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ABSTRACT

Cocrystals have gained tremendous interest in pharmaceutical development due to their
potential to increase bioavailability. Dissolution could be a major determinant for oral
bioavailability, however, its mechanism for these cocrystalline materials has not been well
recognized. Lacking knowledge of the dissolution mechanism can lead to misinterpretation of in
vitro and in vivo behavior. The purpose of this dissertation is to provide a mechanistic
understanding of the dissolution behavior of cocrystals to rationalize the selection process and

improve in vivo predictions.

Cocrystals usually contain components with different physicochemical properties, such as
ionization, diffusivity, and micellar solubilization and each of these properties can impact their
rates of dissolution. The main focus of this dissertation is to develop mass transport analyses to
evaluate the roles of these properties on dissolution under varying solution conditions. The
different diffusivities between the cocrystal components led to the development of two different
analyses, the surface saturation and interfacial equilibrium models to describe the dissolution
process of cocrystals. Better agreement with the experimental data makes the surface saturation

model the preferred choice for flux predictions.

This dissertation has demonstrated that the dissolution of cocrystals with ionizable
components is dictated by the pH at the dissolving solid surface. This interfacial pH is influenced
by both the cocrystal properties and solution composition. Depending on solution conditions, both

carbamazepine and ketoconazole cocrystals can exhibit higher, equal, or lower dissolution rates

XVii



compared to their parent drugs. The carbamazepine cocrystals studied here maintain both
dissolution advantage and thermodynamic stability because of their diffusivity advantage. The pH
dependence of ketoconazole dissolution is mitigated through cocrystallization with acidic
coformers. Similar to pharmaceutical salts, cocrystals also exhibit common coformer effect in
which the dissolution rates decrease with increasing coformer solution concentration. By
incorporating the independently determined values of physicochemical properties of cocrystal
components and solution composition into the mass transport analyses, the flux of cocrystals as a
function of bulk pH, surfactant, coformer and buffer concentration can be accurately predicted.
These mass transport analyses provide the fundamental knowledge of cocrystal dissolution and the

opportunity to predict and rationalize the design of cocrystals for optimal oral absorption.
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CHAPTER 1
INTRODUCTION

Solubility is one of the important physicochemical properties that needs to be evaluated
during the drug discovery and development process, since it is a significant factor that affects the
dissolution rate and consequently, the oral absorption of the drug!. This is particularly important
for drugs that fall into the Biopharmaceutics Classification System (BCS) class Il compounds,
where solubility is likely the limiting factor for oral absorption due to the low solubility and high
permeability properties of the drugs® 2. Despite the importance of solubility, the number of poorly
water soluble drugs is increasing due to the need of larger and more lipophilic molecules for the
newly discovered drug targets® 3. Currently, the number of poorly water soluble drugs accounts
for 40% of the marketed drugs and 75% of the drugs that are under development?. As a result, the
enhancement of aqueous solubility has remained a challenge for the successful development of
drug products in the pharmaceutical industry® 3. Many strategies have been employed to overcome
this challenge and these include both formulation and solid state approaches® 4. Formulation
strategies include but are not limited to the use of cosolvents, surfactants, complexation agents and
lipid systems®. While formulation approaches rely mainly on the use of excipients for improving
solubility, solid state approaches focus on the solid structure modifications of the active
pharmaceutical ingredients (APIs) and these include amorphous forms, polymorphs, solvates,
hydrates, formation of salts and cocrystals®. Each of these solid forms displays unique

physicochemical properties that can influence the performance of the pharmaceutical materials®.



Among the solid state approaches, cocrystals are an emerging class of engineered solid
forms in pharmaceutical research and development, which have generated tremendous interest due
to their potential advantages over other solid forms® 4 6. Polymorphism offers limited number of
crystalline structures since there is only a few number of different crystal forms that can be
identified for a given APl 7. Cocrystal engineering provides opportunities to produce a large
diversity of crystal forms due to the abundance of coformers available for formation®* 8. Unlike
salt formation which is limited to only ionizable compounds, cocrystallization is possible for
nonionizable compounds. Cocrystals have high crystal lattice energy and thus offer better stability
for formulations compared to amorphous and solvated drugs® ’. More importantly, cocrystals offer

large solubility range and versatility in fine-tuning the solubility of the parent drugs®*2.

Cocrystal engineering can generate a variety of crystal forms with physicochemical
properties that are distinct from the APIs and these properties include but are not limited to
crystallinity, melting point, physical and chemical stability, mechanical properties, solubility,
dissolution and bioavailability*. Among these properties, solubility and dissolution are of
particular interest due to their importance in the oral absorption of drugs® 2. Cocrystals have the
potential to improve aqueous solubility of pharmaceutical compounds that can translate into higher
dissolution rate and thus better bioavailability®. Consequently, a thorough understanding of the
solubility and dissolution mechanisms of cocrystals is necessary to interpret their in vivo

performance.

