = √Ksp(1 + KS
R[M]) (1 +

Ka
HA

[H+]
+ KsHA[M])                                 (1.17) 

where Ksp is the solubility product given by [R][HA].   The terms in parenthesis represent 

ionization and solubilization according to the equilibrium reactions in Figure 1.9.  

 The generalized form for a cocrystal RHA under the solubility conditions in Figure 1.9 

gives 

SRHA,T = √KspδR,S (δA,I + δA,S)                                                                                             (1.18) 

 and shows how the expressions for the ionization and solubilization terms presented in Table 1.1 

can be utilized to obtain the cocrystal solubility equation.   Note that solubilization of ionized 

species is not considered in the expressions in Table 1.1. 

General Solubility Expressions 

Ionization of cocrystal components is defined as the sum of acidic and basic functional 

groups of cocrystal components according to  

δD,I = 1 + ∑ (
∏ Kan

acidicl
n=1

[H+]l
)m

l=1 + ∑ (
[H+]q

∏ Kat
basicq

t=1

)r
q=1                      (1.19) 

for drug, and 

δCF,I = 1 + ∑ (
∏ Kah

acidicf
h=1

[H+]f
)

g
f=1 + ∑ (

[H+]i

∏ Kak
basici

k=1

)
j
i=1                                                (1.20) 
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for coformer, where m and g are the total number of respective acidic groups, and r and j are the 

total number of respective basic groups.42  It should be noted from these equations that when 

ionization is not considered, both δD,I and δCF,I reduce to one (as predicted by Equation 1.13). 

 In solutions with additives that solubilize cocrystal components, the heterogeneous 

equilibria between cocrystal and its components are taken into consideration as illustrated in 

Figure 1.10.48-52  This diagram only represents solubilization of the drug component of the 

cocrystal and assumes negligible solution complexation as well as non-ionizing solution 

conditions.44, 50 

 
 

Figure 1.10.  Schematic illustration of the equilibria between the cocrystal solid phase and its 

components in the aqueous and micellar solution pseudophases.  This scheme represents 

preferential micellar solubilization of the drug component, which leads to excess coformer in the 

aqueous phase and stabilization of the cocrystal in the aqueous phase.44, 48 

 

Solubilization of cocrystal components is defined as the sum of all cocrystal dissolved 

species (ionized and nonionized) according to  

δD,S = [Ks1[M] + (∑ ((
∏ Kan

acidicl
n=1

[H+]l
)Ksl+1)

m
l=1 + ∑ ((

[H+]q

∏ Kat
basicq

t=1

)Ksq+1)
r
q=1 ) [M]]         (1.21) 

for drug, and 
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δCF,S = [Ks1[M] + (∑ ((
∏ Kah

acidicf
h=1

[H+]f
)Ksf+1)

g
f=1 + ∑ ((

[H+]i

∏ Kak
basici

k=1

)Ksi+1)
j
i=1 ) [M]]       (1.22) 

for coformer, where m and g are the total number of respective acidic groups, and r and j are the 

total number of respective basic groups.  Ks1 represents the solubilization equilibrium constant 

for the nonionized species, while Ks,l+1, Ks,q+1, Ks,f+1, and Ks,i+1 represent the solubilization 

constants for the respective acidic and basic groups of the drug and conformer as ionization 

proceeds.  It should be noted from these equations that when solubilization is not considered (Ks 

= 0), both δD,S and δCF,S reduce to zero. 

Applications 

Cocrystal solubility as a function of pH and solubilization can be predicted from 

knowledge of Ksp, Ka, and Ks values according to the equations presented above. 

 Solubility-pH profiles in Figure 1.11 generated from the appropriate equations, illustrate 

how cocrystal stoichiometry and ionization properties of drug and coformer can influence 

cocrystal and drug solubilities.36  The predictive power of these equations has been confirmed for 

carbamazepine (CBZ),36, 39, 44 gabapentin (GBP),53 indomethacin (IND),54 ketoconazole (KTZ),10 

NVP,43 tadalafil (TDF),9 ibuprofen (IBU),55 isoniazid (INH),56 and meloxicam (MLX)57 

cocrystals. 
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Figure 1.11.  Solubility-pH profiles for (a) 1:1 HAHX cocrystal composed of two acidic 

components was calculated using SHAHX,T = √Ksp (1 +
Ka1
HA

[H+]
) (1 +

Ka1
HX

[H+]
), (b) 1:1 RHA cocrystal 

composed of nonionizable drug and acidic coformer was calculated using Equation 1.17, (c) 2:1 

R2HAB cocrystal composed of nonionizable drug and amphoteric coformer was calculated using 

SR2HAB,T = √
Ksp

4
(1 +

Ka1
HAB

[H+]
+

[H+]

Ka2
H2AB

+)
3

, and (d) 1:1 BH2A and 2:1 B2HA cocrystals composed of 

basic drug and diprotic and monoprotic acidic coformers was calculated using SBH2A,T =

√Ksp  (1 + 
[H+]

Ka1
B ) (1 + 

Ka1
H2A

[H+]
 +

Ka1
H2AKa2

HA−

[H+]2
) and   

SB2HA,T = √
Ksp

4
 (1 + 

[H+]

Ka1
B )

2

 (1 + 
Ka1
HA

[H+]
) 

3

 respectively. Ksp values were either experimentally 

determined or estimated from published work for the selected cocrystal(s) in each graph (a) 

indomethacin-saccharin (IND-SAC),54 (b) carbamazepine-saccharin (CBZ-SAC),54 (c) 

carbamazepine-4-aminobenzoic acid hydrate (CBZ-4ABA) and (d) nevirapine-maleic acid 

(NVP-MLE), nevirapine-saccharin (NVP-SAC), and nevirapine-salicylic acid (NVP-SLC).3  

Symbols represent experimentally measured data. 
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Cocrystals of nonionizable drugs can exhibit very different solubility-pH behavior 

depending on coformer ionization properties (Figures 1.11a, b, and c).  While an acidic coformer 

results in increases in solubility with increasing pH (Figures 1.11a and b), an amphoteric 

coformer leads to a U-shaped cocrystal solubility curve (Figure 1.11c).  The solubility minimum 

of the curve will reside within the pH range between the drug and coformer pKa values.  A basic 

drug and an acidic coformer, as shown in Figure 1.11d, predict a similar U-shaped behavior 

where the ionizable groups reside in different molecules.  The pH range of the minimum 

solubility for this type of cocrystal is dependent upon the difference between the drug and 

coformer pKa values.36, 58   

In regards to solubilization, Equation 1.17 predicts that cocrystal solubility SRHA,T will 

increase with corresponding increases in cocrystal Ksp, Ks
R, or [M].  Because Ksp = (SRHA,aq)

2, 

this equation can also be written in terms of SRHA,aq as 

SRHA,T = SRHA,aq√(1 + KsR[M])                                    (1.23) 

 Likewise, the total solubility of the non-ionizable drug component R is given by 

SR,T = [R]aq + [R]m = SR,aq(1 + Ks
R[M])                     (1.24) 

where SR,aq represents the drug solubility in aqueous pseudophase.48 

 While Equation 1.23 shows that cocrystal RHA solubility is a function of √[M], Equation 

1.24 demonstrates that drug R solubility is a function of [M].48  Therefore, by comparing these 

two equations, it becomes apparent that the solubilities of cocrystal RHA and drug R behave 

differently with changing surfactant concentration. 44, 48-52, 59, 60  

It is also plausible to use Equation 1.12 with the appropriate δ expressions and K values 

as a guide for solubilizing agent selection that will yield a desired cocrystal solubility.  When 
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values such as Ka and Ks are known, only cocrystal Ksp needs to be determined to obtain 

cocrystal solubility.44  

Behavior predicted by solubility equations of the form of Equation 1.12 is in excellent 

agreement with experimental values (Figure 1.12).   Solubility curves of cocrystal and drug 

intersect at transition points defined by S* and critical stabilization concentration (CSC).  CSC is 

the solubilizing agent concentration at the transition point. 

 
 

Figure 1.12.  Solubilities and transition points of (a) 1:1 carbamazepine-saccharin (CBZ-SAC) 

and (b) 2:1 carbamazepine-4-aminobenzoic acid-hydrate (CBZ-4ABA-HYD) with 

carbamazepine dihydrate (CBZD) induced by sodium lauryl sulfate (SLS) preferential 

solubilization of CBZ.44  Transition points are characterized by a solubility (S*) and a 

solubilizing agent concentration (CSC) (dashed lines).  S* and CSC vary with cocrystal aqueous 

solubility and stoichiometry.  Symbols represent experimentally measured cocrystal (○) and drug 

(Δ) solubility values.  Predicted drug and cocrystal solubilities (solid lines) were calculated 

according to Equation 1.17 and SR2HAB,T = √
Ksp

4
(1 + Ks

R[M])2 (1 +
[H+]

Ka
H2AB

+ +
Ka
HAB

[H+]
+ Ks

HAB[M])
3

, with 

previously reported values.44, 60 

 

The transition point for a given cocrystal and its drug will vary with the extent of drug 

solubilization, as illustrated for different solubilizing agents in Figure 1.13.60  A lower CSC is 

obtained with a stronger drug solubilizing agent (Ks = 1.5 mM-1) than with a weaker one (Ks = 

0.5 mM-1).  This means that a lower concentration of solubilizing agent is required to reach the 
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transition point when a stronger solubilizing agent is used.  Despite a variable CSC, the transition 

points of a particular cocrystal and drug will exhibit a constant S*.  This property of S* is found 

by examining the mathematical models that describe cocrystal and drug solubilization.60 

 
 

Figure 1.13.  Transition points S* and critical stabilization concentration (CSC) for a cocrystal 

(red line) and its constituent drug (blue line) in the presence of two different solubilizing agents, 

a and b.  S* is a constant for a given cocrystal, but CSC varies with the extent of drug 

solubilization by a particular solubilizing agent.  For this case, drug is solubilized to a greater 

extent by a than by b, and thus CSCa < CSCb.  The curves were generated from Equations 1.23 

and 1.24 with parameter values SD,aq = 0.5 mM, SCC,aq = 2.4 mM (Ksp = 5.76 mM2), and Ks
D = 

1.5 mM-1 and 0.5 mM-1 for solubilizing agents a and b, respectively.60 

 

Since the cocrystal and drug solubilities are equal at the transition point  

SCC,T = SD,T = S
∗                         (1.25) 

mathematical expressions that relate S* to cocrystal and drug solubilities can be derived. For a 

1:1 cocrystal  

S∗ =
(SCC,aq)

2

SD,aq
                              (1.26) 

The general equation for a cocrystal AyBz is 

S∗ =
(SCC,aq)

y+z

(SD,aq)
y                        (1.27) 
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This equation shows that the solubility value at the transition point is governed by aqueous 

solubilities and not by solubilizing agents.  Saq refers to both the ionized and nonionized aqueous 

solubilities of cocrystal and drug, and therefore Equations 1.26 and 1.27 apply to a range of 

ionizing conditions.60 

From the equations presented in this section, it is possible to quantitatively predict the 

cocrystal and drug solubilization behaviors and the transition point as defined by S* and CSC.  

Figure 1.12 shows how these theoretical relationships compare to the experimental data for two 

different CBZ cocrystals in the presence of surfactant.  

 Under some conditions the assumption that coformer solubilization is negligible (Ks
CF = 

0) is not justified, and an additional term must be included in the S* equations to account for 

situations where Ks
CF > 0.  The factor ε is used to quantitatively represent and correct for this 

deviation.60  The solubility at the transition point is 

S∗ = ε
(SCC,aq)

2

SD,aq
                               (1.28) 

where 

ε =
(1+10pH−pKa,CF+Ks

CF[M]

(1+10pH−pKa,CF)
                (1.29) 

where [M] represents the micellar concentration at the CSC.   This equation shows the 

importance of both Ks and [M] in determining the value of ε.  Small Ks and large [M] will have a 

significant influence on deviations of S*.  When Ks
CF = 0, then ε =1 and S* values calculated 

from the simpler equation (Equation 1.26) will approach experimental values.60  

  S* and corresponding ε values for CBZ cocrystals in SLS are shown in Table 1.3. 

Calculations with ε =1 provides a first good approximation of S* as ε is less than 1.4.  
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Table 1.3.  S* Deviations Due to Coformer Solubilization 

Cocrystal pH 
Ks
coformera 

(mM-1) 

[SLS] at CSC 

(mM)a 
εb S* predc S* pred with εd S* obse 

CBZ-SLC (1:1) 3.0 0.06 23 1.40 3.3 4.6 4.6 

CBZ-SAC (1:1) 2.2 0.013 44 1.14 10.5 12.0 12.0 

aValues reported in reference.44 
bCalculated from Equation 1.29.60  
cCalculated from Equation 1.26.60  
dCalculated from Equation 1.28.60  
eDetermined from the intersection of SCC,T and SD,T curves in Figure 1.12.60 

 

Using Solubility Advantage Diagrams to Control Dissolution – Supersaturation – 

Precipitation Behavior 

While highly soluble cocrystals may be orders of magnitude more soluble than poorly 

soluble parent drug, highest SA does not always lead to the best dissolution performance.  This is 

because as cocrystal systems undergo dissolution – supersaturation – precipitation (DSP) 

kinetics, their ability to generate supersaturation levels above critical supersaturation leaves them 

prone to spontaneous and rapid conversion.  In the form of the Arrhenius rate equation, the 

steady-state rate of nucleation (J) is directly proportional to the free energy change (G) as 

J = A exp
(
−∆G

kBT
)
                                                                                                                          (1.30) 

where A is the pre-exponential factor, kB is the Boltzmann constant, and T is temperature.61  For 

supersaturating drug delivery systems, SA is the driving force for conversions back to less 

soluble drug and is directly proportional to G as 

∆GCC→D = −RT ln (
SCC

SD
) = −RT ln(SA)                                                                                 (1.31) 
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Highly soluble cocrystals with high SA are prone to rapid phase conversion during 

dissolution, often negating their SA and ability to generate enhanced drug exposure.  However, 

while moderately soluble cocrystals may have lower SA, they also have lower driving force for 

conversion and are more likely to remain within the metastable zone, to sustain supersaturation, 

and to actually enhance drug exposure.  This phenomenon is shown schematically in Figure 1.14, 

where the moderately soluble cocrystal achieves a higher area under the curve (AUC) and Cmax 

(kinetic parameters that represent the competing processes of dissolution and precipitation) 

despite lower Scocrystal and SA (thermodynamic parameters that represent the ability to generate 

supersaturation and the driving force for conversion).3, 48   

 
 

Figure 1.14.  Cmax is a kinetic parameter determined by the rates of cocrystal dissolution and 

drug precipitation.  Cmax is not proportional to cocrystal solubility advantage (SA), as the relation 

between dissolution and precipitation rates change with SA.  For highly soluble cocrystals, Cmax 

will decrease and may elude detection as precipitation rates become much higher than 

dissolution.3 
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 Despite the potential shortcomings of kinetic measurements, dissolution studies remain 

the most common approach to evaluating cocrystal solution behavior.  However, knowledge of 

cocrystal thermodynamic parameters is essential to not only correctly interpret cocrystal 

concentration – time profiles, but also to effectively design cocrystals without unnecessarily high 

solubilities and conversion risk.  The proposed use of solubilizing agents and cocrystal solubility 

advantage – drug solubilization power (SA – SP) diagrams represents a mechanistic approach to 

fine-tune SA and to design cocrystals with controlled DSP behavior. 

Cocrystal Solubility Advantage – Drug Solubilization Power (SA – SP) Diagrams 

Understanding the interplay between solubilizing agents and SA is of practical 

importance because of how commonly pharmaceutical entities encounter drug solubilizing 

agents in formulation and physiologically in vivo.  As shown in Figure 1.12, cocrystal and drug 

solubilities increase to different extents with increasing solubilizing agent concentration.  By 

combining Equations 1.23 and 1.24, the relationship between cocrystal and drug solubilization 

ratios can be related as 

(
ST

Saq
)
CC

= √(
ST

Saq
)
D

                                                                                                                 (1.32)  

where ST represents total cocrystal or drug solubility in the presence of a solubilizing agent (ST = 

Saq + Ssolubilized), and Saq represents the aqueous solubility in the absence of solubilizing agents.60  

Equation 1.32 applies to 1:1 cocrystals and their parent drug.  The general form of Equation 1.32 

for y:z cocrystal is 

(
ST

Saq
)
CC

= (
ST

Saq
)
D

x/(x+y)

                                                                                                          (1.33)  

 Solubilization power (SP) of an additive for the drug or cocrystal is defined as 
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SP =
ST

Saq
                                                                                                                                    (1.34) 

so that Equations 1.32 and 1.33 may be simplified as 

SPCC = √SPD                                                                                                                           (1.35)  

and 

SPCC = SPD
x/(x+y)                                                                                                                    (1.36)  

respectively.  SPCC is lower than SPD due to preferential drug solubilization over the coformer, 

and the lower the ratio of y/z the smaller the SPCC.60, 62   

Because drug and cocrystal solubilities change in the presence of solubilizing agents 

(Figure 1.12), it follows that SA changes with solubilizing agent concentration.3  For a 1:1 

cocrystal, SA can be related to SPD as 

(
SCC

SD
)
T
=
(
SCC
SD
)
aq

√(
ST
Saq
)
D

                                                                                                                      (1.37) 

or 

SAT =
SAaq

√SPD
                                                                                                                               (1.38) 

SAT represents the total cocrystal solubility advantage in the presence of solubilizing additives, 

whereas SAaq represents the aqueous cocrystal solubility advantage in the absence of solubilizing 

additives.  SPD represents the ratio of total drug solubility (all dissolved species) in the presence 

of solubilizing agents (SD,T = SD,aq  + SD,solubilized) to aqueous drug solubility (SD,aq = SD,nonionized,aq 

+ SD,ionized,aq) at a given pH.    Because solubilizing agents preferentially solubilize hydrophobic 

drugs over hydrophilic coformers, coformer solubilization is oftentimes negligible and not 

considered in Equations 1.37 and 1.38. 

By considering the logarithmic form of Equation 1.38 
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log SAT = log SAaq −
1

2
log SPD                                                                                               (1.39) 

a linear relationship exists between log SAT and log SPD and is shown in Figure 1.15.3   

 
 

Figure 1.15.  Cocrystal solubility advantage over drug (SA = Scocrystal / Sdrug) predictably 

decreases with increasing drug solubilization power (SPdrug = Sdrug,T  / Sdrug,aq).  Solid lines 

represent 1:1 cocrystals with SAaq = 2, 10, and 100.  The dashed line indicates transition point 

SA = 1, and its intersection with solid cocrystal SA lines represents where Scocrystal = Sdrug (SPdrug 

= 4, 100, and 10,000 for the corresponding cocrystals).  Solubilizing additives and their 

concentrations can be rationally selected to promote sustained supersaturation by dialing SPdrug 

and corresponding SA to maximum theoretical supersaturations within the metastable zone 

width.3 

 

Equation 1.39 and Figure 1.15 show that rationally selecting additives to dial to a 

particular SPD value will allow for the predictable tailoring of SAT.  Cocrystal supersaturation 

can therefore be controlled within the metastable zone so that the cocrystal still has solubility 

advantage and can generate supersaturation, but the risk of conversion is mitigated with a 

modulated SAT.   

The linear plot of log SA versus log SPD is characterized by a slope of -1/2 for 1:1 

cocrystals, and shows cocrystal transition points as well as regions of supersaturation and 

undersaturation.  SPD
* represents the SPD value at which SA = 1 for a given SAaq.  This transition 
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point represents drug saturation; drug can achieve supersaturation when SA > 1 but will remain 

undersaturated when SA < 1.  SA = 1 also represents an inversion in solubility advantage, where 

cocrystal is more soluble than drug when SA > 1 but less soluble when SA < 1.  Therefore, 

knowledge of SPD
* allows supersaturation with respect to drug to be tailored to a desired level by 

adjusting SPD to avoid conversion to less soluble forms or inversion in solubility advantage. 

Figure 1.16 shows the SA – SP diagram for 1:1 IND-SAC cocrystal at pH 2.1 and 5.0.  

The predicted dependence of SAT on SPD was calculated from SAaq = 25 at pH 2.1 and SAaq = 

220 at pH 5.0 (Figure 1.11a) according to Equation 1.39.63, 64  Lines were experimentally 

validated with solubility measurements in the presence of Polyoxyethylene (20) oleyl ether 

(Brij99), sodium lauryl sulfate SLS), and polyoxyethylene (40) stearate (Myrj 52) at pH 2.1, and 

FeSSIF at pH 5.0.  The results show that SAT predictably decreased with increased surfactant 

concentration, and that the SA-SP relationship is independent of surfactant type. 
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Figure 1.16.  The log-linear dependence of cocrystal solubility advantage (SA) on drug 

solubilization power (SPD) for 1:1 IND-SAC cocrystal at pH 2.1 and 5.0.  Lines are predicted 

from Equation 1.39 SAaq = 25 at pH 2.1 and SAaq = 220 at pH 5.0.  Symbols represent values 

calculated from experimental drug and coformer eutectic concentrations in aqueous and 

surfactant media at 25°C.  Dashed arrows represent media used to conduct dissolution studies at 

pH 2.1.  Error bars (within the points) represent standard deviations.63, 64  

 

 Both physiologically relevant surfactants such as bile salts encountered in the 

gastrointestinal tract and synthetic additives that may be used during formulation can solubilize 

drug and be used to modulate SA.  The relationship between SA and DSP kinetics has been 

shown for IND-SAC cocrystal for both classes of additives. 

Physiologically Relevant Surfactants 

Figure 1.17 shows the effect of modulating SA with FeSSIF on DSP kinetics.  While 

IND-SAC cocrystal generated high supersaturation within 10 minutes during powder dissolution 

in pH 5.0 buffer (blank FeSSIF), rapid precipitation followed and resulted in final IND 

concentration (0.034 mM) just above IND solubility (0.023 mM).  The final solid phase of IND-

SAC + IND confirmed cocrystal conversion.  However, when cocrystal dissolution was 
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conducted in the presence of FeSSIF, supersaturation was sustained over the course of 4 hours 

and resulted in a final solid phase of IND-SAC, indicating no cocrystal conversion.64 

 
 

Figure 1.17.  Influence of aqueous (blue diamond) and biorelevant medium FeSSIF (red square) 

on the (a) concentration – time and (b) supersaturation – time profiles of 1:1 indomethacin - 

saccharin (IND-SAC) cocrystal at 25°C.  Cocrystal solubility advantage (SA) was modulated 

from 220 in blank buffer to approximately 57 in FeSSIF.3, 64 

 

The SA-SP diagram in Figure 1.16 showed that high SAaq = 220 in pH 5.0 buffer (blank 

FeSSIF) was modulated to SAT = 57 in FeSSIF.  Because SAaq = 220 represents a high driving 

force for conversion, drug precipitation began to outcompete cocrystal dissolution after only 10 

minutes in blank FeSSIF and resulted in very little advantage to drug after about one hour.  In 

contrast, the addition of FeSSIF modulated both SAT and the driving force for conversion.  Drug 

solubilization by FeSSIF not only increased cocrystal and drug solubilities, leading to a higher 

concentrations compared to blank FeSSIF, but also delayed drug precipitation, promoted 

sustained supersaturation over 4 hours, and led to higher AUC.64  For some drugs and cocrystals, 

physiologically relevant surfactants may be sufficient to stabilize the cocrystal and achieve 
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desired drug exposure.  For others, synthetic additives may be necessary to dial to the targeted 

SAT. 

Synthetic Additives 

At pH 2.1, synthetic additives Brij 99, Myrj 52, and SLS were shown to modulate SAaq = 

25 to values less than 1 (Figure 1.16).  Figure 1.18 shows the dissolution effect of modulating SA 

from 25 to 2 with increasing Brij99 concentrations.  For all media conditions, the cocrystal 

induced faster and higher drug concentrations compared to the drug.  Aqueous buffer conditions 

resulted in the lowest achieved concentrations (as a function of cocrystal and drug solubilities), 

and rapid conversion prevented the cocrystal from sustaining high supersaturation levels.  With 

increasing Brij99 and decreasing SA, cocrystal solubility, drug solubility, and drug solubilization 

increased, resulting in higher achieved drug concentrations.  However, modulating SA down to 2 

resulted in the lowest achieved supersaturation levels, as drug supersaturaiton was limited by 

cocrystal solubility.  Optimal sustainment of supersaturation was observed at SA = 10, which 

achieved and sustained the highest supersaturation levels over 3 hours.63 

 
 

Figure 1.18.  Influence of SA, Scocrystal, and Sdrug, on the concentration – time profiles of (a) 1:1 

indomethacin – saccharin (IND-SAC) cocrystal and (b) indomethacin drug, and (c) the 

supersaturation – time profile of IND-SAC.  SA was modulated from 25 to 2 by increasing 

surfactant concentration.63 
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 Figure 1.19 demonstrates the effect of targeting similar SA values in the range of 10 – 12 

with three different surfactants.  The optimized SA = 10 demonstrated by Brij99 resulted in 

similar DSP behavior when targeted by Myrj52 and SLS, even though different surfactant 

concentrations were required to dial to this value.  This shows the critical importance of 

evaluating SA and utilizing the SA – SP diagram to control DSP behavior of cocrystal systems, 

rather than empirical selection of solubilizing additives and their concentrations.63 

 
 

Figure 1.19.  Influence of additive selection on the concentration – time profiles of (a) 1:1 

indomethacin – saccharin (IND-SAC) cocrystal and (b) indomethacin drug, and (c) the 

supersaturation – time profile of IND-SAC.  SA was tailored to 11 – 13 with three different 

surfactants.63 

 

Effect of pH on Cocrystal Dissolution 

It is important to note that for cocrystals of ionizable components, SAaq is a conditional 

constant and will change with pH.  Figure 1.16 showed the resulting effect of changing pH on 

the SA – SP relationship for a cocrystal of two acidic components.  However, because of their 

ability to impart or alter the solubility – pH dependence of parent drug, even in aqueous 

conditions cocrystals have the ability to mitigate the negative dissolution effects of low pH-

dependent solubility regions for ionizable parent drugs. 

Figure 1.20 shows the solubility - and SA – pH dependence of dibasic ketoconazole 

(KTZ) drug and 1:1 cocrystals.  Coformers are diprotic acids and include adipic acid (ADP), 
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fumaric acid (FUM), and succinic acid (SUC).  Cocrystal solubility – pH profiles were predicted 

according to 

SCC,aq = √Ksp  (1 + 
[H+]

Ka
BH+
 +

[H+]2

Ka
BH+Ka

B
) (1 + 

Ka
H2A

[H+]
 +

Ka
H2AKa

HA−

[H+]2
)                                            (1.40) 

and drug solubility – pH dependence was predicted according to 

SD,aq = S0 (1 + 
[H+]

Ka
BH+
 +

[H+]2

Ka
BH+Ka

B
)                                                                                            (1.41) 

and values in Table 1.4.  SA was predicted as the ratio of Equations 1.40 and 1.41. 

 
 

Figure 1.20.  (a) Aqueous solubility and (b) aqueous solubility advantage (SA) of 1:1 

ketoconazole cocrystals and drug.  Solubility – pH curves for ketoconazole – fumaric acid (KTZ-

FUM), ketoconazole – succinic acid (KTZ-SUC), and ketoconazole – adipic acid (KTZ-ADP) 

were predicted according to Equation 1.40 and values in Table 1.4.  SA lines were predicted 

from the ratio of Equation 1.40 to Equation 1.41.  Symbols represent experimental solubility 

values.  pH values represent equilibrium pH.  Standard errors are less than 7% and within 

points.10  
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Table 1.4.  Values to Predict Cocrystal and Drug Solubility – pH Profiles.10 

Solid Form S0 (M) Ksp (M
2) KTZ pKa,1, pKa,2 CF pKa,1, pKa,2 

KTZ 4.7  10-6 - 3.17, 6.63 - 

KTZ-ADP - (3.4 ± 0.2)  10-8 - 4.44, 5.44 

KTZ-FUM - (2.7 ± 0.1)  10-8 - 4.00, 5.24 

KTZ-SUC - (1.5 ± 0.2)  10-9 - 2.85, 4.10 

 

Highly soluble acidic coformers impart cocrystal SA above pHmax values of 3.6 – 3.8.  

Although the cocrystals are less soluble than KTZ in acidic conditions, the cocrystals have the 

advantage of softening the solubility – pH dependence across physiological pH, which reduces 

the risk of pH – dependent disproportionation in the gastrointestinal tract.10   

 Figure 1.21 shows the effect of SA – pH dependence on DSP parameters such as relative 

area under the curve (RAUC = AUCCC / AUCD) and σmax for KTZ cocrystals.  Lower SA was 

observed for all three cocrystals at initial pH 5.0, which led to modest increases in AUC and 

observed supersaturation levels.  Much more variable behavior was observed with higher SA 

values of 440 – 3100 at initial pH 6.5.  With the highest SA, KTZ-FUM cocrystal rapidly 

converted to parent drug and resulted in very low dissolution advantage compared to parent drug.  

At SA 440, KTZ-ADP cocrystal initially spiked in supersaturation, leading to a high σmax value, 

before precipitation began to outcompete dissolution, resulting in a low RAUC value.  KTZ-SUC 

was observed to reach and sustain the highest supersaturation levels of any studied condition, 

with the highest observed RAUC and σmax values at SA 822.10  Besides SA, differences in KTZ 

cocrystal DSP kinetics may be the result of coformer effect on precipitation or cocrystal 

influence on surface nucleation. 
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Figure 1.21.  Cocrystal σmax and AUCcocrystal/drug related to cocrystal solubility advantage (SA = 

Scoocrystal / Sdrug).  Letters A, S, and F represent ketoconazole – adipic acid cocrystal, ketoconazole 

succinic acid cocrystal, and ketozonazole – fumaric acid cocrystal, respectively.  pH 5.0 

represents FeSSIF and blank FeSSIF media, and pH 6.5 represents FaSSIF and blank FaSSIF 

media.  Error bars (some within points) represent standard error.10  

 

 In addition to the influence of bulk pH on cocrystal solubility and dissolution, it has been 

shown that cocrystals of ionizable components have the ability to modulate the 

microenvironment pH at the dissolving interface.  Figure 1.22 shows the relationship between 

bulk and interfacial pH values for KTZ and cocrystals.  As bulk pH increases, cocrystal 

interfacial pH plateaus due to the self-buffering effect of the coformers, which are predominantly 

ionized in this region.  This plateau pH occurs above pHmax for all three cocrystals, meaning that 

the cocrystals are thermodynamically unstable at the interface and may be prone to surface 

nucleation.65 
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Figure 1.22.  Interfacial pH of ketoconazole (KTZ), ketoconazole – adipic acid cocrystal (KTZ-

ADP), ketoconazole – fumaric acid cocrystal (KTZ-FUM), and ketoconazole – succinic acid 

cocrystal (KTZ-SUC) as a function of bulk pH.65 

 

Statement of Dissertation Research 

The purpose of this research is (1) to develop a quantitative, mechanistic-based approach 

through which known relationships between cocrystal SA and other key cocrystal solubility 

transition points can be used to fine-tune cocrystal inherent supersaturation, and (2) to assess and 

modulate the risk of conversion by rationally selecting additives that will exhibit thermodynamic 

and kinetic control over DSP behavior given the drug dose.  Lack of critical understanding of 

cocrystal solution behavior and the underlying solution interactions that govern drug 

supersaturation and exposure as well as lack of streamlined development approaches have left 

cocrystals as appearing overly risky to develop.  Dissolution remains the most common method 

for evaluating cocrystal solubility, despite the inability to correlate cocrystal conversion kinetics 

during dissolution to thermodynamic, equilibrium solubility values as well as to changing 

solution conditions.  This makes dissolution time- and material-consuming as a primary cocrystal 

evaluation tool and controlling cocrystal DSP behavior with this strategy remains a largely 
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empirical process.  The main objective of this work is to establish key thermodynamic 

parameters for evaluating cocrystal solubility and stability that can be used to rationally and 

mechanistically design cocrystal delivery systems that can generate both thermodynamically 

possible and kinetically sustainable supersaturation levels. 

The findings of Chapter 2 have been published as “Understanding the Differences 

Between Cocrystal and Salt Aqueous Solubilities” in Journal of Pharmaceutical Sciences 

Volume 107, pages 113-120.78  Chapter 2 describes the differences in cocrystal and salt aqueous 

solubilities and aims to address the commonly held notion that salts are inherently more soluble 

than cocrystals.  Equations to predict the solubility – pH dependence of lamotrigine drug (LTG), 

lamotrigine – nicotinamide cocrystal (LTG-NCT),66 lamotrigine – saccharin salt (LTG-SAC),66 

and lamotrigine – phenobarbital cocrystal (LTG-PB)67 were derived and compared.  The 

predicted equations were validated with experimental solubility measurements and showed that, 

depending on the interplay between the chemistry of the solid and solution phases, cocrystals can 

be more soluble than salts or vice-versa.  The cocrystals, salt, and drug were also found to exhibit 

very different solubility – pH dependence, with one of the cocrystals and the salt exhibiting a 

pHmax, but the other cocrystal exhibiting SA > 1 across physiological pH range.  SA and pHmax 

were found to be key cocrystal stability indicators.  These findings were used to further interpret 

previously reported LTG, LTG-NCT, and LTG-SAC dissolution results at pH 1.0 and 5.1-5.5, 

where the cocrystal and salt relative dissolution performances were inverted in the different 

aqueous media.66 

The findings of Chapter 3 have been submitted for publication to Molecular 

Pharmaceutics as “Cocrystal Solubility Advantage and Dose/Solubility Ratio Diagrams: A 

Mechanistic Approach to Selecting Additives and Controlling Dissolution – Supersaturation – 
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Precipitation Behavior”.  Chapter 3 presents a mechanistic approach to control DSP behavior of 

cocrystal systems through rational additive selection.  1:1 danazol – vanillin cocrystal (DNZ-

VAN) has been previously shown to sustain supersaturation in the presence of additives, 

corresponding to a 10 times in vivo increase in AUC compared to the drug.  In contrast, the 

cocrystal rapidly converted in the absence of additives and resulted in only a 1.7 times increase 

in AUC.68  This important study demonstrated the essential role of formulation in developing 

cocrystals that can sustain supersaturation and improve oral bioavailability; however, additive 

selection to achieve this remains a largely empirical process.  Chapter 3 describes a two-fold 

approach to predictably assess and modulate the risk of cocrystal conversion by optimizing 

thermodynamic (SA via solubilizing additives) and kinetic (precipitation and growth inhibitors) 

factors.  The SA – SP diagram for DNZ-VAN was used to predictably modulate SA below 

critical supersaturation through rational additive selection, which resulted in sustained 

supersaturation and increased RAUC values during in vitro dissolution experiments.  The 

addition of non-solubilizing precipitation and growth inhibitors was found to further promote 

sustained supersaturation despite not lowering SA.  Furthermore, drug D0 (D0(D) = Cdose / SD,T) is 

presented as an important parameter for assessing the potential for dose-limited supersaturation 

and how fast the cocrystal may (or may not) dissolve the drug dose.  The SA – SP and D0(D) – SP 

relationships can be used in tandem to optimize maximum theoretical cocrystal supersaturation 

(thermodynamic limit) and to predictably modulate it below critical supersaturation (kinetic 

limit). 

The findings of Chapter 4 are being prepared for publication.  Chapter 4 reports the 

characterization of two novel posaconazole cocrystals: 2:3 posaconazole – 4-aminobenzoic acid 

(PSZ-4ABA)69 and 2:3 posaconazole – 4-hydroxybenzoic acid (PSZ-4HBA).  Posaconazole 
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(PSZ) is an antifungal agent and a third-generation azole drug, meaning that it has a broader 

spectrum of activity and is safer than earlier drugs of its class.70  However, PSZ is a BCS Class II 

compound with extremely poor aqueous solubility (0.2 μg/mL at 25°C), high lipophilicity of Log 

P 4.6, and positive food-effect pharmacokinetics.70-72  As a result, the marketed oral suspension 

and delayed-release tablets have highly variable bioavailability and require therapeutic 

monitoring.73-76  PSZ cocrystals were shown to increase solubility by orders of magnitude in 

aqueous media and biorelevant media.  PSZ-4ABA cocrystal sustained supersaturation during in 

vitro dissolution studies in both FaSSIF (SA = 139) and FeSSIF (SA = 48) media, and increased 

AUC 4.1 – 13 times respectively compared to drug.  SA was further decreased to 6 in the 

presence of excess 4ABA, and a quasi-equilibrium at supersaturation of 2 was achieved and 

sustained over 3 hours.  

Chapter 5 presents the conclusions and proposed future research directions of this work.  

Several parts of this dissertation have been or will be submitted for publication.  Portions of 

Chapter 1 have been published in a book chapter entitled “Measurement and Mathematical 

Relationships of Cocrystal Thermodynamic Properties” within Pharmaceutical Crystals edited 

by Tonglei Li and Alessandra Mattei.77  
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Understanding the Differences between Cocrystal and Salt Aqueous Solubilities 

 

Introduction 

Cocrystals constitute an important class of pharmaceutical materials that have the ability 

to enhance and fine-tune solubility.  This property enables cocrystals to solve absorption and 

bioavailability problems of poorly water-soluble drugs.  Cocrystals are thus receiving significant 

attention and numerous cocrystals have been reported.1-8  In spite of their promise to solve 

solubility problems, there is a wide gap between the principles that explain cocrystal solution 

behavior and their application to cocrystal characterization and development.       

 Unlike other supersaturating delivery systems, cocrystal stoichiometric nature 

predisposes them to huge and predictable changes in solubility and thermodynamic stability as 

solution conditions change (pH, complexation, solubilization, among others).  Cocrystals are 

therefore characterized not only by their solubility but also by the supersaturation that they 

generate.  For cocrystals whose constituents may ionize in solution, understanding the influence 

of ionization (pH) on cocrystal solubility and supersaturation is essential to correctly evaluate 

their stability and potential for conversion to less soluble forms.  The purpose of the work 

presented here is to develop mathematical relationships and determine thermodynamic 

parameters that explain the stability and solubility-pH dependence of cocrystals and salts of 

weakly basic drugs.  We also wish to address the commonly held notion that salts are more 

soluble than cocrystals.  To this end, we have studied the solubility behavior of salts and 
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cocrystals of lamotrigine (LTG), a weakly basic drug of equimolar composition.  The cocrystals 

and salts studied, are summarized in Table 2.1.    

 Table 2.1.  pKa Values of Cocrystal and Salt Constituents. 

Compound Abbreviation pKa 

Lamotrigine LTG 5.7 a 

Saccharin SAC 1.6 b 

Nicotinamide NCT 3.4 c 

Phenobarbital PB 7.5 d, 11.8 e 

a O’Neil et al.9 and GlaxoSmithKline.10 
b  Determined at 25°C in water11 
c  Determined at 20°C and 0.01 M ionic strength12 
d  Determined at 25°C and 0.02 M ionic strength13 
e  O’Neil et al.9 

 

Materials and Methods  

Materials  

Cocrystal and Salt Constituents 

LTG was purchased from Jai Radhe Sales, India with a purity of 99.6% w/w and was 

used as received.  Nicotinamide (NCT) and saccharin (SAC) were purchased from Sigma-

Aldrich and used as received.  X-ray powder diffraction (XRPD) and differential scanning 

calorimetry (DSC) analyses were performed on all materials to confirm phase purity prior to use.  

Lamotrigine monohydrate (LTG·H2O) was prepared by suspending anhydrous LTG for 72 hours 

in water at 25 ± 0.1ºC.  The slurry was vacuum filtered and the solid phase was confirmed by 

XRPD and DSC.  
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Solvents and Buffer Components 

High performance liquid chromatography (HPLC) grade methanol was purchased from 

Fisher Scientific (Pittsburgh, PA).  Trifluoroacetic acid spectrophometric grade 99% was 

purchased from Aldrich Company (Milwaukee, WI).  All water used in this study was filtered 

through a double deionized purification system (Milli Q Plus Water System) from Millipore 

Company (Bedford, MA). 

 pH 2.0 phosphate buffer was prepared using sodium phosphate dibasic heptahydrate from 

Acros Organics, potassium dihydrogen phosphate from Sigma-Aldrich, and phosphoric acid 

from Acros Organics.  pH 4.5 acetate buffer was prepared using acetic acid purchased from 

Sigma-Aldrich and sodium acetate purchased from Sigma Chemical Company.  pH 6.8 

phosphate buffer was prepared using monobasic potassium phosphate purchased from Sigma-

Aldrich and sodium hydroxide pellets (NaOH) from J.T. Baker (Philipsburg, NJ). 

Methods 

Buffer Preparation 

 All buffers were prepared according to the pharmacopeial protocol.14, 15  pH 2.0 

phosphate buffer was prepared by dissolving 1.41 g sodium phosphate dibasic heptahydrate and 

0.85 g potassium dihydrogen phosphate in 250 mL of water.  pH was adjusted to 2.0 using 

phosphoric acid (1.8 mL total).  pH 4.5 acetate buffer was prepared by dissolving 147.5 mg 

sodium acetate and 3.5 mL of 2 M acetic acid in 246.5 mL of water.  A quantity of 2 M acetic 

acid was prepared adding 28.8 mL of acetic acid to 250 mL of water.  pH 6.8 phosphate buffer 

was prepared by adding 22.4 mL of 0.2 M NaOH solution to 50 mL of 0.2 M monobasic 

potassium phosphate solution.  A quantity of 0.2 M NaOH solution was prepared by dissolving 

0.8 g NaOH pellets in 100 mL of water.  A quantity of 0.2 M monobasic potassium phosphate 
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solution was prepared by dissolving 2.7 g monobasic potassium phosphate in 100 mL of water.  

All buffers were prepared by stirring at room temperature. 

Cocrystal and Salt Synthesis  

LTG-NCT·H2O was synthesized by reaction crystallization method.16  An aqueous 

solution of 2% w/w SLS and 3.5 M NCT was prepared, to which anhydrous LTG was added and 

stirred for 72 hours at ambient temperature.  Cocrystalline solid phase was analyzed by XRPD, 

DSC, and HPLC to confirm crystalline form and phase purity.  LTG-SAC salt was synthesized 

by adding stoichiometric weight fraction of anhydrous LTG to a SAC solution.  The solid phase 

was filtered after approximately 24 hours and confirmed to be LTG-SAC salt by XRPD and 

DSC.  

Drug Solubility Measurement 

 Intrinsic LTG·H2O solubility (S0,LTG·H2O) was measured in water by adding excess solid 

to solution.  Solutions were magnetically stirred and maintained at 25.0 ± 0.1°C using a water 

bath for 72 hours.  At 24 hour intervals, 0.50 mL aliquots were collected and filtered through a 

0.45 μm pore membrane.  After dilution with mobile phase, solution concentrations were 

analyzed by HPLC.  LTG·H2O was confirmed as the equilibrium solid phase by XRPD and 

DSC. 

Cocrystal and Salt Solubility Measurements  

Cocrystal equilibrium solubilities were measured in pH 2.0 phosphate buffer, pH 4.5 

acetate buffer, pH 6.8 phosphate buffer, and water at the eutectic point, where LTG·H2O and 

LTG-NCT·H2O were in equilibrium with solution.  The eutectic point between LTG-NCT·H2O 

and LTG·H2O was approached by equilibrating both solid phases in aqueous media.  LTG-SAC 

solubilities were directly measured by suspending salt in aqueous media, and pH was adjusted by 
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adding pH 2 phosphate buffer or 0.1 M NaOH.  Suspensions were stirred for 72 hours under 

constant temperature 25.0 ± 0.1°C using a water bath.  At 24 hour intervals, 0.50 mL aliquots 

were collected and filtered through a 0.45 μm pore membrane.  Solid phases were analyzed by 

XRPD and DSC to confirm solid phases at equilibrium.  The equilibrium pH of the solution 

media was measured before dilution with mobile phase for concentration measurement of LTG 

cocrystal and salt constituents by HPLC.  Solutions were considered to have reached equilibrium 

with solid phases when less than 5% change in concentration was detected in either component 

of the cocrystal or salt. 

Stoichiometric solubility of the 1:1 cocrystal was calculated according to 

SLTG−NCT∙H2O = √[LTG]T,eu[NCT]T,eu                                                                                      (2.1) 

from measured drug and coformer concentrations at the eutectic point ([LTG]T,eu and 

[NCT]T,eu).
17-19 

Stoichiometric solubility of the 1:1 salt was calculated by a similar expression according 

to 

SLTG−SAC = √[LTG]T[SAC]T                                                                                                     (2.2) 

Ksp for LTG-NCT·H2O and LTG-SAC was calculated from solubility determinations 

from the above equations, as described in the results section. 

X-ray Powder Diffraction (XRPD)  

XRPD patterns of solid phases were recorded with a Rigaku MiniFlex X-ray 

diffractometer (Danvers, MA) using Cu Ka radiation (λ = 1.5418 Å), a tube voltage of 30 kV, 

and a tube current of 15 mA.  The intensities were measured at 2θ values from 2° to 35° with a 

continuous scan rate of 2.5°/min.  
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Thermal Analysis 

Crystalline samples of 2-4 mg were analyzed by differential scanning calorimetry (DSC) 

using a TA instrument (Newark, DE) 2910 MDSC system equipped with a refrigerated cooling 

unit.  DSC experiments were performed by heating the samples at a rate of 10°C/min under a dry 

nitrogen atmosphere.  Temperature and enthalpy calibration of the instruments was achieved by 

using a high purity indium standard.  Standard aluminum sample pans were used for all 

measurements. 

High Performance Liquid Chromatography (HPLC)  

Solution concentrations of drug and coformer were analyzed by Waters HPLC (Milford, 

MA) equipped with a UV/vis spectrometer detector.  A reversed phase C18 Atlantis column (5 

μm, 4.5 × 250 mm) at ambient temperature was used to separate the drug and the coformer or 

counterion.  An isocratic method of 55% methanol, 45% water, and 0.1% trifluoroacetic acid 

mobile phase was used with a flow rate of 1 mL/min.  Sample injection volume was 20μL.  

Absorbance of the drug and coformer or counterion analytes was monitored between 210 and 

300nm.  The peak areas were integrated using EmpowerTM software. 

 

Results and Discussion   

Solubility-pH Dependence and Supersaturation Index 

Figure 2.1 shows the solubility-pH dependence of the weakly basic drug LTG, a salt with 

a moderately strong acid, SAC, and two cocrystals, with a weakly basic coformer, NCT, or with 

a weakly acidic drug, phenobarbital (PB).  We recently published the solubility-pH dependence 

of LTG-PB cocrystal and include it here for comparison.1  These results demonstrate that pH has 

a huge influence on solubility and that both cocrystal and salt can exhibit pHmax where their 
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solubility curves intersect with the drug solubility curve.  Furthermore, the cocrystal and salt 

solubility behaviors differ as a result of the ionization properties of their constituents.     

 
 

Figure 2.1.  Solubility-pH dependence of drug, cocrystals, and salt of LTG.  Solubility values for 

cocrystals and salt were determined under equilibrium conditions and calculated from Equations 

2.1 and 2.2.  Some of the solubility values are above LTG solubility and are useful as indicators 

of supersaturation.  Solubility curves were generated using Equations 2.4-2.7, and previously 

published results for LTG-PB are included for comparison.  Dashed lines represent 

supersaturated conditions with respect to LTG.1  pH values represent equilibrium pH.  Standard 

deviation of data points is less than 5%.  Portions of data courtesy of Dr. Chinmay Maheshwari. 

 

 Solubility values for cocrystals and salt were determined under equilibrium conditions 

and calculated according to Equations 2.1 and 2.2.  Some of the solubility values in Figure 2.1 

represent supersaturated conditions with respect to the drug free base and are useful as a measure 

of the supersaturation index (SA=SCC/SD) that a cocrystal or a salt may generate, as presented in 

Figure 2.2. 
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Figure 2.2.  Supersaturation Index (SA = SCC/SD) is the ratio of salt or cocrystal solubility to 

parent drug.  SA = 1 represents equal drug and salt or cocrystal solubility and corresponds to 

pHmax.  LTG-NCT·H2O is more soluble than drug (SA = 1.2 to 18).  LTG-SAC salt is less 

soluble than drug a pH < pHmax = 5.0, and LTG-PB cocrystal is less soluble than LTG (SA < 1) 

below pHmax 9.0.  Experimental measurements at pH 4.0 to 4.3 show that SA for NCT cocrystal 

is 2.8, for SAC salt  is 0.16, and for PB cocrystal is 0.03, demonstrating the range of behavior 

among these solid phase.  Salt SA exhibits a fast increase with pH than cocrystal SA.  

Supersaturation index curves were generated by dividing Equations 2.5-2.7 by Equation 2.4. 

 

 SA is the driving force for conversions from cocrystal to the less soluble drug. The 

change in Gibbs-free energy for this conversion is 

  

DG
CC®D

= -RT ln
S

CC

S
D

æ

è
ç

ö

ø
÷ = -RT ln SA( )                                                                                    (2.3) 

where S is solubility and subscripts CC and D refer to cocrystal and drug phases.  In this 

equation, SCC is expressed in terms of moles of drug.  A phase conversion from cocrystal to drug 

is favorable when SCC > SD, SA > 1.  A similar analysis applies to salts and SCC can be 

substituted for Ssalt in Equation 2.3.  When SCC = SD, SA = 1, and G = 0, the system is at 

equilibrium and the pH corresponding to these equilibria is pHmax. 

 Supersaturation can be sustained for some time until nucleation occurs, which is the 

reason for the importance of supersaturating drug delivery systems.  The higher supersaturation 

is, the more negative is the free energy for conversion, the shorter is the time for nucleation to 
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occur, and the higher is the nucleation rate.  This means that cocrystals with higher SA values 

may experience lower supersaturations and shorter induction times before conversion.  In the 

context of the work presented here, SA is used to quantify the propensity of cocrystal 

conversions as their SA changes with pH. 

The utility of SA versus pH plot (Figure 2.2) in assessing the risk of cocrystal and salt 

conversions to drug is shown by considering reported dissolution results for LTG-NCT·H2O 

cocrystal and LTG-SAC salt.3, 20  The cocrystal was reported to transform to the drug, whereas 

the salt did not transform during dissolution in aqueous unbuffered media at 25°C. Considering 

the SA values for cocrystal (18 at pH 6.6) and salt (1 at pH 5), one would expect the salt to be 

stable (as the dissolution pH is at pHmax) whereas the cocrystal will have a risk of conversion.  In 

fact, the cocrystal was reported to transform to the less soluble drug as an SA of 18 was not 

sustainable and the salt did not transform was reported to be stable.    

A common mistake in cocrystal solubility and stability studies is that solution conditions 

are not considered.  Even when initial pH conditions are known, in aqueous or buffered 

solutions, the pH during cocrystal dissolution can change considerably, causing huge errors in 

data interpretation.    

 A word of caution about kinetically obtained Cmax values during cocrystal/salt dissolution 

studies is in order.  Cmax is a result of two opposing kinetic processes, cocrystal/salt dissolution 

and drug precipitation, and is not proportional to solubility.   Cmax is a kinetic parameter and its 

values are variable due to its kinetic nature and to the differences in changing experimental 

conditions.  Integrating dissolution and thermodynamic data provides a useful conceptual context 

to assess the risks associated with changing factors and conditions.   
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Relationships between Solubility, pKa, and pH 

 LTG-NCT·H2O is composed of two weakly basic components, which means the change 

in slope of the solubility-pH profile (Figure 2.1) is determined by the ionization behavior of both 

the drug (pKa = 5.7) and the coformer (pKa = 3.4).  Cocrystal solubility remains constant above 

the drug pKa as both components are predominantly nonionized.  However, as the components 

become increasingly ionized, cocrystal solubility increases quite substantially as pH approaches 

the drug pKa and even more so as pH approaches the coformer pKa.   

 A multidrug cocrystal of basic LTG and acidic PB (pKa,1 = 7.5, pKa,2 = 11.8), exhibits a 

U-shaped solubility curve due the different ionization ranges of LTG and PB.  Cocrystal 

solubility increases with LTG ionization and PB ionization.  A pH of minimum solubility occurs 

between the pKa of the basic and acidic constituents.  The cocrystal and drug solubility curves 

intersect at a pHmax, which for this system is pH 9. 

 LTG-SAC salt with the acidic counterion SAC (pKa = 1.6) also exhibits a U-shaped 

curve, including a plateau region between pH values of 2.5 and 5.0.  Salt solubility increases 

below pH 2.5 and above pH 5.0 as ionization of the basic and acidic constituents change.  A 

pHmax is observed at pH 5.  

Solubilities of these four forms of LTG as a function of pH were predicted according to 

the following equations using pKa values shown in Table 2.1.  The drug solubility (SLTG·H2O) was 

predicted from 

SLTG∙H2O = S0,LTG∙H2O(1 + 10
pKa,LTG−pH)                                                                                (2.4) 

where S0,LTG·H2O represents the solubility of LTG monohydrate under nonionizing conditions, 

also referred to as intrinsic drug solubility.  S0,LTG·H2O was evaluated to be 6.6  10-4 M by fitting 

the above equation to the data.  
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 For LTG-NCT·H2O cocrystal, the solubility expression is given by 

SLTG−NCT∙H2O = √Ksp(1 + 10
pKa,LTG−pH)(1 + 10pKa,NCT−pH)                                               (2.5) 

where Ksp is the cocrystal solubility product.  This equation was derived by considering the mass 

balance of all cocrystal species in solution and expressing them in terms of the equilibrium 

constants that correspond to cocrystal dissociation (Ksp) and ionization (Ka)  

 Cocrystal Ksp was evaluated from Equation 2.5 and cocrystal solubility (SCC) values 

obtained from Equation 2.1 by measurement of cocrystal component concentrations in 

equilibrium with cocrystal and drug phases at specific pH equilibrium values and pKa values in 

Table 2.1.  

 The salt solubility-pH relationship is  

SLTG−SAC = √Ksp(1 + 10pH−pKa,LTG)(1 + 10pKa,SAC−pH)                                                      (2.6) 

This well recognized equation is analogous to that of the cocrystal (Equation 2.5) as it considers 

dissociation and ionization equilibrium reactions.21-23  In this case, however, the salt Ksp is the 

product of activities of ionized constituents, whereas for a cocrystal, it is the non-ionized 

constituents.  As a result of the different ionization states in the dissociation and ionization 

reactions, the ionization terms in the solubility equations for cocrystal and salt also have different 

signs.   

 Figure 2.1 shows excellent agreement between predicted and experimental solubility 

behavior.  LTG-NCT cocrystal is more soluble than drug at pH > 3 and reaches solubilities 18 

times the drug solubility at pH ≥ 6.  The cocrystal is also more soluble than the SAC salt at pH < 

7 and is orders of magnitude more soluble than the salt at pH < 3. The SAC salt has a pHmax 

around pH 5, below which it is less soluble than the drug.  Experimental measurement of salt 
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solubility above pHmax was not possible as the equilibrium pH decreased to pH 5 due to salt 

conversion to the less soluble drug at initial pH values of about 6.    

 The above results are compared with those recently reported for LTG-PB cocrystal.1  The 

cocrystal solubility dependence on pH is given by 

SLTG−PB = √Ksp(1 + 10pKa,LTG−pH)(1 + 10pH−pKa,PB1 + 102pH−pKa1,PB−pKa2,PB)              (2.7) 

The cocrystal solubility curve generated by this equation24 (Figure 2.1) predicts a pHmax of 9 and 

a solubility minimum between the pKa of LTG and the first pKa of PB.19, 24, 25  Another pHmax 

with PB occurs at pH 2.6 (not shown in this plot).   The PB cocrystal is the least soluble of the 

four forms considered between pH 3 and 9.  PB is also the least soluble constituent among the 

cocrystals.  In fact, its intrinsic solubility is only about 10 times higher than the drug.  The ratio 

of coformer to drug solubilites (SCF/SD)  ≤ 10 has been generally observed to result in cocrystals 

that are less soluble than drug.17, 26  Solubility is however determined by pH, and these trends 

will change with the ionization of cocrystal and salt constituents as demonstrated in Figure 2.1. 