Cocrystal solubility is dependent on not only its own properties, but also the solution
conditions such as pH, solubilizing agents and coformer concentration'® ' 12, Depending on the
solution conditions, the same cocrystal can exhibit higher, equal or lower solubility compared to

the parent drug. This solubility phenomenon results in transition points that are important for



evaluating the thermodynamic stability of cocrystals. At the transition point, the solubility of the
drug and cocrystal are equal, but below or above, cocrystal can have higher solubility. These
transition points can be defined as the eutectic point, pHmax, S~ and critical stabilization
concentration (CSC)% 121416 - The solubility product behavior of cocrystal in which the solubility
of the cocrystal decreases with increasing coformer concentration can lead to a transition point
also known as the eutectic point'®. The existence of pHmax is due to the different solubility pH
dependence between the drug and cocrystal'* 1’. The preferential solubilization of the drug over
the coformer by solubilizing agent can lead to a transition point that is characterized by a
solubilizing agent concentration (CSC) and a solubility value (S7)'% 6. The existence of these
transition points makes the thermodynamic stability of cocrystals controllable through varying
solution conditions. Knowledge of these transition points can be useful for fine tuning the

solubility advantages of cocrystals to modulate their dissolution rates.

Dissolution studies of cocrystals have been evaluated in different media® & 82! however,
a fundamental understanding of the dissolution mechanism is still lacking to explain the different
behavior. Properties of both cocrystal and solution have been shown to be important parameters
for determining the solubility of cocrystals, but their roles on dissolution remain to be established.
Cocrystals usually contain components with different physicochemical properties, such as
ionization, diffusivity and micellar solubilization. It has been shown that the pH at the dissolving
surface of ionizable compounds during dissolution could be different from the bulk solution pH?*
24 Knowing that the cocrystal components can be ionizable, it is important to evaluate how these
properties could affect the pH microenvironment within the diffusion layer because of the pH
dependent solubility of the cocrystals. Diffusion coefficient is another parameter that influences

dissolution and for most cocrystals, the components can have different diffusivities because of the



difference in molecular size and hydrophobicity. Being able to identify the roles of the different

properties of cocrystal components can help to establish the dissolution mechanism of cocrystals.

One of the prerequisites for successful oral formulation development is to select the solid
form with optimal physicochemical properties that can lead to desired bioperformance and the
selection process is based on the thorough understanding of these properties. The two important
properties that influence bioavailability are solubility and dissolution. Since the solubility
mechanisms of cocrystals have been established, the focus of this dissertation is dissolution. This
chapter provides the fundamental principles and concepts that are essential for understanding the
dissolution behavior of cocrystals. A statement of research objectives is also included in this

chapter to give an overview of this dissertation.
Cocrystal Design and Synthesis

Cocrystals are crystalline materials that contain two or more different molecular
components in the same crystal lattice with well-defined stoichiometric ratios and these
components are usually APIs and coformers that are both solids at room temperature” 226, The
design of cocrystals is based on the principles of crystal engineering and concepts of
supramolecular chemistry, in which the components are selected based on favorable
intermolecular interactions?®” 28, The supramolecular synthons responsible for the formation of
cocrystals include non-covalent interactions, such as hydrogen bonds, r-x interactions and Vander
Waals forces” 26, Among these interactions, hydrogen bonding is the most important and common
interaction” 26, Supramolecular synthons can be classified into two categories, homosynthons,
which are interactions between identical functional moieties, whereas heterosynthons are

interactions between different functional moieties?® 3°. Heterosynthons are important interactions



for cocrystal design because they are energetically favored over homosynthons?®. The common

hydrogen bond synthons of cocrystals are shown in Figure 1.1%,
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Figure 1.1. Common supramolecular synthons formed between carboxylic acids and amide
groups?®.

Various techniques have been developed to synthesize cocrystals, which include, but are
not limited to solution crystallization, mechanical grinding and melt crystallization®. Among these
techniques, reaction crystallization method (RCM) offers several advantages over other methods®?.
RCM is not only suitable for high throughput screening of cocrystals, but also good for large scale
synthesis®’. The mechanism of RCM is based on generating supersaturation in solution with
respect to only one solid phase, which is the cocrystal®l. Because of the solubility product
behavior, supersaturation of incongruently saturated cocrystals can be generated in solution by
increasing concentration of one component in excess to the stoichiometric ratio*® 3!, The synthesis
of cocrystals can be guided by solubility phase diagrams similar to the one shown in Figure 1.2%2,
The diagram indicates the regions of thermodynamic stability of the cocrystal and its components,
which is very important for identifying the solution conditions that favor the formation of

cocrystals®:*2, Among the four regions shown in Figure 1.2, solution concentrations in both region



Il and IV are supersaturated with respect to the cocrystal. However, only pure cocrystal can form

in region IV because region Il is also supersaturated with respect to drug.
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Figure 1.2. Schematic phase solubility diagram indicating thermodynamic stability regions and
formation pathway of cocrystal. Lines represent solubility of drug A, coformer B, and cocrystal
AB. Cocrystal solubility decreases with coformer concentration [B]+. Subscript T represents total
concentrations. Arrows represent a path along which cocrystal is the only phase that can
crystallize. Region I: solution is supersaturated with respect to drug, and cocrystal can convert to
drug. Region Il: solution is supersaturated with respect to both drug and cocrystal, and both can
crystallize. Region IlI: solution is below saturation of drug, cocrystal, and coformer. Region 1V:
solution is supersaturated with respect to cocrystal, and cocrystal can crystallize®.