Solubility Product, Ksp 

 Whereas solubility is a conditional constant and dependent on pH, the solubility product, 

Ksp, is not.  Ksp is the constant associated with the equilibrium between cocrystal or salt and a 

solution phase.  It involves dissociation of cocrystal and salt into its constituents according to   

 
                                             (2.8) 

for a cocrystal, and 

                                                                                    (2.9)
 

for a salt.  A and B represent cocrystal constituents (or ionized constituents A- and BH+ for a 

salt), y and z are the stoichiometric coefficients. The forward reaction is dissociation and 
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represents dissolution, while the reverse reaction is association and represents precipitation. Ksp 

for a cocrystal is
 

K
sp

=
a

A

ya
B

z

a
A

y
B

z

                                                                                                                               (2.10)                 
 

and for a salt 
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where 𝑎 represents activities, and subscripts represent cocrystal or salt constituents. Since the 

activity of the solid phase is assumed to be constant and equal to 1, Ksp is an activity product.  

Activities are approximated by concentrations under the assumption of ideality, and Ksp becomes 

  
K

sp
= [A]y[B]z

                                                                                                                          (2.12) 

for a cocrystal, and  

  
K

sp
= [A-]y[BH +]z

                                                                   (2.13)
 

for a salt. 

 Ksp values for several salts and cocrystals of LTG are presented in Table 2.2.  The Ksp 

expression for LTG-NCT cocrystal is  

Ksp = [LTG][NCT]                                                                                         (2.14) 

For the saccharin salt, Ksp is  

Ksp = [LTGH+][SAC-]                                                                                         (2.15) 

Similar equations with the corresponding coformers or counterions were used to evaluate Ksp of 

other LTG forms as they were all of equimolar stoichiometry.  
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Table 2.2.  Solubility Product Ksp, Intrinsic Solubility (S0), and Solubility Advantage 

(SA =
 S0,CC or S0,Salt

S0,LTG
) of LTG Cocrystals and Salts. 

Solid Phase Ksp (M
2) S0,CC or S0,Salt (M) 

 S0,CC or S0,Salt

S0,LTG
  

LTG-NCT Cocrystal (1.4 ± 0.4) 10-4 1.2  10-2 18 

LTG-HCl Salt (6.7 ± 0.53)  10-5 a 8.2  10-3 12 

LTG-SAC Salt (1.1 ± 0.2)  10-5 3.3  10-3 5 

LTG-MP Cocrystal (5.3 ± 0.47)  10-7 b 7.3  10-4 1.1 

LTG-PB Cocrystal (1.2 ± 0.5)  10-8 1.1  10-4 0.18 

a Ksp of LTG-HCl was calculated from reported solubility of 0.46 mg/mL at 37°C (pH 1.2) from 

Floyd and Jain.27  Ksp of the salt was estimated at 25°C from [LTGH+] and [Cl-] concentrations 

calculated from the dissolved salt and HCl concentrations, using a heat of solution value of 30 

kJ/mol. 
b Steady state concentration from dissolution data in Cheney et al.3 was used to calculate the Ksp 

of lamotrigine-methylparaben (LTG-MP) cocrystal, where cocrystal was reported to be stable. 

 

 Results in Table 2.2 show that NCT cocrystal Ksp is higher than that of SAC and HCl 

salts.  The PB cocrystal has the lowest Ksp among these forms.  These findings challenge the 

popular notion that salts are more soluble than cocrystals.  In fact, NCT cocrystal intrinsic 

solubility is 18 times higher than drug and even higher than the HCl and SAC salts.    

 It is important to note that Ksp is the product of only the cocrystal or salt constituents in 

the non-ionized or ionized state, respectively.  Ksp  [A]T [B]T when there are molecular species 

in solution different from those in the corresponding solid phase.  The reader should be cautious 

of incorrect Ksp values calculated from total analytical concentrations of cocrystal or salt 

constituents that do not correspond to the Ksp definition according to the equilibrium in 

Equations 2.12 and 2.13.  

 Ksp values for cocrystals of several drugs in aqueous media are presented in Table 2.3 in 

terms of pKsp.  The low values of Ksp make use of pKsp = −log Ksp more reasonable.  Higher pKsp 
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values refer to lower Ksp values.  The range of values is similar to those reported for 

pharmaceutical salts.28-30  pKsp values for CBZ cocrystals are in the range of 2 to 6, indicating 

increases in Ksp by orders of magnitude.  When solubility is determined by solvation and not by 

solid-state lattice energy,17, 31 cocrystal solubility is dependent on the solubility of its 

components.  Nicotinamide and glutaric acid are among the most soluble coformers and 

generally correspond to cocrystals with higher Ksp values for a given drug.  The highest 1:1 

cocrystal Ksp corresponds to theophylline-nicotinamide with a pKsp of 0.7, among the most 

soluble combination of cocrystal constituents. 

Comparing the pKsp values of salts and cocrystals of the same drug (Table 2.3) shows 

that some cocrystals are more soluble than salts, or less soluble depending on the coformers and 

counterions.   Cocrystals with higher ratio of the less soluble drugs also have higher pKsp values, 

as observed for 2:1 versus 1:1 cocrystals.   
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Table 2.3. Cocrystal and Salt pKsp  

Cocrystal (drug-coformer) 

or 

Salt (drug-counterion) 

Solid Form 

Stoichiometry  

(drug:coformer or 

drug:counterion) 

pKsp 

Caffeine-Salicylic acid Cocrystal 1:1 3.117 

Carbamazepine-Nicotinamide Cocrystal 1:1 2.317 

Carbamazepine-Glutaric acid Cocrystal 1:1 2.517 

Carbamazepine-Salicylic acid Cocrystal 1:1 5.924 

Carbamazepine-Saccharin Cocrystal 1:1 6.032 

Carbamazepine-Malonic acid a Cocrystal 2:1 b 6.117 

Carbamazepine-Oxalic acid Cocrystal 2:1 b 8.017 

Carbamazepine-Succinic acid Cocrystal 2:1 8.233 

Carbamazepine-4-aminobenzoic 

acid hydrate 
Cocrystal 2:1 8.924 

Danazol-Hydroxybenzoic acid Cocrystal 1:1 8.034 

Danazol-Vanillin Cocrystal 1:1 8.534 

Gabapentin Lactam-4-

aminobenzoic acid 
Cocrystal 1:1 3.119 

Gabapentin Lactam-Fumaric acid Cocrystal 2:1 3.419 

Gabapentin Lactam-Benzoic acid Cocrystal 1:1 3.519 

Gabapentin Lactam-4-

hydroxybenzoic acid 
Cocrystal 1:1 3.719 

Gabapentin Lactam-Gentisic acid Cocrystal 1:1 3.919 

Indomethacin-Saccharin Cocrystal 1:1 8.932 

Ketoconazole-Oxalic acid Salt 1:1 5.9c 

Ketoconazole-Adipic acid Cocrystal 1:1 7.535 
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Ketoconazole-Succinic acid Cocrystal 1:1 7.635 

Ketoconazole-Fumaric acid Cocrystal 1:1 8.835 

Lamotrigine-Nicotinamide Cocrystal 1:1 3.9 

Lamotrigine-Hydrochloride  Salt 1:1 4.2d 

Lamotrigine-Saccharin  Salt 1:1 5.0 

Lamotrigine-Methylparaben  Cocrystal 1:1 6.3e 

Lamotrigine-Phenobarbital Cocrystal 1:1 7.91 

Nevirapine-Maleic acid Cocrystal 1:1 4.725 

Nevirapine-Saccharin Cocrystal 2:1 10.025 

Nevirapine-Salicylic acid Cocrystal 2:1 10.425 

Pterostilbene-Caffeine Cocrystal 1:1 5.336 

Pterostilbene-Piperazine Cocrystal 2:1 6.337 

Piroxicam-Saccharin Cocrystal 1:1 7.134 

Theophylline-Nicotinamide Cocrystal 1:1 0.717 

Theophylline-Salicylic acid Cocrystal 1:1 3.817 

a Form B (hydrated cocrystal).38 
b Disordered crystal structure that does not provide definitive stoichiometry.26 
c Calculated from reported solubility of 0.90 mg/mL at 25°C and pH 3.4.39 
d Calculated described in Table 2.2 footnote a. 
e Calculated from steady state concentration during cocrystal dissolution as reported by Cheney 

et al.3 

 

pHmax of Cocrystals and Salts  

Knowledge of pHmax is important to determine phase stability regions.  In this article, we 

are concerned with the LTG and cocrystal or salt pHmax, where LTG is the least soluble 

constituent under the conditions studied.   
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 The pHmax of cocrystals is expected to vary over a wider pH range than that of salts due 

to the range of ionization properties of cocrystal constituents.  Cocrystals can be composed of all 

possible combinations of acidic, basic, and nonionized constituents, unlike salts.  For instance, 

binary cocrystals can be composed of two basic, two acidic, one basic and one acidic, or one or 

both nonionizable constituents. 

We derived equations that predict cocrystal/salt pHmax values from Ka, Ksp, and S0,D.  

Since at the pHmax the solution is doubly saturated with two solid phases, cocrystal or salt and 

drug, pHmax equations were derived by setting the cocrystal solubility equal to drug solubility 

and solving for pHmax.  This approach is similar to that described for salts.40-42  

pHmax values for cocrystals and salts with the ionization properties of the LTG solid 

forms studied here are shown in Table 2.4.  These were calculated from the below relationships.  

Equations are presented in terms of [H+]max and K as they are simpler than in terms of pH or pK.   

 For cocrystals with a basic drug and a basic coformer, such as LTG-NCT·H2O, [H+]max  is 

[H+]max =
Ka,LTG Ka,NCT(S0,LTG∙H2O

2  − Ksp)

Ka,LTG Ksp − Ka,NCT S0,LTG∙H2O
2                                                                                     (2.16)                                                                                           

where S0,D is the drug intrinsic solubility and Ksp is the cocrystal or salt solubility product.  

 For cocrystals with a basic drug and a nonionic coformer, such as LTG-MP, [H+]max is 

[H+]max = −
Ka,LTG(S0,LTG∙H2O

2  − Ksp)

S0,LTG∙H2O
2                                                                                          (2.17) 

 For cocrystals with a basic drug and an acidic coformer, such as LTG-PB [H+]max is  

[H+]max =
Ka,LTG Ksp − Ka,LTG S0,LTG∙H2O

2  + √4Ka,LTG Ka1,PB KspS0,LTG∙H2O
2  + (Ka,LTG Ksp − Ka,LTGS0,LTG∙H2O

2 )
2

2S0,LTG∙H2O
2                 (2.18) 

Equation 2.18 is for a monoprotic acid.  While PB is a diprotic acid, the second pKa is 11.8 and 

the assumption of only using the lower pKa is justified at pH values below 10.   

 For salts with a basic drug and an acidic counterion, such as LTG-SAC, [H+]max is  
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[H+]max =
Ka,LTG
2  Ksp − Ka,LTG Ka,SAC S0,LTG∙H2O

2  + √4Ka,LTG
2  Ka,SAC

2  Ksp S0,LTG∙H2O
2  + (Ka,LTG

2  Ksp − Ka,LTG Ka,SAC S0,LTG∙H2O
2 )

2

2Ka,SAC S0,LTG∙H2O
2     

(2.19) 

 Results in Table 2.4 show the range in pHmax and solubility at pHmax, SpHmax, for the 

cocrystals and salts studied.  Of forms that exhibit a pHmax, the salt has the lowest pHmax and 

highest SpHmax.  This is consistent with SAC having the lowest pKa and higher solubility than PB 

and MP.  The NCT cocrystal approaches the drug solubility as pH approaches the NCT pKa (3.4) 

at a solubility of about 0.6 M, although a pHmax is not achieved (Figure 2.1). 

Table 2.4.  pHmax 
a for LTG Cocrystals and Salts. 

Solid Phase pHmax SpHmax (M) 

LTG-NCT·H2O Cocrystal None b - 

LTG-MP Cocrystal 6.4 8.0  10-4 

LTG-PB Cocrystal 9.0 6.5  10-4 

LTG-SAC Salt 5.0 3.7  10-3 

a Calculated from Equations 2.16-2.19 with Ka and Ksp values in Tables 2.1 and 2.2. 
b Equation 2.16 gives an unreal solution for [H+]max, confirming that there is no pHmax. 

 

How pHmax changes with pKsp for basic drugs and acidic coformers/counterions is shown 

in Figures 2.3 and 2.4 by using the above equations.  The pKa values for the simulations were 

selected for the purpose of understanding the influence of pKsp and pKa on cocrystal/salt pHmax 

and SpHmax, even though it is generally accepted that salts may form when ΔpKa (ΔpKa = 

pKa(base) - pKa(acid)) is greater than 2 or 3.43-45   

  Figure 2.3 illustrates the influence of coformer/counterion pKa on cocrystal/salt pHmax-

pKsp dependence.  Both cocrystal and salt pHmax values increase with pKsp.  Cocrystals have 
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lower pHmax values than salts.  Cocrystal pHmax values also show higher sensitivity to changes in 

counterion pKa values.   

 
 

Figure 2.3. Cocrystal/salt pHmax dependence on pKsp for basic drug with pKa = 5.71 and acidic 

coformer/counterion pKa 1 to 4.  Plots were generated using Equations 2.18 and 2.19 and S0,D = 

6.6  10-4 M.  Cocrystals show lower pHmax values with higher senstitivity to coformer pKa than 

salts.  For both cocrystals and salts, pHmax increases with pKsp. 

 

Figure 2.4 shows how the pHmax dependence on pKsp varies with pKa of a basic drug 

when the acidic coformer/counterion pKa = 2.0.  At the same drug pKa, salts have higher pHmax 

values.  Salt pHmax changes by about one unit when drug pKa is varied by one unit, and this trend 

appears to be almost constant throughout the studied pKsp range.  However, changes in cocrystal 

pHmax are smaller than those for salts, and they are not constant with changes in drug pKa for all 

pKsp values.  While one unit change in drug pKa results in about one unit change in pHmax at pKsp 

2, pHmax varies by 0.5 units at pKsp 6 and by less than 0.2 units at pKsp 10. 
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Figure 2.4. Cocrystal/salt pHmax dependence on pKsp for basic drugs according to Equations 2.18 

and 2.19 with pKa 4 to 6, acidic coformer/counterion pKa = 2.0, and S0,D = 6.6  10-4 M.  

Cocrystal pHmax values are lower than salt across the plotted pKsp range.  pHmax increases with 

pKsp for both cocrystals and salts.  Changes in salt pHmax with drug pKa are larger than for 

cocrystals.  Changes in cocrystal pHmax decrease with increasing Ksp.     

 

These findings are consistent with the fact that salt pHmax values typically occur in the 

salt solubility plateau region where the counterion is almost completely ionized and solubility is 

independent of pH.21, 41, 46, 47  Changes in counterion pKa (Figure 2.3) have minimal effect on 

pHmax dependence on pKsp when ΔpKa is large enough for the counterion to be fully ionized at 

pHmax.  However, changes in drug pKa will result in greater variability in pHmax versus pKsp 

dependence as the solubility-pH dependencies of both the drug and salt shift.  Unlike salts, the 

pHmax of cocrystals of basic drugs and acidic coformers can occur on either side of the solubility 

minimum depending on pKsp and S0,D.  pHmax occurs above minimum solubility for LTG-PB 

(Figure 2.1),1 but has been shown to occur below minimum solubility for some ketoconazole 

nevirapine cocrystals.25, 35  For cocrystals with the same S0,D, high pKsp values show greater 

pHmax variability with changes in coformer pKa (Figure 2.3), but low pKsp show greater pHmax 

variability with changes in drug pKa (Figure 2.4). 
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The analysis presented shows that cocrystals and salts exhibit different dependencies of 

pHmax and Ksp.  These cocrystal/salt properties are critical for cocrystal selection, stability, and 

solubility assessments. 

 

Conclusions 

This work shows that cocrystals can be more soluble than salts or vice-versa.  The stoichiometric 

nature of cocrystals and salts predisposes them to huge, yet predictable changes in solubility, 

supersaturation index, and thermodynamic stability as solution pH changes.  Supersaturation 

index is as important as solubility and pHmax in anticipating the potential for phase conversions.  

Cocrystal and salt solubility/supersaturation dependence on pH as well as pHmax can predicted 

from knowledge of Ksp and pKa. 
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Cocrystal Solubility Advantage and Dose/Solubility Ratio Diagrams: A Mechanistic 

Approach to Selecting Additives and Controlling Dissolution – Supersaturation – 

Precipitation Behavior 

 

Introduction 

Dissolution- and solubility-limited absorption remain two of the major challenges in oral 

drug delivery.  The Biopharmaceutics Classification System (BCS) defines solubility and 

permeability as the primary factors that influence oral drug absorption.1  BCS Class II drugs are 

categorized as having low solubility and high permeability, where drug dissolution is the rate-

limiting step to absorption.  However, for BCS Class II drugs with very high dose/solubility 

ratios (D0D = dose concentration / SD), absorption has been shown to be only weakly dependent 

on dissolution rate and instead becomes solubility-limited.2  In fact, the Quantitative 

Biopharmaceutics Classification System defines Category II drugs as having high permeability 

(Papp > 10-5 cm/s) and D0D values greater than 1.3  These drugs display dose/solubility-limited 

absorption, which becomes more and more pronounced with higher D0D values.  Depending on 

the required dose of a poorly-soluble drug, development efforts to improve both dissolution and 

solubility must be made for successful oral drug delivery. 

Supersaturating drug delivery systems such as cocrystals, salts, and amorphous forms 

have been shown to enhance the solubility of crystalline drug, which can lead to increases in 

drug dissolution rate, exposure, and oral bioavailability.4-9  While salts and amorphous forms 
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have been routinely utilized in clinical development and have resulted in numerous marketed 

products, cocrystals remain largely underutilized despite continuing to gain interest for their 

ability to improve the biopharmaceutical properties of poorly-soluble drugs.10 

 Cocrystals are defined as multicomponent crystals composed of two or more neutral 

molecular components in a single homogeneous crystalline phase with well-defined 

stoichiometry.  Cocrystals are characterized in that the components are solids at room 

temperature, which distinguishes them from solvates, and that they are formed through 

noncovalent interactions, which distinguishes them from salts.11, 12  When a poorly-soluble 

parent drug is cocrystallized with a highly soluble, generally regarded as safe (GRAS) coformer, 

pharmaceutical cocrystals have been shown to impart solubility advantage orders of magnitude 

higher than parent drug.4, 13-15   

However, highly soluble, metastable cocrystals may appear to be risky to develop due to 

their vulnerability to convert to less soluble forms.  Several studies have shown the ability of 

additives, both solubilizing and non-solubilizing, to improve the dissolution – supersaturation – 

precipitation (DSP) behavior of cocrystal systems.13, 16-23  One such study by Childs et al. 

demonstrated the ability of 1:1 danazol-vanillin cocrystal (DNZ-VAN) to sustain supersaturation 

and achieve 10 times higher area under the curve (AUC) in vivo than danazol drug (DNZ) in the 

presence of a solubilizing agent and a precipitation inhibitor, compared to only 1.7 times AUC 

increase and rapid conversion in the absence of additives.24  While this study represents a 

landmark in demonstrating the “Essential Role” of cocrystal formulation, selecting additives in 

attempt to control DSP behavior of cocrystal systems remains a largely empirical and time-

consuming process.   
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Without knowledge of thermodynamic solubility, interpreting cocrystal concentration – 

time profiles and their DSP behavior is difficult.  Cocrystal solubility advantage over drug (SA = 

SCC / SD) is an important thermodynamic parameter that represents both the potential for drug 

supersaturation and the risk for drug precipitation.  Likewise, D0D and cocrystal dose/solubility 

ratio (D0CC = dose concentration / SCC) represent the extent of dose/solubility-limited absorption, 

but also whether drug supersaturation, or even saturation, may be dose-limited.  Optimizing 

thermodynamic parameters SA, D0D, and D0CC is essential in order to achieve desired DSP 

behavior, and may be complemented through the kinetic role of precipitation and growth 

inhibitors.  Previous studies from our laboratory have demonstrated the influence of solubilizing 

additives on thermodynamic cocrystal stability,25-27 and the log-log linear relationship between 

SA and the drug-solubilizing power of surfactants (SPD = SD,T / SD,aq) has been shown.4, 17  This 

mathematical relationship suggests that SA can be fine-tuned as a function of SPD through 

rational selection of solubilizing additives and their concentrations, and has thus far only been 

validated as a tool to optimize DSP behavior for one other cocrystal system.17  While D0D has 

recently been shown to be a valuable parameter for interpreting cocrystal dissolution data,28 the 

mathematical relationship of D0D with SPD has yet to be considered.  

The purpose of the present study is to evaluate a mechanistic approach for rational 

additive selection by (1) fine-tuning SPD, (2) predictably modulating SA and D0D values to be 

near or below critical drug supersaturation, and ultimately (3) determining the interplay between 

thermodynamic and kinetic processes to optimize DSP behavior of cocrystal systems that sustain 

drug supersaturation and increase drug exposure.  Drug solubilizers can have a two-fold effect: 

(a) to alter the thermodynamic driving force for precipitation (SA), and (b) to interfere with the 

kinetic processes of molecular self-association for drug nucleation and growth. 
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Based on the important results of Childs et al., DNZ-VAN was chosen as a model 

cocrystal.24  DNZ is a nonionizable, BCS Class II drug with low oral bioavailability and positive 

food-effect pharmacokinetics, and it has been shown to be readily solubilized by a variety of 

additives.24, 29-33  Vanillin (VAN) is GRAS, nonionized across physiological pH, and over 

100,000 times more soluble than DNZ in aqueous conditions at 37°C.  In this work, DNZ-VAN 

is shown to have an aqueous SA of 183, leaving it prone to rapid phase conversion.  Additives 

that have been shown to preferentially solubilize DNZ over VAN were selected at concentrations 

that lower SA.  These included D- Tocopherol polyethylene glycol 1000 succinate (TPGS) and 

Soluplus.  Experimental results demonstrate how cocrystal SA and D0D can be predictably 

modulated as a function of SPD, and their relationships provide a mechanistic basis for rational 

additive selection and a framework for understanding and controlling thermodynamic and kinetic 

cocrystal behavior. 

 

Theoretical   

The goal of this section is to describe the theoretical basis for the mathematical 

relationships that define how cocrystal SA and drug D0D can be predictably modulated as a 

function of SPD and used to calculate the fraction of the cocrystal initial mass that can dissolve 

the drug dose (without drug precipitation).  It is recognized that cocrystal dissolution may not 

achieve cocrystal SA for two main reasons: (1) the dose is not enough to reach cocrystal 

solubility, or (2) the threshold supersaturation for drug nucleation is below SA, which represents 

the maximum theoretical supersaturation.  Throughout this text, the term supersaturation refers to 

the drug and the cocrystal relationships are based on a 1:1 cocrystal stoichiometry.   
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SA and D0D can be used to assess and optimize relative cocrystal stability.  Considering 

both parameters is important to provide a holistic framework for determining the risk of cocrystal 

conversion based on whether supersaturation is limited by SCC (described by SA) or the dose 

concentration Cdose (described by D0D).  When SA = D0D, D0CC = 1 and there is a transition 

between supersaturation limited by SCC and that limited by Cdose.  

SA is calculated as the molar ratio of cocrystal to drug solubilities (SCC and SD, 

respectively) measured under the same conditions (solvent, temperature, pH, additive 

concentration, etc.) as 

SA =
SCC

SD
                                                                                                                                     (3.1) 

In the absence of drug solubilizers, SA becomes SAaq and refers to the solubility advantage 

under aqueous conditions, as 

SAaq =
SCC,aq

SD,aq
  

where SCC,aq and SD,aq represent aqueous cocrystal and drug solubilities, respectively.  In the 

presence of drug solubilizers, the total SA (SAT) is the sum of solubilized (micellar) and free 

(aqueous pseudophase) contributions, as   

SAT =
SCC,T

SD,T
  

where SCC,T and SD,T represent total cocrystal and drug solubilities in the presence of drug 

solubilizers.  SA is used when the reference could apply to both SAaq and SAT. 

SPD is the solubilization power of the additive for the drug and is obtained from  

SPD =
SD,T

SD,aq
                                                                                                                                  (3.2) 

where SD,T represents drug solubility in the presence of an additive, and SD,aq represents aqueous 

drug solubility.  
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 The influence of additives on SAT can be calculated from knowledge of SAaq and SPD 

according to 

SAT =
SAaq

√SPD
                                                                                                                                 (3.3) 

or, in logarithmic form, 

log SAT = log SAaq −
1

2
log SPD                                                                                                 (3.4) 

These equations have been previously described and applied to several different cocrystals and 

additives.4, 17  Equations 3.3 and 3.4 assume negligible coformer solubilization, and therefore 

generally apply to cocrystals of hydrophobic drugs and hydrophilic coformers.  Experimental 

measurements confirm the validity of this assumption with the present study.  The impact of 

coformer solubilization on SPD has been previously presented,25 which leads to nonlinear and 

positive deviations from the linear log SAT – log SPD behavior of Equation 3.4. 

Equation 3.4 clearly suggests that cocrystal SAT can be fine-tuned by varying SPD as a 

function of drug-solubilizing agents and their concentrations in order to control cocrystal 

inherent supersaturation.  However, if the dissolved dose is below SCC (Cdose < SCC) then the 

theoretical maximum bulk supersaturation will be lower than SAT.  For this case, SAT may still 

be representative of supersaturation at the solid-liquid interfaces (interfacial supersaturation),34 

but the well-recognized dimensionless parameter D0D, referred to as both dose/solubility ratio 

and dose number,2, 3 is representative of the maximum theoretical bulk supersaturation.  D0D has 

been defined as  

D0(D) =
Cdose 

SD
                                                                                                                             (3.5) 

where Cdose is the dose concentration, calculated as the dose per volume taken with dose or 

luminal volume (250 mL), and SD is drug solubility.  D0D can be calculated under aqueous 

conditions (D0D,aq) as a function of SD,aq, or in the presence of an additive (D0D,T) as a function of 
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SD,T.  D0D is used when the reference could apply to both D0D,aq and D0D,T.  D0CC can also be 

calculated as a function of SCC as 

D0(CC) =
Cdose 

SCC
                                                                                                                            (3.6)  

where Cdose is the drug equivalent dose concentration, and SCC is cocrystal solubility.  D0CC can 

be calculated under aqueous conditions (D0CC,aq) as a function of SCC,aq, or in the presence of an 

additive (D0CC,T) as a function of SCC,T.  D0CC is used when the reference could apply to both 

D0CC,aq and D0CC,T. 

According to Equations 3.2 and 3.5, D0D,aq, D0D,T, and SPD can be mathematically related 

as   

D0,T(D) =
D0,aq(D)

SPD
                                                                                                                         (3.7)    

In logarithmic form, Equation 3.7 becomes a linear function: 

logD0,T(D) = log D0,aq(D) − log SPD                                                                                          (3.8) 

Similar to Equation 3.4, Equation 3.8 suggests that D0D,T can be fine-tuned as a function 

of SPD. Because D0D,T, D0D,aq, and SPD are functions of drug solubility, Equations 3.7 and 3.8 are 

independent of cocrystal solubility and stoichiometry. 

SAT represents the theoretical maximum supersaturation as a function of SCC, while D0D,T 

represents the theoretical maximum achievable supersaturation as a function of the drug dose.  

When D0D > SA, cocrystal will not fully dissolve the drug dose even if it reaches cocrystal 

saturation at SA.  Therefore, the maximum theoretical supersaturation is limited by SCC and is 

quantified by SA.  When D0D  < SA, cocrystal can fully dissolve the dose, since Cdose < SCC and 

the maximum theoretical supersaturation is limited by Cdose and is quantified by D0D.  

While SA and D0D represent a theoretical, thermodynamic limit to supersaturation, 

critical supersaturation for drug precipitation or phase separation represents a practical, kinetic 
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limit to the concentrations that a supersaturating drug delivery system may achieve or sustain.  