Cocrystal solubility

Solubility is determined by two important parameters, lattice and solvation energy. Lattice
energy refers to the intermolecular forces of the solute and solvation energy is the interaction
between the solute and solvent molecules in solution!. The solubility mechanism involves the

breaking of intermolecular bonds of the solid form and then follows by the formation of solvent-



solute bonds® °. Therefore, the strategies for enhancing solubility are to reduce the intermolecular
forces of the solute and/or maximize the solvation energy®. It is important to know the primary
barrier for solubility in order to determine what strategy to use for enhancing solubility®. Studies
have shown that the main barrier for cocrystal aqueous solubility is the solvation energy because
of the hydrophobic nature of the drug®. Consequently, the aqueous solubility of cocrystals can be
modulated through solution interactions, such as ionization, complexation and micellar

solubilization®. The common solution phase interactions of cocrystals are illustrated in Figure 1.3
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Figure 1.3. Cocrystal solution phase interactions and associated equilibria for a 1:1 cocrystal RHA
with a non-ionizable drug (R) and an ionizable coformer (HA) in micellar solution®.

lonization

The solubility pH dependence of a poorly water soluble drug can be modified via
cocrystallization with coformers of different ionization properties, such as acidic, basic,
amphoteric and zwitterionic'?. Mathematical models have been developed to predict the solubility
pH dependence of cocrystals based on the chemical equilibria of both components in solution*?,

Consider a 1:1 cocrystal with R as the non-ionizable drug and HA as the acidic coformer, the



chemical equilibria in solution include cocrystal dissociation and coformer ionization, which can

be described as follows:

RHAgp 0 & Raq + HAaq (1.2)

Ksp = [R]aq [HA]aq (1-2)

HA,y 5 H™ + Ag, (1.3)
_ [H*1[A7]aq

K, = A, (1.4)

where Ksp is the solubility product, Ka is the ionization constant of the coformer and subscript aq
denotes the aqueous phase*?. By applying mass balance for each component in solution, the total

drug and coformer concentrations can be expressed as'?:
[Rlr = [Rlaq (1.5)
[A]lr = [HA]aq + [A_]aq (16)

By combining the mass balance equations with the equilibrium constants, the total drug

concentration can be expressed as*?:

[Rlr = 2 (1+ %) (L.7)

T lAlr

When cocrystal is in equilibrium with solution under stoichiometric conditions, the cocrystal

solubility is equal to the total drug concentration, as well as the total coformer concentration?:

Scocrystal = [R]T = [A]r (18)

By combining equations 1.7 and 1.8, the stoichiometric solubility of a 1:1 cocrystal with

nonionizable drug and monoacidic coformer can be expressed as follow!?:



Kq
Scocrystal = Ksp (1 + [H+]) (19)

Solubility equations for cocrystals of varying ionization properties and stoichiometries can be
derived in a similar manner'?. The development of these mathematical models can give a priori
predictions of the solubility pH dependence of pharmaceutical cocrystals. The ability of cocrystals
in modulating the pH dependent solubility of the parent drugs is demonstrated in Figure 1.4.
Depending on the ionization properties of the coformers, the solubility behavior of cocrystals as a
function of pH can be very different from that of the parent drug. For example, a non-ionizable
drug exhibits no pH dependent solubility as shown in Figure 1.4, (a) and (b). However, the
cocrystal of this drug with diacidic coformer leads to increase in solubility as a function of pH,
whereas the cocrystal with amphoteric coformer results in a U-shaped solubility curve. The
solubility behavior is also predicted for cocrystals of a basic drug (Figure 1.4, ¢) and a zwitterionic

drug (Figure 1.4, d) with acidic coformers.
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Figure 1.4. Theoretical solubility-pH profiles for (a) 2:1 R2H2A cocrystal, (b) 2:1 R:HAB
cocrystal, (c) 2:1 B2H2A cocrystal and (d) 1:1 "TABH"H2X cocrystal calculated using previously
developed equations'?. Drug and coformer pKa values and cocrystal Ksp are included in each
graph.