Spontaneous and instantaneous nucleation will occur above critical supersaturation, which will 

ultimately lead to rapid precipitation and decreased drug exposure.  Modulating SAT and D0D,T as 

a function of SPD to limit the maximum theoretical bulk supersaturation to be near or below 

critical supersaturation will reduce the driving force for rapid conversion and therefore promote 

sustained supersaturation.  However, if SAT and D0D,T are modulated to low values, then the 

ability to generate any meaningful supersaturation could be negated.  This is especially relevant 

for systems with low Cdose values, where bulk supersaturation could inadvertently be dose-

limited even when SA > 1.  Furthermore, because cocrystals with SA > D0 may still generate 

interfacial supersaturation as high as SA,34 it is important to be cognizant of the risk of rapid 

precipitation on the cocrystal surface that may hinder cocrystal dissolution and thereby limit bulk 

supersaturation. 

 

Materials and Methods 

Materials   

Anhydrous DNZ was received as a gift from Renovo Research (Atlanta, GA).  VAN was 

purchased from Fisher Chemical (Fair Lawn, NJ).  D- Tocopherol polyethylene glycol 1000 

succinate (TPGS) was purchased from Sigma-Aldrich (St. Louis, MO).  KlucelTM LF PHARM 

hydroxypropylcellulose (HPC) was received as a gift from Ashland (Wilmington, DE).  

Polyvinyl caprolactam – polyvinyl acetate – polyethylene glycol graft co-polymer (Soluplus) 

was received as a gift from BASF (Florham Park, NJ). 

Trifluoroacetic acid and sodium chloride were purchased from Sigma-Aldrich (St. Louis, 

MO).  Sodium hydroxide and n-Heptane were purchased from J. T. Baker Chemical Company 
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(Philipsburg, NJ).  Ethyl acetate was purchased from Acros Organics (Morris, NJ).  High 

performance liquid chromatography (HPLC)-grade methanol and sodium phosphate monobasic 

monohydrate were purchased from Fisher Scientific (Fair Lawn, NJ).  FaSSIF/FeSSIF/FaSSGF 

powder was purchased from Biorelevant.com Ltd (London, UK).  All materials were used as 

received. 

Cocrystal Synthesis   

DNZ-VAN cocrystal24 was prepared by reaction crystallization method35 at room 

temperature.  450 mg DNZ and 60 mg VAN were added to 10 mL of saturated VAN solution in 

1:2 ethyl acetate:heptane.  The vial was then diluted with 4 mL of 1:2 ethyl acetate:heptane and 

allowed to stir for 24 hours.  Suspensions were vacuum-filtered, and solids were analyzed by X-

ray powder diffraction (XRPD) and differential scanning calorimetry (DSC).  The effect of 

coformer impurity on cocrystal solubility and SA is shown in Appendix 3A. 

Media Preparation  

Phosphate buffer at pH 6.5 ± 0.1 (blank FaSSIF) was prepared at room temperature by 

dissolving 0.840 g of NaOH (pellets), 7.908 g of NaH2PO4·H2O, and 12.372 g of NaCl in 2 L of 

purified deionized (DI) water.  Acetate buffer at pH 5.0 ± 0.1 (blank FeSSIF) was prepared at 

room temperature by dissolving 4.040 g of NaOH (pellets), 8.650 g of acetic acid, and 11.87 g 

NaCl in 1 L of purified deionized (DI) water.  The pH of the buffers was adjusted with 1 M 

NaOH or 1 M HCl solutions.  FaSSIF and FeSSIF were prepared with the corresponding blank 

medium and FaSSIF/FeSSIF/FaSSGF powder according to manufacturer protocol.  To prepare 

additive solutions, Soluplus, TPGS, and/or HPC were dissolved in pH 6.5 phosphate buffer at 

predetermined weight:volume (w/v) ratios.  For media containing FaSSIF + Soluplus, TPGS, 

and/or HPC, twice concentrated FaSSIF and additive solutions were prepared and combined in 



84 

equal volumes (e.g., 15 mL 2 FaSSIF and 15 mL pH 6.5 phosphate buffer + 2% TPGS were 

combined to yield 30 mL FaSSIF + 1% TPGS).  Molar concentrations of surfactant media are 

presented in Appendix 3B.  Media were stored at room temperature, and all media containing 

FaSSIF or FeSSIF were used within 48 hours. 

Eutectic Concentrations   

Drug and coformer eutectic concentrations ([DNZ]eu and [VAN]eu, respectively) were 

measured at the eutectic point, where the drug and cocrystal solid phases were in equilibrium 

with solution.4, 15, 27  Eutectic concentrations represent the total analytical concentrations of all 

species in solution.  The eutectic point was approached by suspending excess cocrystal (150 mg) 

and drug (100 mg) in 3 mL of solution.  The suspensions were kept in a 37.0 (± 1.0) °C water 

bath and magnetically stirred for up to 96 h.  0.5 mL aliquots of the suspensions were collected 

every 24 h and filtered through a 0.45 μm pore cellulose acetate membrane via centrifugation.  

pH of the filtered supernatant was measured.  DNZ and VAN solution concentrations were 

analyzed by HPLC.  Solid phases were analyzed by XRPD and DSC to verify the presence of 

both drug and cocrystal solid phases. 

Eutectic Constant, Cocrystal Solubility, and Solubility Product 

 The eutectic constant Keu, a key stability indicator defined as the ratio of coformer to 

drug eutectic concentrations,36 was calculated according to 

Keu =
[VAN]eu

[DNZ]eu
                                                                                                                             (3.9) 

Cocrystal SA was calculated according to 

SA =  √Keu                                                                                                                              (3.10) 

Cocrystal solubilities were calculated according to 

SCC = √[DNZ]eu [VAN]eu                                                                                                       (3.11) 
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The solubility product Ksp was calculated according to 

Ksp = [DNZ]eu [VAN]eu                                                                                                         (3.12) 

It should be noted that Equations 3.10, 3.11, and 3.12 only apply to 1:1 cocrystals.  The reader is 

referred to the general SA-Keu,
37 SCC,15, 38 and Ksp

15, 38 equations for cocrystals of other 

stoichiometries.  Additionally, Equation 3.12 only applies when the component species are in the 

same molecular state as the cocrystal.  For cocrystals or solution conditions where constituents 

are ionized at the eutectic point, nonionized eutectic species must be used to calculate Ksp.
13, 14, 39 

 Drug solubilities are reported as the eutectic drug concentrations and were used to 

calculate SPD according to Equation 3.2.  D0D and D0CC values were calculated according to 

Equations 3.5 and 3.6 from molar dose concentration and solubility values. 

Cocrystal and Drug Powder Dissolution   

Powder dissolution studies of drug or cocrystal were conducted in a water bath at 37.0 (± 

1.0) °C using an overhead stirrer with a glass propeller at 100 rpm over two hours.  The cocrystal 

and drug were sieved to a particle size range of 45 to 106 μm.  Based on a 200 mg dose in 250 

mL, 24 mg DNZ drug or 34.8 mg DNZ-VAN cocrystal (molar equivalent DNZ amount) were 

added to 30 mL of dissolution media.  0.5 mL aliquots were sampled with a syringe at time 

points up to two hours.  The solution samples were filtered through syringe filter with PVDF 

membrane of a pore size of 0.45 μm.  Initial solution pH was measured, as well as the pH of all 

aliquots.  The solution concentrations of DNZ and VAN were analyzed by HPLC.  Percentage 

cocrystal dissolved for 1:1 DNZ-VAN was calculated according to 

% cocrystal dissolved = 100 
moles coformer dissolved

initial moles cocrystal added
                                                        (3.13) 

Percentage cocrystal dissolved represents the percentage of the initial cocrystal mass that has 

dissolved, and it does not represent drug concentrations in solution if the drug precipitates.  
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However, the coformer solution concentrations are related to the mass of cocrystal dissolved as 

coformer does not precipitate.  Final solid phases were analyzed by DSC. 

High Performance Liquid Chromatography (HPLC)   

DNZ and VAN concentrations were analyzed by a Waters HPLC equipped with a UV 

spectrometer detector.  A Waters Atlantis C18 column with 5 μm, 250 × 4.6 mm dimensions was 

used for separation.  The mobile phase composed of 80% methanol and 20% water + 0.1% 

trifluoroacetic acid.  The flow was set at 1 mL/min, and the sample injection volume was 20 μL.  

Component absorbance was monitored at 285 nm for DNZ and 295 nm for VAN. 

X-ray Powder Diffraction (XRPD)   

X-ray powder diffractograms of solid phases were recorded on a benchtop Rigaku 

Miniflex X-ray diffractometer (Danvers, MA) using Cu-Kα radiation (λ = 1.54 Å), a tube voltage 

of 30 kV, and a tube current of 15 mA.  Data were collected between 5° and 40° in 2θ at a 

continuous scan rate of 2.5°/min. 

Thermal Analysis   

A TA Instruments DSC (Newark, DE) was used to analyze dried solid phases.  Thermal 

measurements were performed by heating the samples at a rate of 10 °C/min under a dry nitrogen 

atmosphere (50 mL/min).  Standard aluminum sample pans and lids were used for all 

measurements. 

Inverted Light Microscopy 

Cocrystal dissolution samples were visually inspected under bright field microscopy 

using a Leica DMi8 inverted optical microscope (Wetzlar, Germany).  Upon sampling, 100 μL of 

dissolution aliquots were immediately transferred (before filtering) into a quartz 96-well plate to 

be observed under the microscope.  Images were taken with a Leica DMC2900 camera 



87 

controlled with LAS v4.7 software (Leica Microsystems, Wetzlar, Germany).  The 20x 

magnification lens was used for all observations. 

 

Results and Discussion 

Aqueous Cocrystal Solubility and Stability 

Childs et. al. demonstrated the inability of DNZ-VAN cocrystal to sustain supersaturation 

during in vitro and in vivo studies in aqueous conditions.  While the cocrystal showed enhanced 

dissolution behavior compared to drug, rapid conversion led to only a modest 1.7 times increase 

in AUC.24 

In this study, aqueous cocrystal solubility and stability were assessed by measuring 

constituent concentrations at the eutectic point, where cocrystal and drug solid phases are in 

equilibrium with solution.15  Cocrystal solubility represents the equilibrium solubility under 

stoichiometric conditions.  Its value was calculated from the experimentally accessible 

thermodynamic condition at the eutectic point, as described in the methods section. The  

cocrystal solubility serves as a means to assess the potential to generate drug supersaturation and 

nucleation during cocrystal dissolution, even though it may not be experimentally achieved.  

Table 3.1 summarizes drug and coformer eutectic concentrations and the relevant solubility and 

stability parameters that can be calculated from them.  [DNZ]eu = SDNZ under the studied 

experimental conditions. 
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Table 3.1.  Aqueous Cocrystal Solubility and Stability. 

Parameter Equation Number Calculation Value 

[DNZ]eu 
ab - - (9.1 ± 0.5)  10-4 mM 

[VAN]eu 
a - - 30.3 ± 0.6 mM 

SCC,aq 3.11 ([DNZ]eu [VAN]eu)
1/2 (1.7 ± 0.1)  10-1 mM 

Ksp  3.12 [DNZ]eu [VAN]eu 
c (2.6 ± 0.1)  10-8 M2 d 

pKsp - -log(Ksp) 7.6 d 

Keu 3.9 [VAN]eu / [DNZ]eu 33483 ± 2003 

SAaq 3.10 SCC,aq / SD,aq = Keu
1/2 183 ± 12 

D0D,aq
 3.5 Cdose / SD,aq 2617 ± 148 e 

D0CC,aq
  3.6 Cdose / SCC,aq 14.3 ± 0.4 e 

a Eutectic concentrations were measured in pH 6.5 phosphate buffer at 37°C.  Final pH was 6.28. 
b [DNZ]eu = SD under the studied conditions. 
c Ksp is calculated as the product of the constituent concentrations in the same molecular state as 

the cocrystal (i.e. neutral).  DNZ-VAN components are nonionized at pH 6.28.  The reader is 

cautioned from using total analytical concentrations to calculate Ksp when cocrystal components 

are ionized at the eutectic point.38, 40 
d Previously reported Ksp and pKsp values for DNZ-VAN were calculated from measurements at 

25°C.40, 41 
e Calculated based on a 200 mg DNZ dose in 250 mL luminal volume. 

 

 The results show that DNZ-VAN cocrystal is 183 times more soluble than DNZ drug 

under aqueous conditions, which is about an order of magnitude higher than critical 

supersaturation.24, 42-49  As a result, the ability of the cocrystal to initially generate high 

supersaturation during dissolution studies by Childs et. al. was quickly overcome by drug 

precipitation, essentially negating the cocrystal solubility advantage.24 

Cocrystal SAaq was evaluated according to Equations 3.9 and 3.10 from eutectic 

concentration measurements and eutectic constant relationship (Keu) .  Keu is well recognized to 

be a key indicator of cocrystal stability/risk of conversion.36  For a 1:1 cocrystal, a Keu value of 1 

indicates a transition point where drug and cocrystal solubilities are equal.  When Keu > 1, the 
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cocrystal has solubility advantage over drug (SA > 1); when Keu < 1,  the cocrystal is less soluble 

and more stable than drug (SA < 1).  Keu of 33483 is indicative of a highly soluble cocrystal. 

 Cocrystal SA can also be calculated as the ratio of cocrystal solubility (Equation 3.11) to 

drug solubility ([DNZ]eu).  SA values calculated from Keu versus the ratio of cocrystal to drug 

solubilities may differ slightly due to experimental error propagation. 

 Solubility product Ksp was calculated according to Equation 3.12 as the product of the 

cocrystal components in the same molecular state as the cocrystal.  DNZ-VAN constituents are 

nonionized at equilibrium pH 6.28, and therefore in this case the total analytical concentrations 

are the neutral species.  Ksp values are proportional to cocrystal intrinsic solubility.  Because the 

values are very small, it is common to express them as pKsp values, where pKsp = -log(Ksp) and 

higher Ksp corresponds to lower pKsp.  1:1 cocrystals of BCS Class II drugs have been reported 

to have pKsp values in the range of 1 – 9.40 

Like many BCS Class II drugs, DNZ has a very high D0D = 2617 under aqueous 

conditions, meaning that the Cdose of a 200 mg dose in 250 mL luminal volume is over 2000 

times the drug solubility.  Increased solubility of the cocrystal resulted in a much lower D0CC = 

14.3, meaning that the cocrystal will be able to dissolve a much greater fraction of the dose, and 

may even result in complete dose dissolution with the dynamic process of drug absorption. 

While the parameters in Table 3.1 demonstrate the high aqueous solubility of DNZ-VAN 

and the potential of the cocrystal to overcome some of the challenges associated with the poorly 

water-soluble parent drug, an unnecessarily high SAaq value allowed critical supersaturation to 

be more quickly reached, left the cocrystal at high risk for rapid phase conversion, and ultimately 

negated the cocrystal solubility advantage in studies by Childs et. al.24  In order for cocrystals to 

be an effective development strategy to enhance drug exposure, cocrystal formulations should 
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consider both the thermodynamically possible and kinetically sustainable supersaturations that 

they generate. 

Using Solubilizing Additives to Decrease Unnecessarily High Cocrystal Solubility Advantage 

(SA) 

DNZ and VAN eutectic concentrations were measured in blank and different additive 

media and are shown along with Keu values in Figure 3.1.  Results show that Keu > 1 in all 

studied solution conditions, indicating that DNZ-VAN has solubility advantage over DNZ, or SA 

> 1.  Keu decreased with the increase of [DNZ]eu in biorelevant media, and Keu further decreased 

in FaSSIF with solubilizing agents such as TPGS and Soluplus, which were selected based on 

their known ability to solubilize the drug and improve cocrystal dissolution/supersaturation 

behavior.24, 33  This indicates that cocrystal SA is reduced by the preferential solubilization of 

drug over coformer.  

 
 

Figure 3.1.  Danazol (DNZ) and vanillin (VAN) eutectic concentrations in both the presence and 

absence of different additives.  [DNZ]eu is the drug solubility under the solution conditions 

studied.  Numbers above bars represent Keu values calculated from Equation 3.9.  Initial pH was 

6.5 and equilibrium pH values were 6.28 – 6.51 for all media except FeSSIF, which had an initial 

pH 5.0 and an equilibrium pH 4.95.  pH values for each media are reported in Table 3.2.  Error 

bars represent standard deviations.   
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Figure 3.2 shows the predicted and experimental SA-Keu relationship according to the 

logarithmic form of Equation 3.10: 

log SA =  
1

2
log Keu                                                                                                                  (3.14) 

The results indicate excellent agreement between the observed and predicted behavior of Keu and 

SA.  Keu and SA are observed to decrease with increasing surfactant concentration, even though 

both drug solubility ([DNZ]eu) and cocrystal solubility values increase (Figure 3.1 and Table 

3.2).  These trends are in agreement with previous findings from our laboratory on the behavior 

of cocrystals and drugs in the presence of surfactants.25, 26  

 
 

Figure 3.2.  Predicted relationship between cocrystal solubility advantage (SA) and eutectic 

constant Keu for 1:1 danazol – vanillin cocrystal (CC) and danazol drug (D).  Symbols represent 

values calculated from experimental danazol (DNZ) and vanillin (VAN) eutectic concentrations 

(Figure 3.1 and Appendix 3B).  Error bars (within the points) represent standard deviations. 
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Table 3.2. Cocrystal Solubility, Eutectic Constant Keu, and Solubility Advantage (SA). 

Additive(s) SDNZ-VAN (mM) a Keu 
b SA c Final pH d 

- (1.7 ± 0.1)  10-1 33483 ± 2003 183 ± 5 6.28 ± 0.01 

FaSSIF (5.6 ± 0.3)  10-1 3045 ± 282 55 ± 3 6.33 ± 0.01 

FeSSIF 1.2 ± 0.2 496 ± 77 22 ± 2 4.95 ± 0.01  

FaSSIF + 0.25% Soluplus 1.4 ± 0.6 181 ± 72 13 ± 3 6.49 ± 0.05 

FaSSIF + 1% TPGS + 2% HPC 3.6 ± 0.1 131 ± 6 11.5 ± 0.2 6.30 ± 0.01 

1% TPGS + 2% HPC 3.4 ± 0.1 130 ± 4 11.4 ± 0.4 6.33 ± 0.01 

FaSSIF + 1% TPGS 2.8 ± 0.1 120 ± 11 10.9 ± 0.5 6.37 ± 0.01 

FaSSIF + 1% Soluplus 5.1 ± 0.1 14.0 ± 0.3 3.75 ± 0.04 6.51 ± 0.01 

FaSSIF + 2.5% Soluplus 8.6 ± 1.2 4.7 ± 0.7 2.2 ± 0.2 6.50 ± 0.01 

a Calculated from [DNZ]eu and [VAN]eu in Appendix 3B according to Equation 3.11. 
b Calculated from [DNZ]eu and [VAN]eu in Appendix 3B according to Equation 3.9. 
c Calculated from Keu values according to Equation 3.10. 
d Initial pH was 6.5 ± 0.1 for all studies except FeSSIF, which had an initial pH 5.0 ± 0.1. 

 

Importantly, these results also show that the addition of 2% HPC to 1% TPGS solutions 

did not affect Keu nor SA.  This finding is in agreement with that suggested by Childs et al., 

where HPC was classified as a precipitation inhibitor and not as a solubilizing agent.24  Drug 

solubilization by 1% TPGS >>> drug solubilization by FaSSIF and its presence did not influence 

Keu.    Finally, because DNZ is a nonionizable drug and VAN is an acid with pKa 7.4, DNZ-

VAN cocrystal is expected to be predominantly nonionized at pH 5.0 – 6.5.  Equilibrium pH 

values for solubility studies are reported in Table 3.2, although SCC is not expected to change as a 

function of pH in the present study. 

Modulation of Cocrystal Solubility Advantage (SA) and Critical Supersaturation 

Figure 3.3 shows the SA – SP diagram for DNZ-VAN cocrystal.  The SA – SP 

relationship is predicted according to SAaq = 183 and Equation 3.4: 

log SAT = log SAaq −
1

2
log SPD                                                                                          
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Predicted line has a characteristic slope of -1/2 for 1:1 cocrystals.  Points represent SPD values 

calculated according to Equation 3.2 and values in Appendix 3B, and SA values in Table 3.2.   

 
 
Figure 3.3. Cocrystal SA – SP diagram shows the linear dependence of log cocrystal solubility 

advantage (SA) on log drug solubilization power (SPD) predicted from Equation 3.4.  Symbols 

represent SA and SPD values calculated from experimental measurements of drug (danazol) and 

coformer (vanillin) eutectic concentrations (Appendix 3B).  0.5% TPGS SPD and SAT values 

were estimated from SD,T = 0.17 mM reported by Childs et. al., SD,aq and SAaq in Table 3.1, and 

Equation 3.3.  Transition point SAT = 1 shows where cocrystal and drug solubilities are equal 

and above which the cocrystal generates supersaturation with respect to the drug.  Error bars 

(within the points) represent standard deviations of SA and SPD. 

 

 The SA-SP diagram shows that cocrystal SA can be predictably modulated as a function 

of increasing SPD, as SAaq = 183 was modulated all the way to SAT = 2.2 with FaSSIF + 2.5% 

Soluplus.  Across the studied range, there is excellent agreement between the predicted and 

experimentally calculated SA and SPD values, as has been shown for other cocrystals.4, 17  The 

prediction is also independent of surfactant type, including both biorelevant and synthetic 

solubilizers.  Formulations may require lower additive concentrations due to toxicity, such as for 

1% TPGS.50, 51  In this case, multiple solubilizing additives may be selected so that the targeted 

SPD and SA values are reached at additive concentrations below GRAS values. 
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Literature examples have demonstrated various methods for generating DNZ 

supersaturation (i.e. cocrystals, amorphous solid dispersions, lipolysis-triggered, solvent-shift, 

etc.), with observed maximum supersaturation values (σmax) in the range of 2 – 10.24, 42-49  In this 

study, aqueous and biorelevant media corresponded to SA ≥ 22, values that are likely much 

higher than DNZ critical supersaturation and leave the cocrystal at high risk to undergo rapid 

phase conversion during dissolution.  The SA – SPD predicted relationship provides a means to 

tailor SA considering the critical supersaturation and the metastable zone for drug precipitation. 

The corresponding SPD determines the  selection of additional solubilizers and their 

concentrations.  In our studies an SAT ≤ 13, which is near or below DNZ critical supersaturation, 

was achieved by the addition of ≥ 0.5% TPGS or ≥ 0.25% Soluplus to FaSSIF.  SAT = 10.9 – 13 

corresponded to SPD = 117 – 343.  Lower SAT values (2.2 – 3.75) were further obtained with 

higher SPD values (1497 – 4364).   

The basis of the SA-SP diagram is the different dependence of cocrystal and drug 

solubilities on additive solubilization and concentration, that changes SAT in a predictable 

manner.4, 17, 26  Solubilizers in this work are micellar surfactants, and the relationship applies to 

other drug solubilizing approaches if the underlying mechanism is the differential selectivity of 

drug and coformer by an additive (where the coformer affinity is negligible compared to that of 

the drug).   

Another important insight from the SA-SP diagram is that cocrystal SAT is equal to the 

ratio of free or aqueous drug available for absorption in the aqueous pseudophase (SAaq ), 

 SAT =  SAaq                                                                                                                            (3.15) 

where 
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 SAaq = 
SCC,aq

SD,aq
                                                                                                                           (3.16) 

and will guide solubilizer selection that is not detrimental to drug absorption.  The subscript T 

refers to the sum of free (aqueous) and bound (micellar) drug.  Derivation is shown in SI.  In the 

earlier section of this manuscript the term SAaq referred to conditions without drug solubilizing 

agents, where SAaq has its highest value. 

Recent findings have shown that when micellar solubilization is used as a solubility 

enhancement technique for lipophilic drugs (single component phase), the surfactants can have a 

negative impact on intestinal drug permeation and absorption.52, 53  This is a result of the 

interplay between free drug, which is available for absorption, and bound drug solubilized by the 

micelle, which is not.  With increasing surfactant concentration, the saturated concentration of 

free drug species in solution ([D]aq) remains constant while the bound drug species ([D]micellar) 

increases as shown in Fig. 4a.  This trend is not the same for cocrystals where both free and 

bound drug concentrations change.  The free drug concentration decreases with increasing drug 

solubilization as shown in Fig. 4b.  The bound drug concentration increases but has a weaker 

dependence on drug solubilization than the single component drug phase.  Thus, one has the 

option to select conditions that reduce the free drug concentration with cocrystals while 

maintaining a free drug concentration advantage over drug, SCC,aq > SD,aq (SA > 1).   While the 

predicted behavior has not yet been experimentally confirmed, micellar drug solubilization is 

likely to reduce the free drug from the cocrystal that is available for absorption, but the cocrystal 

will still maintain a free drug concentration higher than the drug as long as SA > 1.17, 26  This 

means that SA can be modulated using the SA-SP diagram to mitigate the risk for rapid 

conversion while also maintaining superior free drug concentration and promoting heightened 

drug absorption despite the presence of surfactants.   
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Figure 3.4. Predicted drug and cocrystal solubilities as a function of micellar surfactant 

concentrations showing total, micellar, and aqueous (free) drug contributions to solubility, 

represented by [D].  The following parameter values were used: SD,aq = 0.0009 mM, Ks(DNZ,TPGS) 

= 50 mM-1, and Ksp = 0.03 mM2.  (a) Drug solubility was calculated according to Sdrug,T =

Sdrug,aq (1 + Ks[M]) and (b) cocrystal solubility was calculated according to Scocrystal,T =

√Ksp (1 + Ks[M]) and [D]aqueous =
Ksp

Scocrystal,T
.  [D]micellar was calculated from the difference of 

[D]total - [D]aq.  Ks values for other surfactants are reported in Appendix 3B.  

 

Figure 3.5 demonstrates how the aqueous contribution to the cocrystal solubility 

decreases with drug solubilization (micellar surfactant concentration).  The cocrystal aqueous 

contribution curve intersects that of the drug at a given micellar concentration where SA = 1.  

This is a transition point where SCC = SD in each pseudophase (aqueous and micellar) 

corresponding to equal thermodynamic drug acitivities in each as reported previously for three 

carbamazepine cocrystals (saccharin, 4-aminobenzoic acid, and succinic acid coformers) in 

sodium lauryl sulfate.26  
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Figure 3.5.  How free drug concentrations change with increasing surfactant micellar 

solubilization of drug.  Green lines indicate surfactant concentrations of TPGS and biorelevant 

media used in this work.  Aqueous cocrystal solubility was calculated from  [D]aqueous =
Ksp

Scocrystal,T
.  [D]micellar was calculated from the difference of [D]total - [D]aq.  The following 

parameter values were used: SD,aq = 0.0009 mM, Ks(DNZ,TPGS) = 50 mM-1, Ks(DNZ,FaSSIF/FeSSIF) = 3 

mM-1, and Ksp = 0.03 mM2. 

 

Effect of Cocrystal Solubility Advantage (SA) and Additive Selection on Dissolution – 

Supersaturation – Precipitation (DSP) Behavior 

The cocrystal and drug dissolution profiles in Figure 3.6 show that cocrystal achieved 

higher drug concentrations in all studied media, demonstrating that the cocrystal has superior 

dissolution properties compared to drug.  However, the supersaturation – precipitation behavior 

varied with the different additives and resulted in very different Cmax, σmax, and relative area 

under the curve (RAUC = AUCCC / AUCD) values (Table 3.3).   
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Figure 3.6.  Concentration – time and supersaturation – time profiles of cocrystal DNZ-VAN 

(colored profiles) and drug DNZ (gray profiles) in surfactant media at 37°C with decreasing 

solubility advantage (SAT): (a) FaSSIF, (b) FeSSIF, (c) 0.5 FaSSIF + 0.5% TPGS + 1% HPC, 

(d) FaSSIF + 0.25% Soluplus, (e) FaSSIF + 1% TPGS + 2% HPC, (f) FaSSIF + 1% TPGS, and 

(g) FaSSIF + 2.5% Soluplus.  Different additives and concentrations corresponding to different 

cocrystal SAT were selected to study their influence on dissolution – supersaturation – 

precipitation behavior.  Dissolution in Figure (c) was conducted by Childs et. al, labeled as 1% 

TPGS + 2% HPC but described in their Methods and Results sections as the final solution being 

half concentrated.24  SAT = 13.4 for 0.5% TPGS was used to analyze this dissolution since HPC 

does not solubilize the drug and drug solubilization by FaSSIF <<< drug solubilization by TPGS.    