Transition point: pHmax

A transition point, pHmax can exist if the solubility curve of the drug intersects with that of
the cocrystal at a given pH value. This transition point is an important parameter for determining
the stability region of cocrystals. An example demonstrating this transition point is shown in
Figure 1.5 for a dibasic drug, ketoconazole and its cocrystals with diacidic coformers®. At pHmax,
the solubility of the drug is the same as the cocrystals. Below pHmax, the drug has higher solubility,
but above it, the cocrystal solubility is higher. By changing the solution pH, the

thermodynamically stable cocrystal (below pHmax) can become unstable in solution (above pHmax).
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Figure 1.5. Solubility pH dependence of ketoconazole (—), ketoconazole-adipic acid (—),
ketoconazole-succinic acid (—) and ketoconazole-fumaric acid (—). The transition point,
PHmax, IS at the intersection between the drug and cocrystal solubility curves. Solid lines represent
the theoretical predictions and the symbols are the experimental data.

Micellar solubilization

Surfactants are common excipients used in pharmaceutical formulation development to
enhance the solubility of poorly water soluble drugs®. Studies have shown that the behavior of
cocrystals in surfactant solution is different from that of the single components® 3¢ A schematic
representation of micellar solubilization of cocrystal is demonstrated in Figure 1.6. The
solubilization process involves several equilibria between the cocrystal solid phase and its
components in the aqueous and micellar pseudophases®. As shown in Figure 1.6, surfactant can
solubilize the cocrystal components to different extents because of the different hydrophobicity
between the components. The hydrophobic drug is preferentially solubilized in the micelles, while
the hydrophilic coformer is mostly in the aqueous phase. Because of the differential solubilization
between the cocrystal components, the solubility dependence on surfactant concentration of the

cocrystal is different from the drug. The solubility of hydrophobic drug usually exhibits linear

11



dependence on surfactant concentration, while the cocrystal solubility exhibits nonlinear
dependence. The linear dependent solubility of a nonionizable drug in surfactant solution can be

described as
Sdrug = 50(1 + KSR [M]) (1.10)

and the nonlinear dependent solubility of 1:1 cocrystal RHA with nonionizable drug and acidic

coformer in surfactant solution is described as

Scocrystal = \/Ksp(l + K§ [M]) (1 + Ké—IA [M] + &) (1.11)

[H*]

where S, is the intrinsic solubility of the drug, KX and K™ are the solubilization constants of the
drug and coformer respectively, and M is the micellar surfactant concentration, which is equal to

the total surfactant concentration minus the critical micellar concentration (CMC) %,

&
“" “’ — ¢ ’0’ %
48 48 " 4 ’y
" 4 "‘

Micellar pseudophase

Figure 1.6. Schematic illustration of the equilibria between the cocrystal phase and its components
in the aqueous and micellar pseudophases. This scheme represents micellar solubilization of one
cocrystal component (for instance drug), leading to excess coformer in the aqueous pseudophase
and in this way stabilizing the cocrystal phase®.
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Transition point: CSC

Solubilizing agents such as surfactants, polymers and lipids can induce transition point for
cocrystals with higher solubility than the parent drug under the assumption that these agents
preferentially solubilize the drug over the coformer. This transition point is characterized by a
solubilizing agent concentration (i.e. CSC) required to achieve equivalent solubility between the
drug and cocrystal, and a solubility value (S ¢, Similar to pHmax, CSC marks the stability
region for cocrystals in solution containing solubilizing agents. Below the CSC, cocrystal is the
thermodynamically unstable phase relative to the less soluble drug®. Above the CSC, cocrystal

becomes thermodynamically stable because it is less soluble than the drug®®.

Surfactants can impart stability to the otherwise unstable cocrystals and the effectiveness
of stabilization is dependent on the relative magnitude of the micellar solubilization constants
between the components!® . As demonstrated in Figure 1.7, the greater the difference in micellar
solubilization between the drug and coformer, the lower the surfactant concentration required to
achieve the CSC value'® ®. The existence of CSC is due to the preferential solubilization, so it

will disappear if the solubilization of the drug is the same as the coformer as shown in Figure 1.71%

35
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Figure 1.7. Schematic representation of the cocrystal (RHA) and drug (R) solubility with respect
to the total surfactant concentration. KR and K!4 are the solubilization constants for R and HA,
respectively. CMC is the critical micellar concentration and CSC is the critical stabilization
concentration®,

Eutectic point measurement

Dissolution is the common method used in evaluating the solubility of cocrystals 3 2137,
However, this method usually fails to capture the true dissolution concentration time profile
because cocrystals are supersaturating drug delivery systems and may lead to drug crystallization
during dissolution®. Because of the solution mediated phase transformation, the thermodynamic
solubility of cocrystals can be underestimated using the kinetic measurements. To address this
problem, the eutectic point measurement has been developed to determine the thermodynamic
equilibrium solubility of cocrystals®®. At the eutectic point, the solid phases of both drug and
cocrystal are in equilibrium with solution, and the solution concentrations of drug and coformer
are dependent on the solution conditions, such as temperature, pH, solvent and additives'®. The
eutectic point can be established by following the flowchart illustrated in Figure 1.8. By measuring
the solution concentrations of the cocrystal components ([drug]es and [coformer]e) at the eutectic

point, the thermodynamic solubility of the cocrystal can be determined*®.
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Figure 1.8. Flowchart of representative methods used to determine the equilibrium solution
concentrations of cocrystal components at the eutectic point. In this case, the solid phases at
equilibrium are cocrystal and solid drug® 2.

Cocrystal dissolution and bioavailability

There are numerous examples in the literature trying to demonstrate the advantage of
cocrystals over the parent drugs by comparing the solubility, dissolution and bioavailability data®.
However, cocrystals do not always exhibit better performance than the parent compounds and the
in vitro dissolution data does not always correlate well with the in vivo data® & 2%, Experimental
designs and interpretation of the results can be improved by understanding the solubility and
dissolution mechanisms of cocrystals. This section includes a few examples of cocrystal

dissolution and bioavailability studies from the literature.

15



Carbamazepine

Carbamazepine (CBZ) is a BCS 11 antiepileptic drug that is known to have four different
anhydrous polymorphs, as well as hydrates and solvates®® %°. It has limited bioavailability because
of its poor water solubility, so it usually requires higher doses to achieve the desired
pharmacological effect*. Cocrystallization offers advantage for improving aqueous solubility of
CBZ over salt formation due to its neutral property. Many cocrystals have been discovered for
CBZ and some have been demonstrated to have improved solubility'® 342, CBZ cocrystals are
excellent examples for which the solubility pH dependence of neutral compounds can be tailored
through cocrystallization with different coformers. Among these cocrystals, CBZ saccharin (CBZ-
SAC) has been studied intensively and its performance has been compared with the marketed
product, Tegretol**. The dissolution studies of CBZ-SAC were performed in stimulated gastric
fluid at 37°C with different particle sizes and the results showed that the dissolution rate increased
with smaller particle sizes*. It was concluded that the smaller particle size of CBZ-SAC can
prevent the conversion of cocrystal to the more stable drug form in solution; however, such
statement was not conclusive because only one dissolution medium was studied and the solid phase
analyses were performed only on particle size of 500 pm or greater**. The pharmacokinetic studies
performed in dogs showed no statistical difference in pharmacokinetic parameters between the
cocrystal and Tegretol, which is shown in Figure 1.9*'. This comparable result is likely due to the
transformation of cocrystal back to the parent drug, which could potentially cause by the increased
solubility of the cocrystal at higher pH environment in the intestine®. In addition, the cocrystal
capsule is formulated differently from the marketed product. To improve in vivo performance, the
formulations of poorly water soluble drugs usually contain additives that can solubilize the drug.

CBZ-SAC may have better in vivo performance if it is formulated the same as the marketed

16



product. In conclusion, this study has demonstrated the need to understand the effect of particle

size and solution environment on cocrystal solubility and dissolution.
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Figure 1.9. Average plasma time curves of CBZ concentrations from a cross-over experiment in
fasted beagle dogs (n = 4) given oral doses of 200 mg of the active drug as Tegretol tablets and
CBZ-SAC*.

Indomethacin

Indomethacin (IND) is a nonsteroidal drug with anti-inflammatory, antipyretic and
analgesic properties, which belongs to the BCS class 11 compounds**. The two polymorphic forms
of IND are a and y, with the y form being thermodynamically stable at room temperature**. IND
is a weakly acidic drug with a pKa value of 4.5 and its y form has a solubility of 2.5-4 pg/ml in
water. This low solubility could be the potential cause for low and erratic bioavailability**. To
improve the solubility and dissolution of IND, it was cocrystallized with SAC. The powder
dissolution study indicated that the dissolution of the cocrystal was higher in pH 7.4 phosphate
buffer compared to the y form*. The conversion of the cocrystal to the y form was noticed during

dissolution, but in-depth understanding of the dissolution behavior is lacking**.

The dissolution and bioavailability of IND-SAC were evaluated and compared to the

marketed product Indomee*®. In vitro dissolution studies were performed in both pH 7.4 phosphate
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buffer and 0.1 M HCI with 0.5% Tween 80 at pH 1.2!8. The results indicated that IND-SAC
exhibited higher dissolution rate in both dissolution media compared to IND, but displayed
comparable dissolution rate as the marketed product®8. This study demonstrated the pH effect on
the dissolution of IND-SAC, in which the dissolution rate increased at high pH due to the acidity
of IND and SAC! 8 Bioavailability of IND, IND-SAC and marketed product were evaluated in
beagle dogs. The cocrystal was prepared in hard gelatin capsules containing only lactose, whereas
the marketed product contained more additives!8. As shown in Figure 1.10, the AUC and Cmax of
IND-SAC were higher than IND, but similar to the marketed product®®. Again, this similar
bioavailability between the cocrystal and the marketed product is potentially due to the additives

used in the marketed product to optimize the formulation®®,
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Figure 1.10. Plasma concentration vs. time profiles for IND after oral administration of various
formulations in beagle dogs: (e) IND-SAC cocrystal (ground); (m) 1:1 Physical mixture of IND
(y) and SAC; (A) Indomee®. Error bars show standard deviation®®,