Supersaturation values are calculated as σ = ([DNZ] / SDNZ), according to solubility values in 

Appendix 3B.  Percentages represent cumulative percent cocrystal dissolved at 2, 30, and 120 

minutes relative to the initial cocrystal mass added and calculated according to Equation 13.  

Percentages increase even as [DNZ] decreases when drug precipitation begins to outcompete 

cocrystal dissolution.  Values above 100% are due to experimental error.  Percentage component 

dissolved plots are shown in Figure S1 and selected values in Table S5.  Error bars represent 

standard deviations. 
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Table 3.3.  Cocrystal Dissolution Parameters in Different Media.a 

Media Cmax (mM) σmax b AUC (mM 

 min) 
RAUC c Final pH 

FaSSIF (1.2 ± 0.2)  10-1 12 ± 3 3.7 ± 0.2 2.0 ± 0.2 6.48 ± 0.01 

FeSSIF (6.5 ± 1.0)  10-1 12 ± 2 13.3 ± 0.4 1.45 ± 0.05 4.86 ± 0.01 

0.5 FaSSIF + 0.5% TPGS + 1% HPC d 1.0 6.0 68 3.8 - 

FaSSIF + 0.25% Soluplus e (7.7 ± 0.7)  10-1 7.3 ± 0.7 63 ± 5 16 ± 1 6.46 ± 0.01 

FaSSIF + 1% TPGS 1.0 ± 0.1 3.9 ± 0.3 52 ± 2 1.3 ± 0.1 6.48 ± 0.01 

FaSSIF + 1% TPGS + 2% HPC 1.9 ± 0.1 6.1 ± 0.2 193 ± 2 5.9 ± 0.1 6.46 ± 0.01 

FaSSIF + 2.5% Soluplus e 1.8 ± 0.3 0.5 ± 0.1 178 ± 15 14 ± 1 6.41 ± 0.01 

a Drug dissolution parameters are reported in Appendix 3C. 
b σmax = [DNZ]max / SDNZ. 
c RAUC = AUCDNZ-VAN / AUCDNZ.  RAUC values are presented with standard error.  All other 

table values are shown with standard deviations. 
d Dissolution performed by Childs et. al in vitro.  Cocrystal achieved RAUC = 10 in vivo under 

these conditions.  This dissolution was reported with a label as 1% TPGS + 2% HPC, but the 

final solution was described in their Methods and Results as being half concentrated with respect 

to each surfactant. 
e DNZ-VAN Cmax and σmax in FaSSIF + 0.25% Soluplus and FaSSIF + 2.5% Soluplus media 

refer to the final time point of 120 minutes. 

 

Some of these trends are best appreciated in conjunction with Figure 3.7, which compares 

cocrystal dissolution in different media for the effect of changing SAT with the same classes of 

additives (Figure 3.7a, 3.7c, and 3.7e) and the effect of different additves at similar SAT values 

(Figure 3.7b, 3.7d, and 3.7f).  
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Figure 3.7.  Cocrystal dissolution in surfactant media shows the effect of modulating cocrystal 

solubility advantage (SAT) with the same additives of FaSSIF, FeSSIF, and Soluplus in (a), (c), 

and (e), and the effect of targeting similar SAT 10.9 – 13.4 with different surfactants and 

precipitation and growth inhibitors in (b), (d), and (f).  Concentration – time profiles are shown 

in (a) and (b) compared to dose concentration (Cdose) of 2.37 mM.  Dissolution in 0.5 FaSSIF + 

0.5% TPGS + 1% HPC was performed by Childs et. al. (reported with a label of 1% TPGS + 2% 

HPC, but described in the Methods and Results with final surfactant concentrations as presented 

here) with a Cdose of 2.0 mM.  Supersaturation – time profiles are shown in (c) and (d).  

Percentage cocrystal dissolved values shown in (e) and (f) were calculated from Equation 13 as 
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previously described.  Values over 100 are due to experimental error.  Percentage component 

dissolved plots are shown in Figure S1 and selected values in Table S5.   Percentage cocrystal 

dissolved was not reported by Childs et. al.24  SAT = 13.4 for 0.5% TPGS was used to analyze 

this dissolution since HPC does not solubilize the drug and drug solubilization by FaSSIF <<< 

drug solubilization by TPGS.  Percentage component dissolved plots and selected values in 

Appendix 3C.  Error bars represent standard deviations. 

 

In general, Figure 3.7a shows that Cmax increased with decreasing SAT.  This is a result of 

increasing SCC and SD as a function of increasing additive concentration and drug solubilization 

(Figure 3.4).  In contrast, Figure 3.7c shows that the highest σmax = 12 was observed in both 

FaSSIF and FeSSIF, which corresponded to the highest SAT values and therefore the 

supersaturation threshold for nucleation under these conditions.  A steady undersaturated state 

(σmax = 0.5) was observed in FaSSIF + 2.5% Soluplus corresponding to the lowest SAT = 2.2.   

AUC is indicative of drug exposure and, for cocrystals, is directly proportional to 

dissolution rate and inversely proportional to precipitation rate.  Cmax represents the point at 

which drug precipitation begins to outcompete cocrystal dissolution and occurred at a tmax of 2 

minutes with higher SA values ( ≥ 22) in biorelevant media.  The cocrystal appears to have 

converted back to drug by 30 minutes in FaSSIF and FeSSIF.  Figure 3.7e shows that the 

cocrystal had nearly completely dissolved in both of these conditions by this time point.  This 

behavior resulted in RAUC ≤ 2.0 in these media (Figures 3.6a and 3.6b).  

Soluplus, which forms polymeric micelles, appears to have slowed the dissolution rates 

of both cocrystal and drug, and its polymeric nature may have also played a role in inhibiting 

nucleation.  After 120 minutes, cocrystal was still not completely dissolved in both 0.25% and 

2.5% Soluplus media (Figure 3.7e).  Slower dissolution rates led to slower supersaturation 

(interfacial for 2.5% Soluplus)34, which reduced the driving force for conversion.  This behavior, 

combined with solutions remaining undersaturated during drug dissolution (Figures 3.6d and 

3.6g), resulted in the highest observed RAUC = 14 – 16. 
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Supersaturation was sustained over 120 minutes for SA values modulated to 10.9 – 13.4 

that included HPC or Soluplus (Figure 3.7d).  Unlike in FaSSIF + 0.25% Soluplus, the cocrystal 

still completely dissolved by 30 minutes in the 2% HPC medium (Figure 3.7f), but slower 

precipitation and growth mediated by HPC resulted in sustained supersaturation and the highest 

observed cocrystal AUC of any studied media.  In fact, this AUC was observed to be almost four 

times higher than the cocrystal AUC in FaSSIF + 1% TPGS without HPC (Table 3.3), which 

rapidly converted back to drug after tmax = 2 minutes and resulted in the lowest observed RAUC 

= 1.3 (Figure 3.6f).  Despite having lower TPGS concentration and cocrystal solubility, 

dissolution in 0.5 FaSSIF + 0.5% TPGS + 1% HPC reported by Childs et. al. also achieved 

higher AUC than FaSSIF + 1% TPGS.  These results reiterate the conclusions of Childs et. al. of 

the importance of considering both solubilizing agents and precipitation/growth inhibitors to 

achieve sustained supersaturation,24 and they also demonstrate that drug exposure generated by 

cocrystals can be tailored with simple formulation optimization.      

Influence of Additive on Drug Nucleation 

Visually examining the cocrystal dissolution aliquots can provide insights to possible 

differences in the nucleation mechanisms in different media, leading to differences in DSP 

behavior even at similar SAT values 10.9 – 13.  Figure 3.8 shows photomicrographs of cocrystal 

dissolution samples withdrawn from the reaction media at 120 minutes (other time points and 

media shown in Appendix 3C), and Table 3.4 shows the observed time to nucleation. 
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Figure 3.8.  Photomicrographs of danazol – vanillin cocrystal (DNZ-VAN) dissolution aliquots 

at 120 minutes showing the cocrystal induced drug crystallization in the presence of drug 

solubilizer (1% TPGS) with and without growth inhibitor (2% HPC).  DNZ crystals grow as 

elongated or isomorphous shapes depending on the additive.  The addition of HPC sustains 

supersaturation and slows DNZ crystal growth rate along the elongated crystal axis (fastest 

growth axis).  Nucleation is observed to occur on the surface of the dissolving cocrystal and in 

the bulk solution.  Darker regions represent original sites of surface nucleation before cocrystal 

completely dissolved.  Photomicrographs in other dissolution media and time points are 

presented in Appendix 3C.   

 

Table 3.4.  Time to Nucleation during Dissolution Varies with Different Additives. 

Media: FaSSIF + SAT 
2 Minute 

Aliquot 

30 Minute 

Aliquot 

120 Minute 

Aliquot 

Final Solid 

Phase a 

0.25% Soluplus 13 ± 3 - - - DNZ-VAN 

1% TPGS 10.9 ± 0.5 Surface Surface + Bulk Surface + Bulk DNZ 

1% TPGS + 2% HPC 11.5 ± 0.2 - Surface + Bulk Surface + Bulk DNZ 

a Final solid phases confirmed by DSC. 

 

DNZ-VAN was the final solid phase for cocrystal dissolution in FaSSIF + 0.25% 

Soluplus, and no drug precipitation was observed.  This led to sustained supersaturation over 120 

minutes.  Conversely, DNZ was the final solid phase in both TPGS media, with complete 

cocrystal dissolution achieved at 120 minutes.  However, while DNZ-VAN rapidly converted to 

drug in FaSSIF + 1% TPGS and surface nucleation was observed as early as 2 minutes, 

precipitation was delayed with the addition of 2% HPC until around 30 minutes.  Furthermore, 
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the morphology of the precipitated drug was altered from needle-like rods in FaSSIF + 1% TPGS 

to spherical particles in FaSSIF + 1% TPGS + 2% HPC. 

The sustainment of supersaturation and the lack of precipitation observed during 

cocrystal dissolution in FaSSIF + 0.25% Soluplus suggests that not only did the additives 

solubilize the drug, but the polymeric nature of Soluplus may have also served as a precipitation 

inhibitor.  In contrast, addition of the polymer HPC to FaSSIF + 1% TPGS still led to 

conversion, but precipitation was delayed, and the precipitant morphology was altered.  This 

finding suggests that HPC may be better classified as a growth inhibitor, rather than as a 

precipitation inhibitor as first suggested by Childs et al.24   

Drug Dose/Solubility – Limited Supersaturation 

Using SA as a parameter to assess the risk of cocrystal conversion as well as the potential 

for drug supersaturation lies with the knowledge that a cocrystal cannot generate concentrations 

higher than its solubility, and therefore cannot generate supersaturation levels higher than SAT 

(or critical supersaturation).  Tailoring SAT to be near or within the metastable zone therefore 

reduces the risk of quickly reaching critical supersaturation and thereby promotes sustained 

supersaturation. 

 However, if Cdose < SCC, then Cdose represents the maximum concentration that a cocrystal 

may generate, and D0D (Equation 3.5) represents the maximum bulk supersaturation level.  In 

this case, considering only SA misses important information of cocrystal conversion risk versus 

supersaturation potential, and may even lead to inadvertently dosing cocrystals with dose-limited 

supersaturation. 

 As shown in Table 3.1, under aqueous conditions DNZ-VAN has SAaq = 183 and D0D,aq = 

2617.  When SA < D0D, then SCC < Cdose and supersaturation is not dose-limited.  This behavior 
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is likely true for many poorly-soluble drugs and their cocrystals, as BCS Class II drugs 

characteristically have high D0D.  However, as SD and SCC increase with increasing surfactant 

concentration and drug solubilization, there is the possibility that the relative concentrations of 

SCC, SD, and Cdose will invert, and bulk supersaturation (or even saturation) will become dose-

limited.  D0D > 1 but D0CC < 1 (Equation 3.6) represents Cdose values where the cocrystal can 

generate supersaturation, but not at levels as high as SA (i.e., SD < Cdose < SCC).  D0D < 1 

represents Cdose values where the cocrystal cannot achieve drug saturation (i.e., Cdose < SD < SCC).  

The theoretical influence of SPD, SA, D0D, and D0CC on cocrystal solubility, dissolution, 

supersaturation, and absorption are summarized in Table 3.5. 
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Table 3.5.  How drug solubilization power (SPD), cocrystal solubility advantage (SA), drug 

dose/solubility ratio (D0D), and cocrystal dose/solubility ratio (D0CC) influence solubility, 

dissolution, supersaturation, and absorption. 

Ratio 

Value 
SPD = SD,T / SD,aq 

a SA = SCC / SD D0D = Cdose / SD 
b D0CC = Cdose / SCC 

bc 

> 1 Additive increases 

drug solubility 25 

SCC > SD 

 

Cocrystal has 

solubility 

advantage and 

generates 

supersaturation 15 

 

Driving force for 

cocrystal 

conversion 4, 14, 17 

Cdose > SD 

 

Drug dose cannot 

completely 

dissolve (sans 

absorption) 1-3, 39 

 

Fraction dose 

dissolved limited 

by SD 

 

Supersaturating 

drug delivery 

systems may be 

required to 

dissolve the full 

dose 

 

Drug has 

dose/solubility-

limited absorption 
1-3 

Cdose > SCC 

 

Cocrystal dose cannot 

completely dissolve 

(sans precipitation or 

absorption) 

 

Supersaturation is 

limited by SCC (not 

dose-limited) 

 

Maximum theoretical 

supersaturation 

represented by SA 

 

Cocrystal has 

dose/solubility-

limited absorption 

= 1 No additive, or 

additive does not 

increase drug 

solubility  

SCC = SD 

CSC d 26, 54 

S* e 25 

D0D = D0CC 

Cdose = SD 

 

Cdose = SCC 

SA = D0D 

< 1 - SCC < SD 

 

Cocrystal does not 

have solubility 

advantage and 

does not generate 

supersaturation  

Cdose < SD 

 

Drug dose can 

completely 

dissolve 

 

Bulk 

supersaturation 

cannot be 

generated 

 

Drug does not 

have 

dose/solubility-

limited absorption  

Cdose < SCC 

 

Cocrystal dose can 

completely dissolve 

 

Supersaturation is 

dose-limited 

 

Maximum theoretical 

supersaturation 

represented by D0D   

 

Cocrystal does not 

have dose/solubility-

limited absorption 
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a Subscript T refers to total solubility in the presence of a solubilizing additive.  Subscript aq 

refers to aqueous solubility. 
b Cdose calculated as molar equivalent of dose mass per 250 mL luminal volume. 
c D0CC = Cdose / SCC = D0D / SA.  
d Critical stabilization concentration. 
e S* = SCC,T = SD,T.  For 1:1 cocrystals, S* = (SCC,aq)

2 / SD,aq. 

 

 Table 3.6 shows the calculated SPD, SA, D0D, and D0CC values for DNZ-VAN in different 

media.  As surfactant concentration and SPD increase, SA, D0D, and D0CC decrease.  Even though 

all studied media yielded SA > 1, the selected cocrystal dose is able to fully dissolve in some 

media, but not in others (sans precipitation).   
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Table 3.6. Calculated drug solubilization power (SPD), cocrystal solubility advantage (SA), drug 

dose/solubility ratio (D0D), and cocrystal dose/solubility ratio (D0CC) in different media. 

Additive SPD = SD,T / SD,aq  
a SA = SCC / SD b D0D = Cdose / SD 

c
   D0CC = Cdose / SCC 

d 

- 1 183 ± 5 2617 ± 148 14.3 ± 0.4 

FaSSIF 11 ± 1 55 ± 3 234 ± 20 4.2 ± 0.2 

FeSSIF 61 ± 8 22 ± 2 43 ± 5 1.9 ± 0.3 

0.5% TPGS e 187 13.4 11.7 0.9 

FaSSIF + 0.25% Soluplus 117 ± 15 13 ± 3 22 ± 2 1.7 ± 0.7 

FaSSIF + 1% TPGS + 2% HPC 342 ± 24 11.5 ± 0.2 8.0 ± 0.3 0.67 ± 0.01 

FaSSIF + 1% TPGS 283 ± 20 10.9 ± 0.5 9.2 ± 0.4 0.8 ± 0.1 

FaSSIF + 1% Soluplus 1497 ± 138 3.75 ± 0.04 1.75 ± 0.02 0.47 ± 0.01 

FaSSIF + 2.5% Soluplus 4364 ± 612  2.2 ± 0.2 0.6 ± 0.1 0.28 ± 0.04 

a Calculated from values in Appendix 3B according to Equation 3.2. 
b Calculated from values in Appendix 3B according to Equation 3.1. 
c Calculated from values in Appendix 3B and Cdose = 2.37 mM (molar equivalent of 200 mg 

DNZ dose in 250 mL luminal volume) according to Equation 3.5.  
d D0CC = Cdose / SCC = D0D / SA.  Calculated from values in Table 3.2 and Cdose = 2.37 mM (molar 

equivalent of 200 mg DNZ dose in 250 mL luminal volume) according to Equation 3.6.   
e SPD was estimated from SD,T = 0.17 mM reported by Childs et. al. and SD,aq in Table 3.1.  SAT 

was estimated from calculated SPD, SAaq in Table 3.1, and Equation 3.3.  D0D was estimated 

from Cdose = 2.0 mM used in dissolution experiments by Childs et. al. and SD,T = 0.17 mM.  D0CC 

was estimated from Cdose = 2.0 mM and SCC estimated from calculated SAT and SD,T = 0.17 

mM.24 

 

When D0CC,T < 1, solubilizing additives have increased SCC above Cdose, meaning that the 

dose can fully dissolve and cocrystal supersaturation is limited by Cdose.  This is the case for  ≥ 

0.5% TPGS and ≥ 1% Soluplus media, for which maximum theoretical supersaturation is 

quantified by D0D,T instead of SAT.  While cocrystal quickly converted in FaSSIF + 1% TPGS, 

supersaturation was sustained with the addition of 2% HPC and reached a maximum of 6.1 
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(Table 3.3).  This observed σmax value is much closer to its theoretical maximum supersaturation 

of D0D = 8.0 rather than SAT = 11.5.  This shows that when these values are dialed within the 

metastable zone and precipitation/growth inhibitors are utilized, cocrystals can generate and 

sustain supersaturation levels very close to their theoretical maxima.   

One studied condition, FaSSIF + 2.5% Soluplus, resulted in D0D < 1.  This indicates 

insufficient dose to reach SD in the bulk (Cdose < SD) and to generate bulk supersaturation.  In 

fact, D0D,T = 0.6 in this condition is within error of σmax = 0.5 that the cocrystal achieved during 

dissolution (Figure 3.6g).  This study highlights the danger of not considering D0D when tailoring 

SA, as bulk supersaturation was unable to be generated despite SAT = 2.2.  However, because 

SA > 1 for this condition, interfacial supersaturation may be achieved as high as SA even when 

D0D < 1 and bulk supersaturation is dose-limited.34   

For some drugs and cocrystals, D0D may be greater than SA in all solution conditions and 

doses (i.e., Cdose >> SCC) and supersaturation will never be dose-limited.  The opposite may be 

true for other cases.  However, because solubility is not just one value, and because many drugs 

such as DNZ are prescribed at multiple doses, considering both SA and D0D values in tandem is 

essential for many drugs in designing effective cocrystal formulations for reaching targeted bulk 

supersaturation and drug exposure.   

Figure 3.9 shows a theoretical plot of the SA – SP and D0D – SP diagram.  In addition to 

the SA – SP relationship predicted by Equation 3.4, the D0D – SP line is predicted according to 

Equation 3.8: 

logD0,T(D) = log D0,aq(D) − log SPD 

While the SA – SPD predicted line has a theoretical slope of -1/2 for 1:1 cocrystals, the D0D – 

SPD line has a theoretical slope of -1.  Unlike the SA-SPD plot, it is independent of cocrystal 
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stoichiometry and solubility.  The intersection of these lines marks the point where SAT = D0D,T, 

or where D0CC,T = 1, and the transition between cocrystal solubility-limited supersaturation and 

dose-limited bulk supersaturation. 

 
 

Figure 3.9.  Schematic cocrystal solubility advantage (SA) and drug dose/solubility ratio (D0D) 

diagram shows how the parameters predictably decrease with log-log linear dependence on drug 

solubilization power (SPD) according to Equations 3.4 and 3.8.  In tandem, SA and D0D represent 

maximum theoretical supersaturation that a cocrystal can generate as a function of cocrystal 

solubility (SCC) or the dose concentration (Cdose).  SA < D0D represents solubility-limited 

supersaturation, while SA > D0D represents dose-limited saturation or supersaturation.  SA and/or 

D0D can be predictably decreased within the metastable zone by rational additive selection in 

order to promote sustained supersaturation. 

 

 When dialing SPD, the target SAT is near or within the metastable zone.  Figure 3.9 is 

drawn based on DNZ-VAN cocrystal SAaq = 183, D0D,aq = 2617, and critical supersaturation 12 

(σmax in FaSSIF and FeSSIF).  For this cocrystal, SAT = D0D,T = 12.8, which happens to be 

slightly above estimated critical supersaturation.  This means that targeting SAT values within 

the metastable zone will result in dose-limited bulk supersaturation.  Inadvertently modulating 

maximum theoretical supersaturation too low can be avoided by also considering D0D,T. 
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 Figure 3.10 shows SPD, SA, and D0D values of Table 3.6 plotted on the SA – SP and D0D 

– SP diagram.  The log-log linear relationship between D0D and SPD facilitates determination of 

conditions with dose-limited supersaturation (D0CC,T < 1) and with dose-limited drug 

undersaturation (D0D,T < 1) as shown. 

 
 

Figure 3.10.  Cocrystal SA – SP and drug D0D – SP diagram shows the log-log linear 

dependence of cocrystal solubility advantage (SA) and drug dose/solubility ratio (D0D) on drug 

solubilization power (SPD), predicted from Equations 3.4 and 3.8, respectively.  SAT should be 

modulated with cognizance of D0D to avoid inadvertently dose-limiting supersaturation.  

Symbols represent SA, D0D, and SPD values calculated from experimental measurements of drug 

(danazol) and coformer (vanillin) eutectic concentrations (Appendix 3B), and Cdose = 2.37 mM 

(molar equivalent of 200 mg dose in 250 mL luminal volume).  0.5% TPGS D0D was calculated 

from Cdose = 2.0 mM.  Transition point SAT = 1 shows where cocrystal and drug solubilities are 

equal and above which the cocrystal generates supersaturation with respect to the drug.  Below 

D0D,T = 1, supersaturating drug delivery systems such as cocrystals are unable to generate bulk 

supersaturation at the given dose.  D0CC,T = 1 shows where SAT = D0D,T and below which bulk 

supersaturation is generated but is dose-limited.  Error bars (within the points) represent standard 

deviations of SA, D0D, and SPD. 

 

 It is important to note that different doses will yield different Cdose values, D0D values, 

and intersections with the SA-SP line.  Depending on indication and severity of disease, DNZ 

may be dosed at 100 – 800 mg daily.  This would correspond to Cdose 1.18 – 9.48 mM in 250 mL 

luminal volume and D0D,aq = 1309 – 10469.  Our dissolution studies were conducted at the 
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equivalent of a 200 mg dose in 250 mL, or Cdose = 2.37 mM, but dissolution studies conducted by 

Childs et. al. were conducted at Cdose = 2.00 mM.24  There is not a drastic difference between 

these values, and D0D,T calculated from Cdose = 2.00 mM for 0.5% TGPS from Childs et. al. still 

appears to follow the D0D – SP line predicted from Cdose = 2.37 mM for our studies (Figure 3.10).  

However, Table 3.6 shows that different Cdose values did cause D0D,T and D0CC,T values for 0.5% 

TPGS to slightly deviate from the linear decrease with increasing SPD.   

Cocrystal dissolution studies without considering dose-limited supersaturation are 

abundant in the literature.  When comparing cocrystal dissolution in different solution conditions 

where SCC and SD change (with surfactant concentration, pH, temperature, etc.), one medium 

may have dose-limited supersaturation while the other may not.  The same may also be true for 

two cocrystals in the same medium.  Lack of consideration of this effect can lead to incorrect 

analyses regarding the ability of cocrystals to generate and sustain supersaturation.  Small 

differences between our chosen Cdose and that of Childs et. al. does not appear to be a primary 

factor in differences between our cocrystal dissolution studies, but this could have been much 

more pronounced if the Cdose values were very different.39 

A Simple, Rational Approach to Control Dissolution – Supersaturation – Precipitation Behavior 

Figure 3.11 summarizes the influence of modulating thermodynamic parameters SA, D0D, 

and D0CC on optimizing kinetic DSP parameters such as σmax and RAUC.  σmax was highest when 

SAT, D0D,T, and D0CC,T were highest (12 in both FaSSIF and FeSSIF), ranking among the highest 

of literature reported DNZ supersaturation levels, but among the lowest observed RAUC values 

(2.0 in FaSSIF and 1.45 in FeSSIF) in this study due to rapid conversion.  When SA and D0D 

were modulated with the addition of solubilizers TPGS and Soluplus, σmax was observed to 

decrease with the decrease in maximum theoretical supersaturation.  However, RAUC values 
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increased in Soluplus (RAUC = 14 – 16) and HPC (RAUC = 3.8 – 5.9) media.  While 

modulating SA and D0D below critical supersaturation certainly promoted sustained 

supersaturation in these media, the polymeric nature of Soluplus and HPC likely also had a 

kinetic effect in inhibiting precipitation and growth.  

 
 

Figure 3.11.  Comparison of drug dose/solubility ratio (D0D,T = Cdose / Sdrug), cocrystal solubility 

advantage (SAT = Scocrystal / Sdrug), cocrystal dose/solubility ratio (D0CC,T = Cdose / Scocrystal),  

maximum supersaturation (σmax = [drug] / Sdrug), and relative area under the curve (RAUC = 

AUCcocrystal / AUCdrug) during in vitro dissolution experiments.  Dissolution in 0.5 FaSSIF + 

0.5% TPGS + 1% HPC was performed by Childs et. al.24  SAT, D0D,T, and D0CC,T are important 

thermodynamic parameters to assess the maximum theoretical supersaturation that a cocrystal 

may generate, and can be predictably modulated below critical supersaturation.  Precipitation and 

growth inhibitors play an important role in sustaining supersaturation and increasing RAUC.  

Error bars represent standard deviations of SAT and D0D,T.  σmax and RAUC error are shown in 

Table 3.3. 

 

These results demonstrate that optimizing DSP behavior of cocrystal systems may be 

achieved by both thermodynamic and kinetic approaches to mitigate nucleation and promote 

sustained supersaturation.  Modulating SA and D0D near critical supersaturation will maximize 

theoretical supersaturation, resulting in the highest σmax values, while also minimizing the risk 

for conversion, resulting in the highest RAUC values.  As observed in other cocrystal systems, 

this suggests optimal SA and D0(D) values exist for sustaining supersaturation and maximizing 
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drug exposure,14, 17, 39 which may be further aided through the use of precipitation and growth 

inhibitors. 

This mechanistic approach of modulating SA and D0D is not only effective in controlling 

DSP behavior of cocrystal systems, but can also be time, material, and cost sparing.  Figure 12 

shows how key cocrystal thermodynamic parameters, equilibrium constants, solubility transition 

points, and SA – SP and D0D – SP diagrams can all be evaluated or predicted from a single 

eutectic point measurement.  These values and relationships provide a framework to assess the 

cocrystal conversion risk from one simple experiment.  Additives can then be readily screened 

and ranked for their ability to solubilize the drug and modulate SA and D0D at GRAS 

concentrations.  Depending on the dose, required drug exposure, and critical supersaturation, 

further formulation optimization and selection of precipitation and growth inhibitors may be 

necessary.  However, much of the empiricism currently associated with cocrystal development 

can be eliminated by utilizing this simple yet science-based approach. 
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Figure 3.12.  Summary of properties and relationships to characterize and formulate 

pharmaceutical cocrystals.  Cocrystal solubility, thermodynamic parameters, transition points, 

equilibrium constants, and SA – SP and D0D – SP diagrams can be determined or predicted from 

a single eutectic point measurement.  The eutectic point is measured at saturation with both 

cocrystal and drug solid phases.  The cocrystal conversion risk is assessed and modulated by 

additive selection at SA and D0D below critical supersaturation, to control cocrystal dissolution – 

supersaturation – precipitation behavior.  Drug and coformer stoichiometric coefficients are 

represented by y and z, respectively. 