Meloxicam

Meloxicam is a BCS class 11 non-steroidal anti-inflammatory and antipyretic drug®. It has
a solubility of 0.012 mg/mL in water and its solubility is pH dependent due to its ionization
property*. Meloxicam has five polymorphic forms and it can exist in four different tautomeric

forms depending on the solution environment®®. The cation form is the dominate species under
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acidic conditions; the zwitterion or enol form exists in neutral conditions; and the anion form
presences in basic conditions*. Meloxicam has an acidic pKa of 4.18 and a basic pKa of 1.09%.
Because of its low solubility, the therapeutic onset time of meloxicam is long. Several cocrystals
with different carboxylic acids as coformers have been discovered to improve the solubility and

thus decrease the onset time of meloxicam®.

As one of the cocrystals, the kinetic solubility and bioavailability of meloxicam-aspirin
cocrystal were evaluated*’. The cocrystal did not exhibit any solubility advantage in water at room
temperature compared to the parent drug®’. However, the cocrystal showed a 44 fold solubility
enhancement in pH 7.4 phosphate buffer at 37°C compared to the parent drug*’. The oral

bioavailability of the cocrystal was 69%, whereas the parent drug was only 16%*'.

A more recent study evaluated the correlation between the in vitro dissolution data and in
vivo performance of meloxicam cocrystals®. The in vitro dissolution of meloxicam and its 12
cocrystals were performed in pH 6.5 phosphate buffer solutions at 37°C and the pharmacokinetic
studies were performed using Sprague-Dawley rats, in which the rats were dosed with cocrystals
suspended in 5% polyethylene glycol 400 (PEG 400) and 95% methylcellulose solutions®. All the
cocrystals exhibited faster dissolution rates at early time points, but eventually equilibrated to
similar dissolution rate as meloxicam due to conversion®. The pharmacokinetic study showed
similar behavior as the dissolution®. The correlation between the in vitro dissolution rates and in
vivo absorption rates of the cocrystals was determined using linear regression analysis with a R?
of 0.7067, which is shown Figure 1.118. However, such correlation is not very accurate due to the
following reasons. First, phosphate buffer is not a very good representation of the physiological
conditions. The gastric intestinal (GI) tract contains bile salts, which are natural surfactants that

can improve bioavailability by increasing dissolution rate*®. Second, the dissolution studies were

19



performed using pure cocrystals, whereas the pharmacokinetic studies used cocrystal suspensions
in PEG 400 and methylcellulose solutions. These polymers may have an impact on the solubility
of the cocrystals. To have better IVIV correlation, the dissolution studies should be conducted in

physiological relevant conditions.
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Figure 1.11. Correlation between in vitro dissolution rates and in vivo absorption rates of
meloxicam and its cocrystals®.

Lamotrigine

Lamotrigine is a BCS class Il anticonvulsant drug, which exhibits poor water solubility
(0.17 mg/mL at 25°C) and dissolution rate*®. Despite the fact that lamotrigine is a weak base with
a pKa of 5.7, its aqueous solubility is still very low in 0.1 M HCI (4.1 mg/mL)*. Novel crystal
forms of lamotrigine have been discovered to improve the solubility, which include three
cocrystals, one cocrystal hydrate, three salt forms, two solvates and one hydrated form*. Some of
these crystal forms were selected to determine their dissolution rates and pharmacokinetic
behavior*®. As shown in Figure 1.12, Lamotrigine methylparaben form Il cocrystal exhibited
lower maximal concentration during dissolution in water compared to the parent drug; however, it
was able to achieve higher maximal concentration during dissolution in 0.1 M HCI solution*®. This

different dissolution behavior is most likely due to the pH effect on dissolution. However, the
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authors stated that the dissolution profiles in acidic conditions were not affected by pH because
there was no significant change in the final pH of the solution®®. Although the pH in the bulk
solution did not change, the pH at the dissolving surface can be different and this interfacial pH is

the determining factor for the dissolution behavior.
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Figure 1.12. Dissolution profiles in water (a) and 0.1 M HCI (b) of lamotrigine and its crystal
forms. 2: lamotrigine methylparaben cocrystal form 1l; 3: lamotrigine nicotinamide cocrystal; 4:
lamotrigine nicotinamide cocrystal monohydrate; 5: lamotrigine saccharin salt*.

The mechanism of dissolution

Dissolution is defined as the “the mixing of two phases with the formation of one new
homogeneous phase”, and this process involves five major steps: 1) the wetting of drug particle
surface by water; 2) the breakdown of solid state bonds; 3) the solvation of drug molecules with
water; 4) the diffusion of drug molecules away from the dissolving surface into the well-stirred
bulk solution and 5) the convection within the well-stirred bulk solution®®. In most cases, the first
three steps happen instantaneously and thus, diffusion is usually the rate limiting step that

determines the dissolution rate®!.

Dissolution is the prerequisite of drug absorption for almost all drugs that are given orally
and the purpose of in vitro dissolution studies is to provide a fast and inexpensive way to predict
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in vivo performance of drugs®® °2. Thus, it is essential to understand the mechanism of dissolution
and the development of mechanistic models for the dissolution process can be very beneficial®.
The first diffusion controlled dissolution experiment was conducted by Noyes and Whitney in
1897 and based on their observations, they proposed the dissolution mechanism to be the diffusion
from the thin film of saturated solution that surrounded the dissolving substances®® °1:%3, In 1904,
Nernst and Brunner modified the Noyes and Whitney model and postulated the existence of a
diffusion layer adhering to the dissolving surface® !:°455  Based on the concept of diffusion layer

and Fick’s first law, they derived the Nernst-Brunner equation®* °°,

am

DS
M= -c (112)

where dM/dt is the rate of dissolution, D is the diffusion coefficient of the drug, S is the surface
area of the drug, h is the thickness of the diffusion layer, Cs and C; are the solubility of the drug
and the concentration of the drug in the bulk solution at time t, respectively®®. Based on this
equation, the rate of dissolution is influenced by diffusion, surface area, solubility and thickness

of the unstirred boundary layer.
Rotating disk dissolution

Intrinsic dissolution rate (IDR) is a useful tool to characterize drugs and it has been used
to determine the relationship between dissolution rate and crystalline form, as well as to study the
effect of surfactants and pH on the dissolution of poorly soluble drugs®. IDR has recently been
suggested to use for BCS classification because its correlation with in vivo dissolution rate is better
compared to solublity®®. 1DR is defined as the dissolution rate of pure drug substance when
extrinsic factors, such as surface area, agitation, pH, ionic strength and temperature of the

dissolution medium, are held constant>® ", IDR can be measured by dissolution methods such as
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the fixed disk system and rotating disk system®’. Rotating disk system is the commonly used
method and it is also known as the “Wood’s apparatus”®’. One advantage of using this apparatus
is that the hydrodynamic boundary layer has been well defined. According to Levich model®®, the

thickness of the diffusion boundary layer for rotating disk is defined as:
h = 1.612D/3vy1/6y=1/2 (1.13)

where v is the kinematic viscosity of the medium and w is the angular velocity in radians per unit

time®8.

The rate of dissolution can be expressed in terms of flux, which is defined as the amount
of material flowing through a unit cross section of a barrier in a unit time®2. According to Fick’s

first law, flux is described as follow:
dc
J]=-D - (1.14)

where J is the flux and % is the concentration gradient within the diffusion layer®. Combining

equations 1.12, 1.13 & 1.14, the equation describing the flux of drug substance across the diffusion

layer for rotating disk system can be derived as??
J = 0.62D%/3p=1/out/2C, (1.15)

This equation is based on the assumption that dissolution is conducted under sink conditions,

where Ct is equal to zero?,
Mass transport analyses of carboxylic acids

Rotating disk dissolution apparatus has been used to examine the effect of pH on the

dissolution kinetics of three carboxylic acids, benzoic acid, 2-naphthoic acid and indomethacin

23



under unbuffered conditions??>. Mass transport model has been developed to describe the
dissolution process with simultaneous diffusion and chemical reactions within the hydrodynamic
boundary layer adjacent to the dissolving surface?>. The chemical reactions happening at the
dissolving surface during dissolution can alter the pH microenvironment and cause the pH at the
interface to be different from that of the bulk solution?. The development of the mass transport

model allows the prediction of this interfacial pH and the flux that depends on this pH.

The dissolution pH dependence of the three carboxylic acids confirms that the pH at the
dissolving solid surface is different from the bulk solution??. These carboxylic acids liberate
hydrogen ions that can lower the pH at the dissolving solid surface compared to the bulk solution.
The ionization of these acids also results in a buffer effect at the interface such that the interfacial
pH remains relatively constant regardless of bulk pH changes as shown in Figure 1.13 (a)%.
Interfacial pH dictates the dissolution behavior of these acids. As shown in Figure 1.13 (b), the
flux values of all three acids increase with bulk pH, but they all reach constant values at the
buffering regions where there are minimal changes in interfacial pH?2. Knowledge of interfacial
pH is essential for understanding the dissolution behavior of ionizable compounds. The difficulty
in accessing interfacial pH experimentally emphasizes the importance of performing mass
transport analyses for ionizable compounds. The mass transport models for predicting interfacial
pH and flux consider the properties of the dissolving compounds, such as solubility, pKa values,
and diffusion coefficients, and as well as the composition of the dissolution media, such as buffer

species, bulk pH, et al?>?,
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Figure 1.13. (a) Interfacial pH as a function of bulk pH for 1: indomethacin, 2: 2-naphthoic acid
and 3: benzoic acid. (b) Flux ratios as a function of bulk pH for indomethacin ( A), 2-naphthoic
acid (m) and benzoic acid (e)%.