 

Conclusions 

SA and D0D are meaningful parameters to assess the risk of cocrystal conversion against 

the ability to generate and sustain supersaturation.  This work proposes a mechanistic approach 

to modulate SA and D0D as a function of additive SPD in order to control DSP behavior of 

cocrystal systems, where SA – SP and D0D – SP diagrams provide a framework for critically 

evaluating cocrystal concentration – time profiles.  Mechanistically designing effective cocrystal 

formulations with the use of both solubilizing agents and precipitation and/or growth inhibitors 

allows for the increase of drug exposure and demonstrates cocrystals as a valuable tool for 

overcoming some of the challenges of solubility-limited oral drug absorption. 
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Appendix 3A 

Effect of Coformer Impurity on Cocrystal Solubility and SA 

The effect of increasing coformer impurity on aqueous cocrystal solubility and SA is 

shown in Figure 3A.1 and Table 3A.1.  Nonstoichiometric cocrystal solubility and SA 

predictably decrease with excess coformer concentration according to the Ksp, with greater 

coformer impurity corresponding to greater decreases.  The coformer impurity effect in terms of 

percentage yields a greater effect with higher doses, as they have greater coformer (and drug) 

composition and the same percentage impurity therefore corresponds to higher impurity mass.  

Stoichiometric cocrystal solubility and SA are independent of the dose, as well as 

nonstoichiometric values calculated in terms of impurity mass.  This finding shows that small 

coformer impurities generated during cocrystal synthesis can have a meaningful impact on 

purposefully or inadvertently modulating cocrystal solubility and SA. 

 

 

Figure 3A.1.  Increasing coformer impurity decreases nonstoichiometric cocrystal solubility and 

SA.  Line was calculated according to Ksp = (2.6 ± 0.1)  10-8 M2. 
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Table 3A.1.  Effect of Coformer Impurity on Cocrystal Solubility and SA for Different Doses. 

Dose % VAN Impurity SCC (mM) SAa 

- 0 0.17b 183b 

50 mg 

1 0.14 158 

2 0.13 143 

5 0.10 111 

10 0.07 81 

50 0.02 26 

100 mg 

1 0.13 143 

2 0.11 120 

5 0.07 81 

10 0.05 53 

50 0.01 14 

200 mg 

1 0.12 131 

2 0.09 104 

5 0.06 64 

10 0.04 39 

50 0.01 9 

400 mg 

1 0.11 120 

2 0.08 91 

5 0.05 53 

10 0.03 31 

50 0.01 7 
a SA calculated from SD = (9.1 ± 0.5)  10-4 mM (Table 3.1). 
b Values in Table 3.1. 
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Appendix 3B 

Eutectic Concentration Measurements in the Presence of Additives 

Table 3B.1 shows the molar concentrations of surfactant media used within Chapter 3. 

Table 3B.1.  Selected Solubilizing  

Additives and their Concentrations. 

Solubilizing 

Additive 

Concentration 

(mM) 

0.25% Soluplus 0.02 

1% Soluplus 0.09 

2.5% Soluplus 0.2 

FaSSIF 3 

0.5% TPGS 3.3 

1% TPGS 6.6 

FeSSIF 15 

 

Table 3B.2 shows the measured drug and coformer eutectic concentrations in various surfactant 

media.  Eutectic concentrations were used to calculate cocrystal solubility and Keu values 

reported in Table 3.2 according to Equations 3.9 and 3.11.  Equilibrium pH values for the 

measurements are reported. 
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Table 3B.2. Drug and Coformer Eutectic Concentrations to Calculate Cocrystal Solubility and 

Eutectic Constant Keu. 

Additive(s) [DNZ]eu (mM) a [VAN]eu (mM) Final pH b 

- (9.1 ± 0.5)  10-4 30.3 ± 0.6 6.28 ± 0.01 

FaSSIF (1.0 ± 0.1)  10-2 30.8 ± 0.9  6.33 ± 0.01 

FeSSIF (5.5 ± 0.7)  10-2 27.3 ± 2.5 4.95 ± 0.01  

FaSSIF + 0.25% Soluplus (1.1 ± 0.1)  10-1 19.1 ± 7.4 6.49 ± 0.05 

FaSSIF + 1% TPGS + 2% HPC (3.1 ± 0.1)  10-1 40.7 ± 0.9 6.30 ± 0.01 

FaSSIF + 1% TPGS (2.6 ± 0.1)  10-1 30.7 ± 2.4 6.37 ± 0.01 

FaSSIF + 1% Soluplus 1.36 ± 0.02 19.0 ± 0.3 6.51 ± 0.01 

FaSSIF + 2.5% Soluplus 4.0 ± 0.4 18.5 ± 1.8 6.50 ± 0.01 

a [DNZ]eu = SD under the studied conditions. 
b Initial pH was 6.5 ± 0.1 for all studies except FeSSIF, which had an initial pH 5.0 ± 0.1. 

 

Speciation and SA in Micellar Solutions Derivation 

The chemical and phase equilibria for cocrystal solubilization when only drug is solubilized by 

micelle are  

D-CFcocrystal
Ksp
↔  Daqueous + CFaqueous                                                                                 (3B.1) 

Daqueous +M 
Ks
↔Dmicellar                                                                                                      (3B.2) 

The expression for cocrystal solubility has been previously derived1, 2 by considering the above 

equilibrium constants, solubility product (Ksp), and drug solubilization (Ks), where 

Ksp =  [D]aqueous [CF]aqueous                                                                                                (3B.3) 

and 

Ks =
[D]micellar

 [D]aqueous [M]
                                                                                                                   (3B.4) 
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Considering the mass balance of cocrystal components dissolved at equilibrium  

Scocrystal,T =  [D]T = [CF]T                                                                                                    (3B.5) 

where the subscript T represents the sum of aqueous (free) and solubilized (micellar) cocrystal 

components.  The total drug in equilibrium with cocrystal in micellar solutions is then 

[D]T =  [D]aqueous + [D]micellar                                                                                             (3B.6) 

When the coformer in not solubilized by the micelle as it is with the systems studied here, it 

remains in the aqueous pseudophase such that  

[CF]T = [CF]aqueous = Scocrystal,T                                                                                           (3B.7) 

while the drug concentration in the aqueous pseudophase decreases according to the solubility 

product behavior given by   

[D]aqueous = 
Ksp

[CF]aqueous
=

Ksp

Scocrystal,T
                                                                                      (3B.8) 

Cocrystal and drug solubilities are expressed in terms of equilibrium constants and micelle 

concentration, based on the phase and chemical equilibria (Equations 3B.1-4), as 

[CF]T = Scocrystal,T = √Ksp (1 + Ks[M])                                                                              (3B.9) 

and 

Sdrug,T = Sdrug,aq (1 + Ks[M])                                                                                             (3B.10) 

Expressing [D]aqueous (Equation 3B.8) in terms of Scocrystal,T, Sdrug,aq, and Sdrug,T (Equations 3B.9-

10) gives 

[D]aqueous = 
Scocrystal,T  Sdrug,aq

Sdrug,T
                                                                                             (3B.11) 

Substituting [D]aqueous = Scocrystal,aq                                                                                 (3B.12) 

into Equation 3B.11 gives 
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Scocrystal,aq

Sdrug,aq
= 

Scocrystal,T

Sdrug,T
                                                                                                         (3B.13) 

Demonstrating that the aqueous (free) solubility advantage (SA) is equal to the total SA 

 SAaqueous =  SAT                                                                                                                (3B.14) 

Table 3B.3 shows Ks values for FaSSIF/FeSSIF, TPGS, and Soluplus calculated according to 

Equation 3B.4, as well as the corresponding critical micellar concentration (CMC), critical 

stabilization concentration (CSC), and S* values. 

Table 3B.3.  Drug Solubilization Constants and Associated Solubility and Stability Parameters. 

Solubilizing Additive Ks (mM-1)a CMC (mM)b CSC (mM)c S* (mM)d 

FaSSIF/FeSSIF 2.4 0.025 - - 

TPGS 51 0.13 662 30.4 

Soluplus 20162 0.02 1.7 32 

a Drug solubilization constant calculated according to Equation 3B.10 and values in Tables 3B.1 

and 3B.2.2, 3 
b Critical micellar concentration. 
c Critical stabilization concentration where SD,T = SCC,T, predicted according to Equations 3B.9 

and 3B.10.2, 3 
d S* = SCC,T = SD,T.  For 1:1 cocrystals, S* = (SCC,aq)

2 / SD,aq.
4 
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Appendix 3C 

Table 3C.1 reports additional cocrystal and drug dissolution parameters to Table 3.3. 
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Table 3C.1.  Dissolution Parameters for DNZ-VAN and DNZ in Different Media. 

Media Solid Form tmax (min) Cmax (mM) σmax a AUC (mM  min) RAUC b Final pH 

FaSSIF 

DNZ-VAN 2 (1.2 ± 0.2)  10-1 12 ± 3 3.7 ± 0.2 2.0 ± 0.2 6.48 ± 0.01 

DNZ 20 (1.7 ± 0.1)  10-2 1.7 ± 0.1 1.9 ± 0.2 - 6.48 ± 0.01 

FeSSIF 

DNZ-VAN 2 (6.5 ± 1.0)  10-1 12 ± 2 13.3 ± 0.4 1.45 ± 0.05 4.86 ± 0.01 

DNZ 120 (8.1 ± 0.2)  10-2 1.47 ± 0.04 9.15 ± 0.05 - 4.93 ± 0.01 

FaSSIF + 0.25% Soluplus 

DNZ-VAN c 120 (7.7 ± 0.7)  10-1 7.3 ± 0.7 63 ± 5 16 ± 1 6.46 ± 0.01 

DNZ 120 (4.6 ± 0.3)  10-2 0.44 ± 0.03 4.0 ± 0.1 - 6.47 ± 0.01 

FaSSIF + 1% TPGS 

DNZ-VAN 2 1.0 ± 0.1 3.9 ± 0.3 52 ± 2 1.3 ± 0.1 6.48 ± 0.01 

DNZ 60 (3.6 ± 0.2)  10-1 1.4 ± 0.1 41 ± 1 - 6.498 ± 0.003 

FaSSIF + 1% TPGS + 2% HPC 

DNZ-VAN 30 1.9 ± 0.1 6.1 ± 0.2 193 ± 2 5.9 ± 0.1 6.46 ± 0.01 

DNZ 120 
(3.15 ± 0.04)  10-

1 1.01 ± 0.01 32.5 ± 0.3 - 6.49 ± 0.02 

FaSSIF + 2.5% Soluplus 

DNZ-VAN c 120 1.8 ± 0.3 0.5 ± 0.1 178 ± 15 14 ± 1 6.41 ± 0.01 

DNZ 120 (1.6 ± 0.1)  10-1 0.040 ± 

0.002 
12.4 ± 0.4 - 6.42 ± 0.02 

a σmax = [DNZ]max / SDNZ.  DNZ supersaturation values greater than 1 are likely the result of error in solubility measurements.   
b RAUC = AUCDNZ-VAN / AUCDNZ.  RAUC values are presented with standard error.  All other table values are shown with standard deviations. 
c DNZ-VAN tmax, Cmax, and σmax in FaSSIF + 0.25% Soluplus and FaSSIF + 2.5% Soluplus media refer to the final time point of 120 minutes. 
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Percentage component dissolved plots are shown in Figure 3C.1 and selected values in Table 

3C.2. 

  

  

  
 
Figure 3C.1.  Percentage DNZ and VAN dissolved during DNZ-VAN cocrystal dissolution in 

(a) FaSSIF, (b) FeSSIF, (c) FaSSIF + 1% TPGS, (d) FaSSIF + 1% TPGS + 2% HPC, (e) FaSSIF 

+ 0.25% Soluplus, and (f) FaSSIF + 2.5% Soluplus at 37°C.  Percent dissolved was calculated 

from the ratio of measured DNZ or VAN in solution to the theoretical concentration from the 

initial mass added (100  [DNZ or VAN] dissolved/ [DNZ or VAN] total added from the 

cocrystal.  Error bars represent standard deviations. 
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Table 3C.2.  Percent Cocrystal Dissolved during Dissolution Studies.a 

 2 Minutes 30 Minutes 120 Minutes 

FaSSIF 28 ± 9 b 91 ± 13 123 ± 10 

FeSSIF 27 ± 4 b 99 ± 2 102 ± 3 

FaSSIF + 0.25% Soluplus 5 ± 1 33.6 ± 0.4 54 ± 2 b 

FaSSIF + 1% TPGS 61 ± 6 b 111 ± 3 121 ± 8 

FaSSIF + 1% TPGS + 2% HPC 38 ± 5 98 ± 5 b 106 ± 4 

FaSSIF + 2.5% Soluplus 13 ± 2 66 ± 10 85 ± 15 b 

a Calculated according to Equation 13.  Percent component dissolved versus time plots are shown 

in Figure 3C.1. 
b Percent cocrystal dissolved at tmax (or up to 120 minutes). 

 

Figure 3C.2 shows photomicrographs of cocrystal dissolution aliquots in various surfactant 

media 2, 30, and 120 minutes.  Percentage cocrystal dissolved was observed to change with SCC 

and SA, and precipitant morphology was observed to change with additives (Figure 3.8). 
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Figure 3C.2.  Photomicrographs of DNZ-VAN dissolution aliquots at different time points (x-

axis) show dissolution – supersaturation – precipitation (DSP) behavior in the presence of 

different additives (y-axis).  Scale bar represents 50 μm.  a Photo of 20 minute aliquot. 
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Novel Posaconazole Cocrystals with Potential to Overcome Clinical Challenges 

 

Introduction 

Posaconazole (PSZ) is a third-generation azole drug indicated as an antifungal agent for 

the treatment of invasive yeast and mold.1  While safer and with a broader spectrum of activity 

than many earlier generation azole drugs, PSZ remains challenging to administer orally.  The 

marketed suspension formulation of PSZ has been shown to have both low and highly variable 

oral bioavailability as a result of positive food-effect pharmacokinetics, abnormal gastric pH 

levels common in patients due to disease state, and high solubility – pH dependence leading to 

precipitation when transferred from the stomach to the intestines.2-4  An amorphous delayed-

release tablet was later developed to mitigate some of these problems, but therapeutic drug 

monitoring is still required and treatment is commonly inadequate compared to intravenous 

administration.3, 5 

 We have previously reported the discovery a 2:3 PSZ cocrystal with 4-aminobenzoic acid 

(4ABA) and its superior pharmaceutical properties compared to crystalline PSZ.6  PSZ is a 

Biopharmaceutics Classification System (BCS) Class II drug, characterized by its high 

lipophilicity (Log P 4.6) and low aqueous solubility (< 1 μg/mL).1, 7, 8  Like many cocrystals of 

BCS Class II drugs with highly soluble coformers, PSZ-4ABA was found to have high solubility 

advantage (SA = Scocrystal / Sdrug) over the drug in biorelevant media (SA = 139 in FaSSIF and SA 

= 48 in FeSSIF).6, 9  PSZ-4ABA also had superior dissolution performance in FaSSIF and 
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FeSSIF, sustaining supersaturation > 3 for the course of both experiments (up to 180 minutes) 

and increasing area under the curve (AUC) 4.1 and 13 times, respectively.6 

 Cocrystals such as PSZ-4ABA continue to gain interest for their unique properties 

compared to other supersaturating drug delivery systems, such as amorphous forms, polymorphs, 

and salts.10, 11  Cocrystals are distinguished in that they form via noncovalent interactions (unlike 

salts) and can be composed of both ionizable and nonionizable components, have crystalline 

stability advantage compared amorphous solids, have the ability to impart or alter the solubility – 

pH dependence of parent drug, and mitigate the negative effects of pH – dependent dissolution.9, 

12-16  Because cocrystals are formed in a crystal lattice with well-defined stoichiometry, their SA 

has been shown to be fine-tunable as a function of solution conditions, a unique property that 

does not apply to nonstoichiometric solids.9, 12, 17 

 Given the unique advantages that cocrystals provide, PSZ cocrystals have the potential to 

overcome some of the clinical challenges with oral PSZ administration.  In this work, we report 

the discovery of a second PSZ cocrystal with 4-hydroxybenzoic acid and its characterization.  

Component structures and pKa values for both PSZ cocrystals are shown in Table 4.1.  Solubility 

of PSZ-4ABA, PSZ-4HBA, and crystalline PSZ are compared in both aqueous and biorelevant 

media, and mathematical models to predict cocrystal solubility – pH dependence are derived and 

validated with experimental measurements.  Finally, excess coformer concentration is evaluated 

as a tool to enhance cocrystal dissolution behavior by predictably fine-tuning cocrystal solubility 

and SA as a function of cocrystal solubility product Ksp. 
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Table 4.1.  Chemical Structures and pKa Values of Drug and Coformers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cocrystal 

Component 
Structure pKa,1, pKa,2 

PSZ 

 

3.6, 4.6 (basic)18 

4ABA 

 

2.6 (basic), 4.6 (acidic)19 

4HBA 

 

4.6 (acidic)20 



136 

Materials and Methods 

Materials   

Posaconazole was purchased from BOC Sciences (Shirley, NY) and used as received.  4-

aminobenzoic acid, acetic acid, sodium acetate anhydrous, dipotassium hydrogen phosphate, 

trifluoroacetic acid, and sodium chloride were purchased from Sigma-Aldrich (St. Louis, MO) 

and used as received.  4-hydroxybenzoic acid was purchased from Acros Organics (Fair Lawn, 

NJ) and used as received.  Sodium hydroxide was purchased from J. T. Baker Chemical 

Company (Phillipsburg, NJ) and used as received.  High performance liquid chromatography 

(HPLC)-grade methanol, HPLC-grade acetonitrile, sodium phosphate monobasic, and 

hydrochloric acid were purchased from Fisher Scientific (Fair Lawn, NJ).  

FaSSIF/FeSSIF/FaSSGF powder was purchased from Biorelevant.com Ltd (London, UK). 

Cocrystal Synthesis 

PSZ-4ABA6 and PSZ-4HBA cocrystals for solubility and dissolution studies were 

prepared by reaction crystallization method21 (RCM) in acetonitrile at room temperature (22 to 

25 °C).  Acetonitrile was chosen to maximize drug solubility (18 mM) relative to coformer 

solubility (345 mM for 4ABA and 270 mM for 4HBA) and to avoid the formation of solvates.22  

Half saturated 4ABA solution was prepared by adding 1.7 g 4ABA to 25 mL of acetonitrile, 

allowing to stir for 2 hours, filtering the suspension through a 0.45 μM pore membrane, and 

diluting 1:1 with pure acetonitrile.  PSZ-4ABA was prepared by adding 350 mg PSZ to 10 mL of 

a half saturated 4ABA solution in acetonitrile and allowing to stir for 2 hours.  For PSZ-4HBA, 

saturated solutions of PSZ in acetonitrile were prepared by adding 130 mg of PSZ to 10 mL of 

acetonitrile.  Saturated solutions of 4HBA in acetonitrile were prepared by adding 800 mg of 

4HBA to 22 mL of acetonitrile.  Respective PSZ and 4HBA solutions were filtered through 0.45 
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μM pore membranes, and 10 mL filtered 4HBA solution was added to 10 mL filtered PSZ 

solution and allowed to stir for two hours.  Suspensions were vacuum-filtered and washed with 

10 mL acetonitrile.  Dried solids were analyzed by powder X-ray diffraction (PXRD) and 

differential scanning calorimetry (DSC). 

 Single crystals of PSZ-4HBA were obtained by slow evaporation in acetonitrile at room 

temperature.  Saturated component solutions were prepared by suspending PSZ and 4HBA 

respectively in acetonitrile, allowing to stir at room temperature, and filtering after one hour.  

Filtered saturated 4HBA solution was diluted in a 1:1 ratio with pure acetonitrile.  0.8 mL of the 

saturated PSZ solution in acetonitrile was combined with 0.8 mL of the half saturated 4HBA 

solution in acetonitrile in a glass HPLC vial with a hole poked through the lid.  Colorless, 

needle-like crystals were obtained and isolated from the solution by 48 h. 

Phase Purity and Cocrystal Stoichiometry 

To improve cocrystal phase purity during PSZ-4HBA synthesis, RCM was performed in 

conditions that were undersaturated with respect to both components.  Synthesized solid was 

thoroughly washed with pure acetonitrile to prevent precipitation of components during vacuum 

filtration and drying.   

Cocrystal stoichiometry was determined by analytical measurement of drug and coformer 

concentrations of the completely dissolved cocrystal by HPLC.  15 mg of cocrystal were fully 

dissolved in 10 mL of high-performance liquid chromatography (HPLC) mobile phase (50:50 

methanol:water with 0.1% trifluoroacetic acid) in triplicate for each prepared cocrystal batch.  

Solutions were analyzed by HPLC to determine the drug and coformer molar concentrations and 

from these their stoichiometric ratio in the cocrystal.  
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Synchrotron X-ray Diffraction (SXRD) 

PSZ-4HBA crystal structure was determined from synchrotron X-ray diffraction at 

Argonne National Laboratory in Lemont, IL, USA.  Data collection was temperature controlled 

at 300 K. 

Powder X-ray Diffraction (PXRD)   

Powder X-ray diffractograms of solid phases were obtained on a benchtop Rigaku 

Miniflex X-ray diffractometer (Danvers, MA) using Cu-Kα radiation (λ = 1.54 Å), a tube voltage 

of 30 kV, and a tube current of 15 mA.  Data were collected at room temperature between 5° and 

40° in 2θ at a continuous scan rate of 2.5°/min. 

Differential Scanning Calorimetry (DSC)   

A TA Instruments DSC (Newark, DE) was used to analyze solid phases.  Thermal 

measurements were performed by heating the samples at a rate of 10 °C/min under a dry nitrogen 

atmosphere (50 mL/min).  Standard aluminum sample pans and lids were used for all 

measurements. 

Raman Spectroscopy   

Raman analysis was conducted using a WiTec alpha300R confocal Raman microscope (Ulm, 

Germany) equipped with a 532 nm solid-state excitation laser, and a Zeiss EC EPIPLAN 50X 

objective (N.A. = 0.75). Single point spectra of PSZ, 4HBA, 1:2 PSZ-4HBA, and 2:3 PSZ-

4HBA were obtained by focusing the laser on the samples with an integration time of 500 ms. 

Large area scans were done across 25 µm by 25 µm areas throughout 1:2 PSZ-4HBA single 

crystals and across 100 µm by 100 µm areas throughout 2:3 PSZ-4HBA, PSZ, and 4HBA with 

an integration time of 500 ms per pixel. A MATLAB® processing algorithm developed in-

house23 was used to obtain averages and standard deviations of the spectra. Spectra were also 
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normalized, baseline-subtracted, and overlayed using the MATLAB® processing algorithm. 

Cosmic ray removal was done on all spectra using the WiTec Project FOUR software. 

High-Performance Liquid Chromatography (HPLC)   

PSZ, 4ABA, and 4HBA concentrations were analyzed by a Waters HPLC equipped with 

a UV spectrometer detector.  A Waters Atlantis C18 column with 5 μm, 250 × 4.6 mm 

dimensions was used for separation.  A gradient method using methanol and water with 0.1% 

trifluoroacetic acid was used with a flow rate of 1 mL/min.  The gradient consisted of 50:50 

methanol : water with 0.1% trifluoroacetic acid at 0 min, 90:10 methanol : water with 0.1% 

trifluoroacetic acid at 4.2 min, and 50:50 methanol : water with 0.1% trifluoroacetic acid at 8.2 

min.  Total run time was 11 min.  Samples were diluted with mobile phase composed of 50% 

methanol and 50% water + 0.1% trifluoroacetic acid.  For PSZ, injection volume was 20 μL for 

studies in FaSSIF and FeSSIF biorelevant media and 60 μL for studies in blank, aqueous media.  

Coformers were analyzed at injection volume of 20 μL for all studies.  Analytes were monitored 

at wavelengths of 259 nm for PSZ, 287 nm for 4ABA, and 255 nm for 4HBA. 

Dissolution and Solubility Media Preparation  

pH 6.5 ± 0.1 phosphate buffer (blank FaSSIF) was prepared at room temperature by 

dissolving 0.840 g of NaOH (pellets), 7.908 g of NaH2PO4•H2O, and 12.372 g NaCl in 2 L of 

purified deionized (DI) water.  Acetate buffer at pH 5.0 ± 0.1 (blank FeSSIF) was prepared at 

room temperature by dissolving 4.040 g of NaOH (pellets), 8.650 g of acetic acid, and 11.87 g 

NaCl in 1 L of DI water.  1 M NaOH or 1 M HCl solutions were used to adjust the pH of the 

buffers.  FaSSIF and FeSSIF were prepared with the corresponding blank medium and 

FaSSIF/FeSSIF/FaSSGF powder according to manufacturer protocol.  4ABA was pre-dissolved 

in FeSSIF for use in excess coformer dissolution studies.    
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Eutectic Concentrations   

Drug and coformer concentrations were measured at the eutectic point, where drug and 

cocrystal solid phases were in equilibrium with solution.  Excess cocrystal (150 mg) and drug 

(75 mg) were suspended in 3 mL of solution.  The suspensions were magnetically stirred for 96 h 

in a 25.0 (± 0.5) °C water bath.  Every 24 h, 0.5 mL aliquots were collected, filtered through a 

0.45 μm pore cellulose acetate membrane via centrifuge, and analyzed by HPLC.  pH was 

measured and collected solid phases were characterized by DSC and PXRD. 

Cocrystal and Drug Powder Dissolution   

PSZ-4ABA cocrystal and drug powder dissolution studies were conducted in a water bath 

at 25.0 (± 0.5) °C over three hours using an overhead stirrer with a glass propeller at 150 rpm.  

Both cocrystal and drug were sieved to a particle size range of 106 to 125 μm.  36 mg PSZ drug 

or 46.6 mg PSZ-4ABA cocrystal (molar equivalent PSZ amount) were added to 30 mL of 

dissolution media based on a 300 mg dose in 250 mL.  0.5 mL aliquots were sampled with a 

syringe at time points up to three hours.  The solution samples were filtered through syringe filter 

with PVDF membrane of a pore size of 0.45 μm.  Initial solution pH was measured, as well as 

the pH of all aliquots.  The solution concentrations of PSZ and 4ABA were analyzed by HPLC.  

Final solid phases were analyzed by DSC. 

Dissolution and Precipitation Pathways   

Samples from cocrystal dissolution were visually inspected under bright field microscopy 

using a Leica DMi8 inverted optical microscope (Wetzlar, Germany).  For each aliquot, 100 μL 

were immediately transferred (before filtering) into a quartz 96-well plate to be observed under 

the microscope.  Images were taken with a Leica DMC2900 camera controlled with LAS v4.7 
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software (Leica Microsystems, Wetzlar, Germany).  The 20x magnification lens was used for all 

reported observations. 

 

Results and Discussion 

Characterization of PSZ-4HBA Cocrystal 

Single crystal growth of PSZ-4HBA was attempted by slow evaporation methods but was 

largely unsuccessful due to the rapid crystallization of large spherical particles at higher 

component concentrations.  Longer times for crystallization (over one week) led to chemical 

degradation.  Very thin needle-like single crystals were isolated by slow evaporation at about 48 

hours in acetonitrile at room temperature.  Crystal analysis by synchrotron revealed a 1:2 

stoichiometry (PSZ:4HBA) and an orthorhombic unit cell.  Crystal structure analysis results are 

presented in Appendix 4A. This stoichiometry is different from that of the cocrystal prepared by 

RCM (2:3), determined by  dissolving the cocrystal and measuring the component concentrations 

by HPLC analysis as described in the methods section.  Stoichiometric analysis results are 

presented in Appendix 4A.  It appears that this cocrystal can exist in two different 

stoichiometries, and this section presents the similarities and differences in the solid-state 

characterization of the RCM cocrystal (2:3) and the single crystal prepared by slow evaporation 

(1:2).  Subsequent solution phase analyses were conducted with cocrystal obtained by RCM and 

solubility assessment is based on the 2:3 cocrystal stoichiometry determined by HPLC.  

Solubility values calculated according to a 1:2 stoichiometry show higher cocrystal solubility and 

SA.  These values are presented and compared to 2:3 solubility values in Appendix 4B. 

Figure 4.1 shows the PXRD pattern of PSZ-4HBA, PSZ, and 4HBA.  The PXRD pattern 

of 2:3 PSZ-4HBA obtained by RCM and the 1:2 single crystal have unique patterns compared to 
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PSZ and 4HBA.  Differences in the cocrystal and component patterns demonstrate the formation 

of a new solid phase.  However, the RCM cocrystal pattern does not match the calculated 

cocrystal pattern simulated by Mercury for SXRD data as these are two different stoichiometries, 

with a 1:2 cocrystal forming during single crystal growth and a 2:3 cocrystal forming during 

RCM. 

 
 

Figure 4.1.  Powder X-ray diffraction (PXRD) patterns of cocrystal (PSZ-4HBA), drug (PSZ), 

and coformer (4HBA).  PXRD pattern of 2:3 PSZ-4HBA obtained from reaction crystallization 

method (RCM) does not match the calculated pattern simulated by Mercury for the synchrotron 

X-ray diffraction (SXRD) data. Cocrystal PXRD courtesy of Prof. Adam Matzger.  SXRD was 

calculated from single crystal analysis courtesy of Dr. Dongzhou Zhang and Prof. M. Fátima M. 

da Piedade. 

 

Results of the Raman analysis in Figure 4.2 display a distinct chemical fingerprint for 2:3 

PSZ-4HBA obtained by RCM and 1:2 PSZ-4HBA compared with its components, PSZ and 

4HBA.  A comparison between the spectra of PSZ and the cocrystals showed a blue shift of 

shared peaks within the spectral region of 700-850 cm-1. Raman spectra of the cocrystals also 

display new peaks at 1685 cm-1, 2834 cm-1, and 3134 cm-1 that are not present in its components.   
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Figure 4.2.  Raman spectra of cocrystals (PSZ-4HBA), drug (PSZ), and coformer (4HBA) show 

unique chemical fingerprints. The spectra displayed are the averages of large area scans. 

Courtesy of Jennifer Diaz-Espinosa. 

 

Even though 1:2 PSZ-4HBA and 2:3 PSZ-4HBA share peaks and shifts that distinguish 

them from their components, the cocrystals also contain spectral differences between them. One 

difference in the spectra of the cocrystals is the morphology of the shared peaks located at 909 

cm-1 and 1296 cm-1. 1:2 PSZ-4HBA has a single peak at both 909 cm-1 and 1296 cm-1; however, 

these peaks split in the 2:3 PSZ-4HBA spectra. The peak morphology found at 1296 cm-1 in 2:3 

PSZ- 4HBA matches the morphology and the location of a peak in 4HBA.  Also, there is a peak 

height difference located at 858 cm-1 in the cocrystals’ spectra. In Figure 4.3, the averaged 

spectra obtained by using the single point Raman method shows that the peak located at 858 cm-1 

is taller in 1:2 PSZ-4HBA than it is in 2:3 PSZ-4HBA.  The standard deviation that is also shown 

in Figure 4.3 displays instances where the peak located at 858 cm-1 in the 1:2 PSZ-4HBA 

spectra is as tall as the peak located at 1618 cm-1; for reference, this peak located at 1618 cm-1 is 

the tallest peak in all the 2:3 PSZ-4HBA spectra.  The peak at 858 cm-1 displayed in the 
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cocrystals’ spectra originates from PSZ and can be found at 806 cm-1 in the PSZ spectra. Also, 

the 1:2 PSZ-4HBA morphology of the 858 cm-1 peak matches the morphology of the 806 cm-1 

drug peak.  The peak differences found between the cocrystals reveals that the spectra of 1:2 

PSZ-4HBA that contains less 4HBA than 2:3 PSZ-4HBA, resembles the drug spectra more 

closely than 2:3 PSZ-4HBA; whereas, the spectra of 2:3 PSZ-4HBA that contains more 4HBA 

than 1:2 PSZ-4HBA, resembles the 4HBA spectra more closely than 1:2 PSZ-4HBA.   

 
 

Figure 4.3.  Raman spectra of 1:2 PSZ-4HBA single crystal and 2:3 PSZ-4HBA powder from 

reaction crystallization method (RCM). The spectra are shown as average and standard deviation 

obtained from single point scans.  Courtesy of Jennifer Diaz-Espinosa. 

 

 Figure 4.4 shows the thermal behavior of 2:3 PSZ-4HBA cocrystal prepared by RCM and 

its components.  A single endothermic event at 166.9 ± 1.0 °C is the melting point of 2:3 PSZ-

4HBA and was consistently 1 – 2 °C lower than the melting point of PSZ (168.2 ± 1.0 °C) and 

much lower than the melting point of 4HBA (215.5 ± 1.0 °C).  PSZ-4ABA was previously 

characterized as having a melting point of 154.1 ± 0.6 °C, which was also lower than both 

components.6  PSZ is observed to have two endothermic events, the first of which occurs at 

134.0 ± 1.0 °C and corresponds to an impurity.24 
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Figure 4.4.  Differential scanning calorimetry (DSC) thermograms of cocrystal (PSZ-4HBA), 

drug (PSZ), and coformer (4HBA). 

 

Cocrystal Eutectic Constant Keu, Solubility, and Solubility Advantage (SA) 

Cocrystal solubility was calculated as a function of relevant solution equilibria, solution 

conditions, and cocrystal stoichiometry.  The analyses in this section are conducted for the case 

of a 2:3 PSZ-4HBA cocrystal, which was the solid phase used in these studies.  Solubility values 

for the 2:3 PSZ-4HBA are compared with those of a 1:2 PSZ-4HBA cocrystal in Appendix 4B. 

The eutectic constant Keu has been well-recognized to be a key indicator of cocrystal 

stability and can be usefully applied to calculate cocrystal SA.  Keu is defined as the ratio of 

coformer to drug concentrations at the eutectic point, where drug and cocrystal solid phases are 

in equilibrium with solution, according to 

Keu =
[coformer]eu

[drug]eu
                                                                                                                       (4.1) 

 Figure 4.5 shows Keu values calculated from drug and coformer eutectic concentrations in 

blank and biorelevant media for both 2:3 PSZ-4ABA and 2:3 PSZ-4HBA cocrystals.  PSZ-
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4ABA eutectic concentrations in biorelevant media have been previously reported but are 

repeated here for comparison.6   

 
 

Figure 4.5.  Drug and coformer eutectic concentrations in blank and biorelevant media.  Figure 

(a) shows posaconazole – 4-aminobenzoic acid (PSZ-4ABA) cocrystal and (b) shows 

posaconazole – 4-hydroxybenzoic acid (PSZ-4HBA) cocrystal.  Eutectic constant Keu values are 

above bars and were calculated according to Equation 4.1.  PSZ and 4ABA eutectic 

concentrations in FaSSIF and FeSSIF has been previously reported and are included here for 

comparison.6  Error bars represent standard deviations.  PSZ-4ABA data courtesy of Dr. Gislaine 

Kuminek. 

 

Equation 4.1 is independent of cocrystal stoichiometry, however interpretations of 

cocrystal stability are dependent on stoichiometry.  The transition point where both cocrystal and 

drug are thermodynamically stable is indicated by the value of Keu relative to the cocrystal 

stoichiometric ratio z / y, where y and z represent the drug and coformer stoichiometric 

coefficients, respectively.  For 2:3 cocrystals, the transition point corresponds to Keu = 1.5.  Keu 

>, = , or < 1.5 corresponds to higher, equal, or lower cocrystal solubility over drug, respectively.  

The results in Figure 4.5 and Table 4.2 indicate that Keu >> 1.5 in all studied media, meaning that 

the cocrystals have high solubility advantage compared to drug under these conditions.  Initial 

pH 6.5 in FaSSIF conditions equilibrated to pH 5.0 – 5.1 for both cocrystals due to self-buffering 

by cocrystal components.  Equilibrium pH values are the relevant values to solubility 

measurements and are used in this analysis.   



147 

Table 4.2.  Component Eutectic Concentrations and Calculated Cocrystal Solubility Values in 

Blank and Biorelevant Media. 

Cocrystal Media Final pH a [PSZ]T (mM) [CF]T (mM) Keu 
b 

2:3 PSZ-4ABA Blank FaSSIF 5.1 ± 0.1 (1.0 ± 0.4)  10-4 17.4 ± 0.1 (1.7 ± 0.6)  105 

 Blank FeSSIF 5.1 ± 0.1 (1.2 ± 0.3)  10-4 14.5 ± 0.3 (1.2 ± 0.3)  105 

 FaSSIF 5.1 ± 0.1 (3.6 ± 0.8)  10-3 20.2 ± 0.4 (5.6 ± 1.3)  103 

 FeSSIF 5.0 ± 0.1 (1.8 ± 0.5)  10-2 17.3 ± 0.5 (9.6 ± 2.7)  102 

      

2:3 PSZ-4HBA Blank FaSSIF 5.1 ± 0.1 (2.2 ± 1.3)  10-4 13.3 ± 0.6 (6.0 ± 3.4)  104 

 Blank FeSSIF 4.8 ± 0.1 (2.3 ± 1.0)  10-4 10.2 ± 0.4 (4.5 ± 1.9)  104 

 FaSSIF 5.0 ± 0.1 (6.1 ± 3.0)  10-4 13.3 ± 0.5 (2.2 ± 1.1)  104 

 FeSSIF 4.8 ± 0.1 (7.5 ± 0.7)  10-3 12.5 ± 0.1 (1.7 ± 0.2)  103 

a Initial pH was 6.5 ± 0.1 for Blank FaSSIF and FaSSIF media, and 5.0 ± 0.1 for Blank FeSSIF 

and FeSSIF media. 
b Calculated according to Equation 4.1. 

 

 Under the studied conditions, [PSZ]eu = Sdrug.  However, a two-way ANOVA test showed 

significant difference between the [PSZ]eu measurements between the two cocrystals (p value < 

0.0001) in Table 4.2.  While it is possible that this difference is due to solution interactions 

between the drug and respective coformers, it should be noted that these concentrations are at the 

limit of quantification due to the low solubility of PSZ.   Solubility of crystalline PSZ has been 

previously reported as 2.4  10-3 mM in pH 6.5 FaSSIF at 37°C, which is lower than [PSZ]eu 

measured from PSZ-4ABA and higher than [PSZ]eu from PSZ-4HBA in FaSSIF at 25°C.25  

Given the scale of these solubility values, functionally small yet statistically significant variation 

between the [PSZ]eu measurements for the two cocrystals are compounded into larger differences 

in calculations that rely on the eutectic measurements.  High standard deviation (9 - 59%) is also 
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observed within the triplicated measurements.  For these and subsequent calculations, the high 

propagated variance between the cocrystals and deviation within triplicate measurements should 

be noted, but the level of uncertainty associated with the [PSZ]eu data does not preclude the 

observation that PSZ is a very poorly soluble drug and that the PSZ-4ABA and PSZ-4HBA 

cocrystals have high solubility advantage in the studied media.  

 Keu has been shown to be directly proportional to cocrystal SA according to 

SA = (
y

z
Keu
y:z
)
z/(y+z)

                                                                                                                   (4.2) 

which for a 2:3 cocrystal simplifies to 

SA = (
2

3
Keu
2:3)

3/5

                                                                                                                        (4.3) 

The predicted and experimental SA – Keu relationship is shown for both PSZ cocrystals in Figure 

4.6.  Because the values are very large, the log – log relationship is presented according to  

log SA =
3

5
log (

2

3
Keu
2:3)                                                                                                               (4.4) 

The results indicate excellent agreement between predicted and experimental values.  In 

aqueous conditions, PSZ cocrystals are shown to have solubility advantage orders of magnitude 

higher than parent drug.  This also means that equilibrium pH 4.8 – 5.1 for these measurements 

are above pHmax, the transition pH at which cocrystal and drug solubilities are equal (Keu = 1.5 

and SA = 1).  Keu and SA both decrease in biorelevant media compared to aqueous media, a 

trend that is supported by previous findings from our laboratory that show these parameters can 

be modulated in the presence of drug solubilizing agents such as those present in FaSSIF and 

FeSSIF.17, 26, 27   
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Figure 4.6.  Predicted relationship between eutectic constant Keu and cocrystal solubility 

advantage (SA) for 2:3 posaconazole – 4-aminobenzoic acid (PSZ-4ABA) cocrystal and 2:3 

posaconazole – 4-hydroxybenzoic acid (PSZ-4HBA) cocrystal.  Keu value of 1.5 indicates pHmax 

for a 2:3 cocrystal.  Symbols represent values calculated from experimental measurements.  

Numbers next to symbols represent equilibrium pH.  Line predicted from Equation 4.4.  Error 

bars represent standard deviations.  PSZ-4ABA data courtesy of Dr. Gislaine Kuminek. 

 

 Eutectic concentrations can also be used to calculate cocrystal solubility.28  The general 

equation for this calculation is 

Scocrystal = y √
[drug]eu

y[coformer]eu
z

yy zz

y+z

                                                                                      (4.5) 

which for the 2:3 PSZ cocrystals is 

S2:3 PSZ−CF = 2 √
[drug]eu

2[coformer]eu
3

108

5

                                                                                      (4.6) 

Equations 4.5 and 4.6 describe cocrystal solubility in terms of moles of drug for comparison to 

drug solubility.29 

 The aqueous solubilities (Table 4.3) are shown to be similar for both cocrystals, and 

solubility increased  in biorelevant media.  FeSSIF had a greater solubilization for the drug than 

FaSSIF, particularly for the 4-ABA cocrystal.  The cocrystal solubility advantage over drug is 

also shown to decrease with drug solubilization in biorelevant media. This means that SA can be 
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modulated with solubilizing agents to reduce the risk of conversion during dissolution and to 

promote sustained supersaturation.17   

Table 4.3.  Cocrystal Solubility, Solubility Advantage (SA), and Dose/solubility Ratio (D0) 

Values. 

Cocrystal Media Final pHa Scocrystal (mM)b SA D0(drug)
c D0(cocrystal)

d 

2:3 PSZ-

4ABA 

Blank FaSSIF 5.1 ± 0.1 0.11 ± 0.04 1069 ± 601 16496 ± 5880 16 ± 6 

Blank FeSSIF 5.1 ± 0.1 0.10 ± 0.02 892 ± 285 14630 ± 2955  16 ± 3 

FaSSIF 5.1 ± 0.1 0.50 ± 0.12 139 ± 49 476 ± 106 3.4 ± 0.8 

FeSSIF 5.0 ± 0.1 0.90 ± 0.25 48 ± 21 95 ± 26 1.9 ± 0.5 

       

2:3 PSZ-

4HBA 

Blank FaSSIF 5.1 ± 0.1 0.13 ± 0.02 576 ± 294 7679 ± 4345 14 ± 2 

Blank FeSSIF 4.8 ± 0.1 0.11 ± 0.02 482 ± 188 7466 ± 3211 15 ± 3 

FaSSIF 5.0 ± 0.1 0.19 ± 0.04 315 ± 141 2817 ± 1401 9 ± 2 

FeSSIF 4.8 ± 0.1 0.51 ± 0.02 67 ± 6 227 ± 21 3.4 ± 0.1 

a Initial pH was 6.5 ± 0.1 for Blank FaSSIF and FaSSIF media, and 5.0 ± 0.1 for Blank FeSSIF 

and FeSSIF media. 
b Calculated according to Equation 4.6. 
c Calculated from Cdose = 1.71 mM (molar equivalent of 300 mg PSZ dose in 250 mL luminal 

volume) and values in Table 4.2 according to Equation 4.7. 
d Calculated from Cdose = 1.71 mM (molar equivalent of 300 mg PSZ dose in 250 mL luminal 

volume) and SCC values according to Equation 4.8. 

 

The drug and cocrystal dose/solubility ratios in Table 4.3 are given by 

 

D0(drug) =
Cdose 

Sdrug
                                                                                                                         (4.7) 

and 

D0(cocrystal) =
Cdose 

Scocrystal
                                                                                                              (4.8)  
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where Cdose is the dose concentration, based on a 300 mg PSZ dose and a volume of 250 mL 

(volume to dissolve the dose or luminal volume).  D0(drug) is a well-recognized unitless parameter 

that describes the extent to which the drug dose can dissolve.30, 31  In fact, the Quantitative 

Biopharmaceutics Classification System describes Category II drugs (low solubility, high 

permeability) as having D0(drug) > 1.32  The results in Table 4.5 show D0(drug) >>> 1 in all studied 

media, indicating that solubility would need to be increased 95 – 16496 times to be able to 

completely dissolve the dose.  Because of the high cocrystal SA, D0(cocrystal) values are orders of 

magnitude lower.  In biorelevant media, both cocrystals were observed to have D0(cocrystal) values 

of 2 – 9, meaning that with the dynamic process of absorption, a cocrystal formulation may be 

able to completely dissolve the dose.  

 Comparing SA and D0(drug) is useful to assess cocrystal dissolution and supersaturation 

behavior as recently demonstrated.33, 34  One can assess whether: (1) the cocrystal solubility is 

adequate to fully dissolve the drug dose without precipitation, D0(drug) < SA (Cdose < Scocrystal), and 

(2) the drug supersaturation is limited by Cdose or by Scocrystal.  Under the studied conditions, 

D0(drug) > SA and dose – limited supersaturation is not expected (Cdose > Scocrystal).  

Solubility Product Ksp and Cocrystal Solubility – pH Dependence 

 Solubility is a conditional constant and is dependent on pH, while the solubility product 

Ksp is not.  Ksp governs the equilibrium between dissociation (dissolution) and association 

(precipitation) of the solid and solution phases.  Ksp is calculated as 

Ksp = [drug]
y [coformer]z                                                                                                       (4.9) 

where component concentrations are the product of only the species in the same molecular state 

as the cocrystal, i.e., neutral.  For 2:3 PSZ cocrystals, Ksp was calculated as the stoichiometric 

product of the nonionized species at the eutectic point, according to 
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Ksp(2:3 PSZ−CF) = [PSZ]eu,non
2  [CF]eu,non

3                                                                                  (4.10) 

Ksp values are reported in Table 4.4 and were evaluated from the nonionized species of 

the aqueous eutectic measurements.  pKsp values are also reported since Ksp values are very 

small, where pKsp = - log Ksp.  Ksp is directly proportional to intrinsic cocrystal solubility, and 

higher Ksp values correspond to lower pKsp.  PSZ-4HBA was found to have a higher Ksp than 

PSZ-4ABA, which predicted slightly higher solubility in basic conditions as the effect of 

coformer ionization decreases.  Similar solubility – pH dependence is expected in this region 

given similar aqueous coformer solubilities and ionization.9, 18-20  Ksp and pKsp values have been 

published for several cocrystals and salts, but we are not currently aware of any reported values 

for other 2:3 cocrystals and salts for comparison.33, 35-37 

Table 4.4.  Ksp, pKsp, pHmax, and Scocrsytal at pHmax Values for Posaconazole Cocrystals. 

Cocrystal Ksp (M
5)a pKsp

 b pHmax Scocrystal(pHmax) (mM) 

2:3 PSZ-4ABA (3.7 ± 2.1)  10-22 21.4 1.3 41.3 

2:3 PSZ-4HBA (1.3 ± 0.9)  10-21 20.9 1.9 3.1 

a Calculated according to Equation 4.9. 
b Calculated according to pKsp = - log Ksp. 

 

 Figure 4.7 shows the predicted and experimental solubility – pH dependence of PSZ drug 

and cocrystals as a function of Ksp (Table 4.4) and component pKa values (Table 4.1).  While 

self-buffering of components prevented studying a wider range of equilibrium pH values, these 

predictions provide insights into the ability of PSZ cocrystals to alter the solubility – pH 

dependence of the parent drug and to generate supersaturation in different regions of the 

gastrointestinal tract.  Predicted and experimental solubilities are in excellent agreement within 
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the studied pH, and these predictions have been experimentally validated for wider pH ranges for 

several other cocrystals.12, 15, 29, 33, 35-40 

 
 

Figure 4.7.  Solubility – pH dependence of basic drug posaconazole (PSZ), 2:3 posaconazole – 

4-aminobenzoic acid cocrystal (PSZ-4ABA), and 2:3 posaconazole – 4-hydroxybenzoic acid 

cocrystal (PSZ-4HBA).  Lines predicted according to Equations 4.12, 4.13, and 4.15, values in 

Tables 4.1 and 4.4, and SPSZ,0 = 1.2  10-4 mM.  Experimental values are in Tables 4.2 and 4.3.  

Error bars represent standard deviations.  PSZ-4ABA data courtesy of Dr. Gislaine Kuminek. 

 

While drug solubility decreases exponentially with increasing pH, both cocrystals have 

U-shaped curves and much weaker solubility – pH dependence.  Cocrystal solubilities are greater 

than Cdose at pH < 2.2 – 2.4 and pH > 7.1 – 7.3, but even at their lowest solubilities (pH 4.5) PSZ 

cocrystals are only 16.1 times lower than Cdose.  In comparison, SPSZ > Cdose at pH < 2.0, but over 

10,000 times lower than Cdose at pH > 5.0.  This finding shows that PSZ cocrystal solubilities are 

less affected by differences in gastric (1-3) and intestinal (6-7) pH, and that the cocrystals have a 

greater potential to dissolve the dose.  This behavior has important implications for improving 

the erratic bioavailability associated with current oral PSZ formulations. 

Figure 4.7 also shows the transition point pHmax.  PSZ-4ABA was more soluble in acidic 

conditions as a result of the basic pKa 2.6 of the amphoteric coformer, which resulted in a lower 
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pHmax = 1.3 for PSZ-4ABA compared to pHmax = 1.9 for PSZ-4HBA (Table 4.4).  For both 

cocrystals, Scocrystal < Sdrug at pH < pHmax, Scocrystal = Sdrug at pH = pHmax, and Scocrystal > Sdrug at pH 

> pHmax, showing that relative cocrystal stability changes with pH. 

 The general equation that describes cocrystal solubility as a function of pH is 

Scocrystal = y √
Ksp

(yy zz)
 δdrug,I

y δcoformer,I
zy+z

                                                                           (4.11) 

where δdrug,I and δcoformer,I represent the respective contributions of drug and coformer ionization 

to cocrystal solubility.28, 41  Scocrystal is expressed as moles of drug in this form of the equation.  

This is useful as one is interested in the cocrystal to drug solubility ratios and supersaturation 

levels with respect to drug.   

Table 4.5 shows the δI expressions in terms of pKa and pH for dibasic, amphoteric, and 

monoprotic acidic components such as PSZ, 4ABA, and 4HBA.  Stoichiometric coefficients and 

δI expressions in Table 4.5 are substituted into Equation 4.9 to give 

Table 4.5.  Ionization Terms (δI) for Posaconazole Drug and Coformers to Predict Cocrystal and 

Drug Solubilities according to Equations 4.12, 4.13, and 4.15. 

Component Ionization δdrug,I or δcoformer,I 

PSZ Dibasic 1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH 

4ABA Amphoteric 1 + 10pH−pKa1,4ABA + 10pKa2,4ABA−pH 

4HBA Acidic 1 + 10pH−pKa,4HBA 

 

S2:3 PSZ−4ABA =

2 √
Ksp

108
 (1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)2(1 + 10pH−pKa1,4ABA + 10pKa2,4ABA−pH)3

5
       

(4.12) 
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and 

S2:3 PSZ−4HBA = 2 √
Ksp

108
 (1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)2(1 + 10pH−pKa,4HBA)3

5
                

(4.13) 

Equations 4.12 and 4.13 are used to predict cocrystal solubilities in Figure 4.7 with values in 

Tables 4.1 and 4.4.  Derivations of Equations 4.12 and 4.13 are shown in Appendix 4B. 

 The general equation for drug solubility in terms of δdrug,I is given by 

Sdrug = Sdrug,0 δdrug,I                                                                                                              (4.14) 

where S0,drug is drug solubility under nonionized conditions.  Substituting in δdrug,I from Table 4.5 

gives the solubility – pH dependence for PSZ as 

SPSZ = SPSZ,0 (1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)                                                (4.15) 

Drug solubility is predicted in Figure 4.7 according to pKa values in Table 4.1 and SPSZ,0 = 1.2  

10-4 mM. 

Cocrystal Solubility and Dissolution with Excess Coformer 

We previously reported PSZ-4ABA and PSZ dissolution behavior in both FaSSIF and 

FeSSIF.6  The cocrystal sustained drug supersaturation (σ = 2.8 – 3.1) for the length of the 

experiment (180 minutes) in both media, reaching a σmax = [PSZ]max / SPSZ = 8.4 at 5 minutes in 

FeSSIF  and σmax = 16 at 10 minutes in FaSSIF.  While SA = 48 represented a theoretical 

thermodynamic limit to supersaturation in FeSSIF, σmax = 8.4 is representative of the critical 

supersaturation for PSZ nucleation and a practical kinetic limit. 

 Previous values reported in this work represent stoichiometric cocrystal solubility and 

SA.  However, in the presence of excess coformer, nonstoichiometric cocrystal solubility and SA 

are known to predictably decrease by definition of Ksp (Equation 4.9).  Thus, the addition of 
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excess coformer during cocrystal dissolution may be used to fine-tune SA below critical 

supersaturation and thereby promote sustained supersaturation. 

  Figure 4.8 and Table 4.6 show the dissolution behavior of PSZ-4ABA in FeSSIF with 

and without excess coformer.  5.8 mM 4ABA was selected and pre-dissolved into the dissolution 

media to correspond to SA = 5.6, below the observed critical supersaturation 8.4 in FeSSIF 

studies but above the sustained supersaturation 2.8 – 3.1.  The results in Figure 4.8a show that 

while cocrystal maintained σ = 1.5 – 1.8 from 10 – 180 minutes in the presence of 5.8 mM 

4ABA and had superior dissolution performance compared to the drug in FeSSIF, it did not 

reach or maintain as high of supersaturation levels as in the absence of excess coformer.  PSZ in 

other solid forms such as amorphous solid dispersions has been shown to maintain 

supersaturation levels of 1.5 – 3 up to 24 hours.42-44  These supersaturation levels appear to be 

within the metastable zone and below the threshold for nucleation to occur.  Cocrystal 

dissolution at SA = 48 leads to an initial spike in supersaturation followed by precipitation and 

appears to have allowed the cocrystal to maintain a steady state at the higher level of the 

metastable zone, while modulating SA to 5.6 with excess coformer prevented a concentration 

spike and maintained a steady supersaturation level of 1.5 – 1.8 throughout the length of the 

experiment (180 minutes).   Photomicrographs of dissolution aliquots are shown in Appendix 

4C. 
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Figure 4.8.  Cocrystal concentration – time and percentage cocrystal dissolved profiles in 

FeSSIF with and without excess coformer.  SA was predictably modulated from 48 to 5.6 with 

the addition of 5.8 mM 4ABA.  Drug precipitation resulted in incongruent saturation, and the 

additional coformer further decreased SA to 27.5 and 5.3 by 180 minutes.  Cocrystal sustained 

supersaturation and performed better than the drug with and without excess coformer, but lack of 

concentration spike and precipitation with excess coformer at SA = 5.6 corresponded to a lower 

sustained supersaturation level and lower percentage cocrystal dissolved.  Cocrystal and drug 

dissolution in FeSSIF have been previously reported and are included here for comparison.6  

Error bars represent standard deviations.    
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Table 4.6.  Cocrystal Dissolution Parameters with and without Excess Coformer. 

Value FeSSIF FeSSIF + 5.8 mM 4ABA 

SAinitial 48 ± 12 6 

tmax (min) 5 120 

Cmax (mM) 0.148 ± 0.003 0.032 ± 0.001 

σmax 8.4 ± 0.2 1.79 ± 0.05 

σfinal 
a 3.1 ± 0.3 1.71 ± 0.02 

AUC (mM x min) 15.7 ± 4.6 5.4 ± 0.1 

RAUC 13 ± 4 4.6 ± 0.4 

Final [PSZ] (mM) a (5.4 ± 0.5)  10-2 (3.01 ± 0.04)  10-2 

Final [4ABA] (mM) a 2.1 ± 0.1 6.0 ± 0.1 

Final [PSZ]non
2  [4ABA]non

3  a 9.7  10-24 1.1  10-20 

Final % Cocrystal Dissolved a 80 ± 2 18.7 ± 0.9 

Final pH a 5.01 ± 0.01 4.94 ± 0.01 

Final Solid Phase(s) ab PSZ-4ABA + PSZ PSZ-4ABA 
a Final refers to 180 minute time point. 
b Characterized by DSC. 

 

Furthermore, Figure 4.8b shows that 80% of cocrystal dissolved by 180 minutes without 

excess coformer, compared to only 8.1% with 5.8 mM 4ABA.  Drug nucleation that occurred 

above the metastable zone in FeSSIF likely promoted further nucleation and growth even as the 

cocrystal maintained a steady state between cocrystal dissolution and drug precipitation within 

the metastable zone.   

The influence of excess coformer on the dissolution of cocrystal components is shown in 

Figure 4.9.  The 4ABA concentrations that would correspond to congruent dissolution are 

indicated according to a 2:3 stoichiometry.  In FeSSIF, there is incongruent cocrystal dissolution 

after tmax = 5 minutes as a result of drug precipitation, coformer to drug molar ratio reaches a 

value of 38, and the final solid phase was characterized by DSC to be a mixture of PSZ-4ABA 
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and PSZ (Table 4.6).  In contrast, cocrystal dissolution in media with excess coformer designed 

to generate supersaturations below the critical level, are shown to reduce the drug precipitation to 

undetectable levels per solid-state analysis results.  In this case cocrystal dissolution is reduced 

by the proximity of solution conditions to cocrystal solubility so that more cocrystal cannot 

dissolve until drug precipitates.  Therefore, driving forces for cocrystal dissolution and drug 

precipitation have been lowered while maintaining drug solution concentration levels about 1.7 

times above drug solubility.  

 
 

Figure 4.9.  Component concentrations during PSZ-4ABA cocrystal dissolution in FeSSIF (a) 

with and (b) without 5.8 mM excess coformer.  Incongruent dissolution was observed after 5 

minutes in FeSSIF, but component dissolution was much closer to a stoichiometric ratio in 

FeSSIF + 5.8 mM 4ABA.  Congruent [4BA] line was calculated as 1.5  [PSZ].  Error bars 

represent standard deviations (within points for [PSZ] and [4ABA] in FeSSIF). 

 

 The influence of coformer concentration on cocrystal dissolution behavior can be 

designed and analyzed by considering the phase solubility diagram in Figure 4.10.  Cocrystal 

solubility is shown to decrease according to the Ksp from its stoichiometric solubility 0.9 mM 

(SA = 48) to nonstoichiometric solubility 0.1 mM (SA = 5.8).  This analysis is useful for 

incongruent cocrystal dissolution as it will show how deviations from stoichiometric solution 

conditions as drug precipitates influences the driving force of these kinetic processes.  As drug 
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precipitates the dissolution media becomes richer in coformer, decreasing the cocrystal 

solubility, possibly halting dissolution, and in some cases even reaching the eutectic point.  In the 

system studied here, component concentrations from PSZ-4ABA dissolutions show that [PSZ] is 

above drug solubility indicating drug supersaturation.  While [4ABA] in FeSSIF is observed to 

increase up to the coformer Cdose = 2.6 mM, [4ABA] during dissolution with excess coformer 

was maintained at 5.8 – 6.0 mM (including excess 5.8 mM) over 180 minutes.  The addition of 

5.8 mM 4ABA also moved the dissolution concentrations much closer to the eutectic point, 

where drug solubility and nonstoichiometric cocrystal solubility are equal.  This may have also 

contributed to stabilizing the cocrystal and allowing for the sustainment of supersaturation. 

 
 

Figure 4.10.  Phase solubility diagram for PSZ-4ABA in FeSSIF.  Stoichiometric cocrystal 

solubility corresponds to SA = 48, and nonstoichiometric cocrystal solubility can be predictably 

modulated according to the Ksp (Equation 4.10).  Excess of 5.5 mM 4ABA was predicted to 

correspond to SA = 6.  Connected points show drug and coformer concentrations during 

dissolution with and without excess 4ABA.   

 

Conclusions 

This work shows the potential of cocrystals to solve the clinical challenges of poorly water-

soluble drugs with erratic oral bioavailability such as PSZ.  A second PSZ cocrystal was 
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discovered with coformer 4HBA and was characterized, but adequate single crystals were unable 

to be obtained to solve the crystal structure and definitively assess cocrystal stoichiometry or 

stoichiometries.  Both PSZ-4HBA and PSZ-4ABA cocrystals were found to have softer 

solubility – pH dependence than PSZ, potentially mitigating the negative solubility and 

dissolution effects of increasing pH while moving in the gastrointestinal tract.  Respective pHmax 

of 1.9 and 1.3 showed that the cocrystals have solubility advantage for a wide range of 

physiological pH, meaning that they will generate supersaturation and potentially enhance drug 

exposure at pH > pHmax.  PSZ-4ABA sustained supersaturation in dissolution studies with excess 

coformer, which was selected to predictably modulate SA according to Ksp.  Less cocrystal 

dissolution and drug precipitation were observed in the presence of excess coformer, suggesting 

that this strategy could be useful in designing delayed-release cocrystal formulations. 
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 Appendix 4A 

Single Crystals of PSZ-4HBA 

Figure 4A.1 shows the crystal structure of PSZ-4HBA solved by SXRD, which reveals a 

1:2 stoichiometry and an orthorhombic lattice of space group P 21 21 21.  There is disorder in 

the PSZ molecule and specifically in the CH3CHOH group.  Orthorhombic unit cell dimensions 

are shown in Table 4A.1.  R-factor was calculated as 9.15%. 

 
 

Figure 4A.1.  Molecular interactions in the structure of PSZ-4HBA cocrystal. Figure was 

prepared using Mercury Version 4.3.1. 

 

 

Table 4A.1.  Unit cell dimensions of 1:2 PSZ-4HBA cocrystal. 

a = 5.8249(5) Å α = 90° Z = 4 

b = 12.2592(8) Å β = 90° Z’ = 1 

c = 69.415(5) Å γ = 90° V = 4956.8(6) 

 

  Figure 4A.2 shows photos and photomicrographs of single crystal growth.  Figure 4A.2a 

shows the growth of large spherical particles during slow evaporation, and Figure 4A.2b shows 

the growth of needle-like rod crystals growing from a smaller spherical particle.  A 

photomicrograph of an isolated needle-like single crystal in Figure 4A.2c shows suitable crystal 

length for single crystal X-ray diffraction, but crystal widths less than 40 μM are below the 

typical limit of quantification to solve crystal structures. 
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Figure 4A.2.  Photos and photomicrograph of single crystal growth. 

 

PSZ-4HBA Stoichiometry Determination by HPLC 

Figure 4A.3 shows the coformer to drug ratio of pure PSZ-4HBA prepared by RCM.  

Cocrystal samples from each batch were completely dissolved in 50:50 methanol : water with 

0.1% trifluoroacetic acid, and component concentrations were quantified by HPLC.  Component 

ratio suggests a 2:3 stoichiometry. 
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Figure 4A.3.  2:3 stoichiometry is indicated by completely dissolving pure PSZ-4HBA cocrystal 

synthesized by reaction crystallization method (RCM) and analyzing the concentration ratios by 

HPLC. 

 

Appendix 4B 

Derivation of 2:3 PSZ-4ABA Cocrystal Solubility as a Function of pH 

The total posaconazole (PSZ) concentration in aqueous phase can be described by the 

sum of its ionized and nonionized species in solution as 

[B]T = [B]aq + [BH
+]aq + [BH2

2+]aq                                                                                     (4B.1)  

where B, BH+ and BH2
2+ represent PSZ nonionized, first protonated and second protonated 

species, respectively.  Subscript T represents the concentrations of all species in solution and 

subscript aq represents the aqueous phase.  The nonionized PSZ aqueous concentration [B]aq is 

the intrinsic PSZ solubility, also expressed as SPSZ,0. 

The equilibrium expressions and constants of PSZ in solution are  

BH2,aq
2+

Ka1,B
↔  Haq

+ +  BHaq
+                                                                                                          (4B.2) 

Ka1,B =
[H+]aq [BH+]aq

[BH2
2+]aq

                                                                                                               (4B.3) 
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BHaq
+
Ka2,B
↔  Haq

+ + Baq                                                                                                               (4B.4) 

Ka2,B =
[H+]aq[B]aq

[BH+]aq
                                                                                                                   (4B.5) 

Substituting appropriate equilibrium constants into mass balance equation (Equation 4B.1), total 

drug concentration can be derived as 

[B]T = [B]aq (1 +
[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)                                                                                    (4B.6) 

Equation 4B.6 can also be expressed in terms of pH, pKa and PSZ solubility as 

SPSZ,T = SPSZ,0(1 + 10
pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)                                              (4B.7) 

Similarly, 4-aminobenzoic acid (4ABA) total concentration in solution is the sum of its 

ionized and nonionized species 

[HAB]T = [HAB]aq + [HABH
+]aq + [A

−B]aq                                                                        (4B.8) 

where HAB represent the nonionized 4ABA form, and HABH+ and A-B are the protonated and 

ionized species of the amphoteric coformer, respectively.  [HAB]aq, represent the 4ABA intrinsic  

solubility, also referred to as S4ABA,0. 

The relevant solution equilibria and respective equilibrium constants of 4ABA are 

HABaq
Ka1,HAB
↔    Haq

+ + A−Baq                                                                                                    (4B.9) 

Ka1,HAB =
[H+]aq[A

−B]aq

[HAB]aq
                                                                                                         (4B.10) 

HABHaq
+
Ka2,HAB
↔    Haq

+ + HABaq                                                                                               (4B.11) 

Ka2,HAB =
[H+]aq[HAB]aq

[HABH+]aq
                                                                                                         (4B.12) 

Substituting appropriate equilibrium constants into mass balance equation (Equation 4B.8), total 

4ABA concentration can be derived as 
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[AB]T = [HAB]aq (1 +
Ka1,HAB

[H+]aq
+

[H+]aq

Ka2,HAB
)                                                                            (4B.13) 

In terms of pH, pKa and 4ABA solubility, Equation 4B.13 becomes 

S4ABA,T = S4ABA,0(1 + 10
pH−pKa1,4ABA + 10pKa2,4ABA−pH)                                                  (4B.14) 

A 2:3 cocrystal of a dibasic drug and an amphoteric coformer dissociates in solution 

according to its solubility product (Ksp), as 

B2(HAB)3solid
Ksp
↔ 2 Baq + 3 HABaq                                                                                     (4B.15) 

Ksp = [B]aq
2 [HAB]aq

3                                                                                                              (4B.16) 

where B and HAB represent the nonionized species of PSZ and 4ABA. 

By combining Equations 4B.1 and 4B.8, and substituting appropriate equilibrium constants, an 

expression for total drug concentration as a function of total coformer concentration can be 

derived as 

BT
2 =

Ksp

[AB]T
3 (1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)
2

(1 +
Ka1,HAB

[H+]aq
+

[H+]aq

Ka2,HAB
)

3

                                             (4B.17) 

For a 2:3 cocrystal, the cocrystal solubility (Scocrystal) under stoichiometric conditions is 

described as 

Scocrystal,T = 
1

2
[B]T = 

1

3
[AB]T                                                                                                                                                       (4B.18) 

Therefore,  Equation 4B.17 can be rewritten as 

Scocrystal,T = √
Ksp

108
(1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)
2

(1 +
Ka1,HAB

[H+]aq
+

[H+]aq

Ka2,HAB
)

35

                               (4B.19) 

Which terms of pH and pKa becomes 
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Scocrystal,T =

√
Ksp

108
(1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)2(1 + 10pH−pKa1,4ABA + 10pKa2,4ABA−pH)3

5
  

(4B.20) 

Equation 4B.20 is expressed in terms of moles of cocrystal.  For comparison to drug solubility, 

cocrystal solubility equation should be expressed in terms of moles of drug as 

Scocrystal,T =

2 √
Ksp

108
(1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)2(1 + 10pH−pKa1,4ABA + 10pKa2,4ABA−pH)3

5
  

(4B.21) 

 

Derivation of 2:3 and 1:2 PSZ-4HBA Cocrystal Solubility as a Function of pH 

Hydroxybenzoic acid (4HBA) mass balance 

[HA]T = [HA]aq + [A
−]aq                                                                                                     (4B.22) 

Relevant solution equilibria and respective equilibrium constants of 4HBA 

HAaq
Ka,HA
↔   Haq

+ + Aaq
−                                                                                                             (4B.23) 

Ka,HA =
[H+]aq[A

−]aq

[HA]aq
                                                                                                               (4B.24) 

Substituting appropriate equilibrium constants into mass balance equation, total 4HBA 

concentration can be derived as 

[A]T = [HA]aq (1 +
Ka,HA

[H+]aq
)                                                                                                  (4B.25) 

In terms of pH, pKa and 4HBA solubility, Equation 4B.25 becomes 

S4HBA,T = S4HBA,0(1 + 10
pH−pKa,4HBA)                                                                                (4B.26)  

A 2:3 cocrystal with dibasic drug and monoprotic acidic coformer is described as 
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B2(HA)3solid
Ksp
↔ 2 Baq + 3 HAaq                                                                                         (4B.27) 

Ksp = [B]aq
2 [HA]aq

3                                                                                                                 (4B.28) 

BT
2 =

Ksp

[A]T
3 (1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)
2

(1 +
Ka,HA

[H+]aq
)

3

                                                                (4B.29) 

For a 2:3 cocrystal, Scocrystal,T under stoichiometric conditions is described as  

 Scocrystal,T = 
1

2
[B]T = 

1

3
[A]T                                                                                                                                                         (4B.30) 

Scocrystal,T = √
Ksp

108
(1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)
2

(1 +
Ka,HA

[H+]aq
)

35

                                                 (4B.31) 

Scocrystal,T in terms of moles of drug: 

Scocrystal,T = 2√
Ksp

108
(1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
)
2

(1 +
Ka,HA

[H+]aq
)

35

                                              (4B.32) 

A 1:2 cocrystal with dibasic drug and monoprotic acidic coformer is described as 

B(HA)2 solid
Ksp
↔ Baq + 2 HAaq                                                                                              (4B.33) 

Ksp = [B]aq[HA]aq
2                                                                                                                 (4B.34) 

BT =
Ksp

[A]T
2 (1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
) (1 +

Ka,HA

[H+]aq
)
2

                                                                  (4B.35) 

For a 1:2 cocrystal, Scocrystal,T under stoichiometric conditions is described as  

Scocrystal,T = [B]T = 
1

2
[A]T                                                                                                                                                             (4B.36) 

Scocrystal,T = √
Ksp

4
(1 +

[H+]aq

Ka2,B
+

[H+]aq
2

Ka1,BKa2,B
) (1 +

Ka,HA

[H+]aq
)
23

                                                  (4B.37) 
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 In terms of pH and pKa, Equation 4B.32 for 2:3 PSZ-4HBA becomes 

S2:3 PSZ−4HBA = 2 √
Ksp

108
 (1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)2(1 + 10pH−pKa,4HBA)3

5
                

(4B.38) 

and Equation 4B.37 for 1:2 PSZ-4HBA becomes 

S1:2 PSZ−4HBA = √
Ksp

4
 (1 + 10pKa2,PSZ−pH + 10pKa1,PSZ+pKa2,PSZ−2pH)(1 + 10pH−pKa,4HBA)2

3
   

(4B.39) 

 

Solubility Calculations for 1:2 PSZ-4HBA versus 2:3 PSZ-4HBA 

Cocrystal solubility is a function of relevant solution equilibria, solution conditions, and 

stoichiometry.  Tables 4B.1 and 4B.2 shows cocrystal solubility, SA, and Ksp recalculated based 

on a 1:2 PSZ-4HBA stoichiometry.  These values are compared to calculated values for a 2:3 

PSZ-4HBA cocrystal, as presented in the main text.  1:2 cocrystal solubility in Table 4B.1 is 

calculated according to general Equation 4.5 as 

Scocrystal = √
[PSZ]eu [4HBA]eu

2

4

3

                                                                                              (4B.40) 
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Table 4B.1.  Cocrystal Solubility and Solubility Advantage (SA) values 

 calculated for 1:2 and 2:3 PSZ-4HBA. 

Cocrystal Media Final pHa Scocrystal (mM)b SA 

1:2 PSZ-

4HBA 

Blank FaSSIF 5.1 ± 0.1 0.21 ± 0.03 962 ± 515 

Blank FeSSIF 5.1 ± 0.1 0.18 ± 0.03 790 ± 328 

FaSSIF 5.1 ± 0.1 0.29 ± 0.05 492 ± 247 

FeSSIF 5.0 ± 0.1 0.67 ± 0.02 88 ± 10 

     

2:3 PSZ-

4HBA 

Blank FaSSIF 5.1 ± 0.1 0.13 ± 0.02 576 ± 294 

Blank FeSSIF 4.8 ± 0.1 0.11 ± 0.02 482 ± 188 

FaSSIF 5.0 ± 0.1 0.19 ± 0.04 315 ± 141 

FeSSIF 4.8 ± 0.1 0.51 ± 0.02 67 ± 6 

a Initial pH was 6.5 ± 0.1 for Blank FaSSIF and FaSSIF media, and 5.0 ± 0.1 for Blank FeSSIF 

and FeSSIF media. 
b Calculated according to Equation 4.5. 

 

Ksp for 1:2 PSZ-4HBA in Table 4B.2 is calculated according to general Equation 4.9 as 

Ksp(1:2 PSZ−4HBA) = [PSZ]eu,non [4HBA]eu,non
2                                                                      (4B.41) 

 

Table 4B.2.  Ksp, pKsp, pHmax, and Scocrsytal at pHmax Values for 1:2 and 2:3 PSZ-4HBA. 

Cocrystal Ksp 
a pKsp

 b pHmax Scocrystal(pHmax) (mM) 

1:2 PSZ-4HBA (2.1 ± 0.7)  10-12 M3 11.7 2.0 2.1 

2:3 PSZ-4HBA (1.3 ± 0.9)  10-21 M5 20.9 1.9 3.1 

a Calculated according to Equation 4.9. 
b Calculated according to pKsp = - log Ksp. 
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Figure 4B.1 shows the predicted and experimental solubility – pH dependence for PSZ-

4HBA cocrystal calculated as both 1:2 and a 2:3 cocrystal.  The results show that a 1:2 cocrystal 

has a higher solubility and SA than the 2:3, but there pH – dependent behavior and pHmax are 

similar. 

 
 

Figure 4B.1.  PSZ-4HBA has similar solubility – pH dependence when calculated as a 1:2 and 

as a 2:3 cocrystal. 

 

 

 

 

 

 

 

 



176 

Appendix 4C 

Photomicrographs of Cocrystal Dissolution 

 Figure 4C.1 shows photomicrographs of cocrystal dissolution aliquots with 5.8 mM 

4ABA.  Agglomeration and surface nucleation were not observed as previously shown during 

cocrystal dissolution in FaSSIF and FeSSIF (Figure 4C.2), and therefore were not the cause of 

dampened cocrystal dissolution in the presence of excess coformer.  Increased drug precipitation 

during FeSSIF dissolution appears to have stimulated the particle agglomeration.  

 
 

Figure 4C.1. Photomicrographs of cocrystal dissolution aliquots in FeSSIF + 5.8 mM 4ABA.  

With the addition of excess coformer, cocrystal did not form agglomerates as previously 

observed during dissolution in FeSSIF. 
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Figure 4C.2.  Microscopy images of the transformation of PSZ-4ABA to PSZ during dissolution 

in FaSSIF and FeSSIF as reported by Kuminek et. al.1 

 

Reference 

1. Kuminek, G.;  Cavanagh, K. L.;  da Piedade, M. F. M.; Rodríguez-Hornedo, N., 

Posaconazole Cocrystal with Superior Solubility and Dissolution Behavior. Cryst Growth 

Des 2019, 19 (11), 6592-6602. 
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Conclusions and Future Directions 

 

The purpose of this research was to develop thermodynamic and mathematical 

relationships that can be used to predict and tailor cocrystal solubility and stability.  The 

objectives of this research were to (1) to develop a quantitative, mechanistic-based approach 

through which known relationships between cocrystal solubility advantage (SA) and other key 

cocrystal solubility transition points can be used to fine-tune cocrystal inherent supersaturation, 

and (2) to assess and modulate the risk of conversion by rationally selecting additives that will 

exhibit thermodynamic and kinetic control over dissolution – supersaturation – precipitation 

(DSP) behavior given the drug dose.  Overall, this work aims to provide a framework for 

rationally designing new cocrystals and for critically evaluating and optimizing DSP behavior. 

This work focused on poorly water-soluble drugs cocrystallized with highly soluble 

coformers.  Cocrystal solubility – pH dependence was evaluated for basic drugs with acidic, 

amphoteric, and basic coformers of varying stoichiometries.  Equations were derived from 

relevant solution equilibria such as solubility product Ksp and component pKa to predict cocrystal 

solubility across physiological pH.  The predictions were validated with experimental solubility 

measurements, and excellent agreement was observed between predicted and experimental 

values.  Accurate predictions importantly provide insights into potential experimentally 

inaccessible pH ranges and can save time, money, and materials by reducing the need for 

extensive experimentation. 
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The ionization of the coformers altered the solubility – pH dependence of the studied 

cocrystals compared to parent drug.  Posaconazole (PSZ) cocrystals with amphoteric 4-

aminobenzoic acid (4ABA)1 and newly discovered with acidic 4-hydroxybenzoic acid (4HBA) 

were found exhibit U-shaped solubility – pH profiles compared to the solubility of basic PSZ, 

which exponentially decreased with increasing pH.  PSZ-4ABA and PSZ-4HBA were observed 

to have pHmax values of 1.3 and 1.9, respectively, which corresponded to SA = 1.  Cocrystal SA 

values were increased to 596 – 6167 in pH 5.0 – 6.5, showing the ability of cocrystals to increase 

drug solubility by orders of magnitude. 

Solubility – pH dependence was also studied for lamotrigine – nicotinamide cocrystal 

(LTG-NCT), lamotrigine – phenobarbital cocrystal (LTG – PB), and lamotrigine – saccharin salt 

(LTG-SAC).  Within the literature, there is a commonly held notion that salts are inherently 

more soluble than cocrystals.  However, the results of this work showed that cocrystals can be 

more soluble than salts or vice-versa, depending on the interplay between the chemistry of the 

solid and solution phases.  Ksp is directly proportional to intrinsic cocrystal/salt solubility and 

followed the order LTG-NCT > LTG-SAC > LTG-PB.  While LTG-NCT did not exhibit a pHmax 

and had solubility advantage across physiological pH, LTG-SAC was found to have solubility 

advantage above pHmax = 5.0 and LTG-PB was more stable than drug across physiological pH 

and only gained solubility advantage above pHmax = 9.0.  These results allow for critical 

interpretation of previously reported LTG-NCT and LTG-SAC in vitro dissolution at pH 1.0 and 

pH 5.5.2  LTG has been shown to only tolerate supersaturation levels of 2-3, so SA values much 

higher than this are likely to lead to rapid conversion.  LTG-SAC salt had enhanced dissolution 

behavior compared to drug at pH 5.5, which was just above pHmax and corresponded to SA = 2.5, 

while LTG-NCT rapidly converted in solution and had no real dissolution advantage at SA = 
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11.3, which was above critical supersaturation.  However, the opposite trend was observed at pH 

1.0, where LTG-SAC was below pHmax and performed worse than LTG drug, while LTG-NCT 

had SA = 1.3 and sustained supersaturation.  pHmax and SA are important parameters for both 

assessing cocrystal stability and for anticipating solution-mediated phase conversions. 

Danazol – vanillin cocrystal (DNZ-VAN) is predominantly nonionized across 

physiological pH and was found to have aqueous SA = 183.  This unnecessarily high SA left the 

cocrystal at high risk for rapid conversion during previously reported in vitro and in vivo 

experiments.3  Cocrystal solubility and SA have been shown to be tailorable as a function of 

solubilizing agent concentration,4-6 and here the relationship between SA and the drug 

solubilization power of surfactants (SPD) was found to provide a mechanistic approach to 

rationally select additives and dial to a particular SA value to promote optimal DSP behavior.  

Tailoring SA below critical supersaturation promoted sustained supersaturation and increased 

drug exposure.  A dual thermodynamic and kinetic approach of dialing SA with solubilizing 

additives and inhibiting precipitation with nucleation and growth inhibitors yielded the highest 

dissolution enhancement.   

 While SA decreases with increasing SPD, Scocrystal and Sdrug increase, and may even 

exceed the dose concentration (Cdose).  Drug dose/solubility ratio (D0(D) = Cdose / Sdrug) was found 

to be an important parameter for assessing how much of the dose the cocrystal may dissolve, as 

well as the potential for dose-limited supersaturation or undersaturation (if Scocrystal > Cdose).  

Inadvertently dose-limiting supersaturation can lead to incorrect interpretations of cocrystal DSP 

behavior and can limit the potential of cocrystals to enhance dissolution performance.  In 

tandem, SA and D0(D) represent maximum theoretical supersaturation that can be tailored as a 
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function of SPD, and knowledge of their values relative to critical supersaturation provide a 

holistic approach to interpreting, predicting, and optimizing cocrystal DSP behavior. 

 Finally, the addition of excess coformer was introduced as an additional strategy to 

predictably modulate SA by definition of Ksp.  PSZ-4ABA stoichiometric SA = 48 in FeSSIF 

was tailored with excess coformer to nonstoichiometric SA = 6, which was below observed 

critical supersaturation of 8.4 and above sustained supersaturation of 2.8 – 3.1 during FeSSIF 

dissolution.  While the cocrystal area under the curve with excess coformer was lower than 

without, the cocrystal did sustain supersaturation of 1.5 – 1.8 for the duration of the experiment 

(180 minutes).  Furthermore, less cocrystal dissolution and drug precipitation were observed in 

the presence of excess coformer, as the cocrystal maintained quasi-equilibrium within the 

metastable zone.  This finding suggests that excess coformer addition may be a useful strategy 

for designing delayed-release cocrystal formulations.   

 The findings of this work present a rational, streamlined approach for cocrystal 

development.  Lack of critical understanding of cocrystal solution behavior and the underlying 

solution interactions that govern drug supersaturation and exposure have traditionally resulted in 

empirical, time-consuming, and oftentimes inadequate methods to control DSP behavior.  

Despite recent advancements in regulation, cocrystals remain in appearance as overly risky to 

develop and are a largely untapped drug development strategy. 

 Knowledge of cocrystal transition points is essential in order to effectively design 

cocrystal formulations that can generate both thermodynamically possible and kinetically 

sustainable supersaturation in the gastrointestinal tract.  Thermodynamic relationships presented 

in this work allow for accurate predictions of cocrystal solubility and stability in many solution 

conditions from a single eutectic point measurement, which can be time, cost, and material 
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saving.  These relationships and predictions allow for the optimization of SA, which has been 

shown to be effective in controlling cocrystal DSP behavior in vitro.  However, while the few 

existing in vivo cocrystal studies retrospectively show promising utility of these relationships, 

further analysis of cocrystal in vivo DSP behavior is necessary.   

Furthermore, many published in vivo studies have compared neat drug and cocrystal 

materials sans formulation.  Given that unnecessarily high cocrystal SA and risk of conversion 

have been demonstrated to be mitigated in the presence of solubilizing agents or excess 

coformer, there is a need for more in vivo studies that incorporate formulation.  Assessment of 

Cdose relative to Scocrystal is also critical in these studies, as dose-limiting supersaturation by 

modulating D0(D) may be a useful way to control DSP behavior for some cocrystals and required 

doses.  Overall, direct in vitro and in vivo comparison of these different strategies for modulating 

SA and/or D0D) will lead to increased understanding and control of cocrystal solution behavior 

and will result in the development of more effective cocrystal formulations. 
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