Statement of dissertation research

Although the dissolution rates of cocrystals have been widely studied® 8 1821 not many
have considered the mechanism of the dissolution process®*%%. Due to the lack of knowledge in
this area, the purpose of this dissertation research is to provide a mechanistic understanding of the
dissolution behavior of cocrystals under the influence of different solution conditions, such as pH
and the presence of surfactant, coformer and buffer. The main objective of this research is to
develop mass transport models that incorporate the important physicochemical properties of the
cocrystals to explain their dissolution behavior under different solution conditions. These mass
transport analyses can not only guide the development process of cocrystals, but also provide

useful insights for predicting their in vivo performance.
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Chapter 2 of this thesis studies the dissolution behavior of two carbamazepine cocrystals
under the influence of pH and micellar solubilization. The purpose of this chapter is to provide a
mechanistic understanding of the dissolution behavior of cocrystals through mass transport
analyses. It has been shown that the pH at the dissolving surface of ionizable drug is different
from the bulk solution?>4, This interfacial pH is important for determining the dissolution rate
and can be predicted by developing mass transport models??2*, In this chapter, mass transport
models are developed by applying Fick’s law of diffusion to dissolution with simultaneous
chemical reactions in the hydrodynamic boundary layer adjacent to the dissolving cocrystal surface
to predict the interfacial pH and flux of the cocrystals. The predictive powers of these models are
evaluated by comparing the theoretical predictions of cocrystal flux with the experimental data as
a function of pH and surfactant concentration. This chapter also discusses the important roles of
cocrystal physicochemical properties, such as solubility, diffusivity, ionization, micellar

solubilization in determining the interfacial pH and rates of dissolution.

Chapter 3 provides a mechanistic analysis and comparison of the dissolution behavior of
carbamazepine to its two cocrystals under the combination effect of pH and surfactant. In this
chapter, a simple mathematical equation is derived based on the mass transport analyses of both
drug and cocrystal to describe the dissolution advantage of cocrystal, which is defined as the flux
of the cocrystal over that of the drug. The dissolution advantage is dependent on both the solubility
and diffusion coefficient advantages of the cocrystal. If the diffusion coefficient of the drug is the
same as that of the cocrystal, the cocrystal dissolution advantage is equal to the solubility
advantage. This chapter evaluates the cocrystal dissolution advantage under the conditions where
the diffusivity of the drug is different from that of the cocrystal. Having a diffusivity advantage

can be beneficial because it requires lower or even no solubility advantage to maintain higher
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cocrystal dissolution rate. The developed mass transport models can be used to evaluate the
dissolution conditions where the cocrystals can display both dissolution advantage and

thermodynamic stability.

Chapter 4 evaluates the influence of excess coformer on the dissolution rates of cocrystals.
Similar to pharmaceutical salts, cocrystals also exhibit solubility product behavior. This behavior
leads to the suppression of salt dissociation in the presence of excess counter ion, which is known
as the common ion effect. The solubility of cocrystal has also been shown to decrease in the
presence of excess coformer. Using salts as an analogy, the influence of excess coformer on the
solubility and dissolution rates of cocrystals is defined as the common coformer effect. Excess
coformer can potentially be accumulated in the intestinal lumen if the permeation of the drug is
faster than the coformer. The excess coformer in the intestine can affect the dissolution rate if the
cocrystal has not completely dissolved. Evaluating the common coformer effect on the dissolution
of cocrystals can provide insights on how the differential permeations between the cocrystal
components could impact the oral absorption. Another important purpose of this chapter is to
validate the surface saturation model developed in Chapter 2 to describe the dissolution mechanism
of cocrystals. By varying the coformer concentration in the bulk solution, the surface

concentration of coformer can be the same as or higher than the drug concentration.

Chapter 5 investigates and compares the pH effect on the dissolution of a dibasic drug,
ketoconazole to its three cocrystals with diacidic coformers. Because of its basicity, the oral
absorption of ketoconazole can be impaired for patients with elevated stomach pH. However, in
vivo performance can be improved under acidic conditions. One of the objectives of this chapter
is to examine the potential of cocrystallizing ketoconazole with acidic coformers in enhancing

bioavailability. This is achieved by evaluating and comparing the dissolution pH dependence of
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ketoconazole to its cocrystals. In this chapter, the mass transport models are expanded to include
cocrystals with components of diverse ionization properties, specifically for cocrystals with
dibasic drugs and diacidic coformers. The mass transport analyses result in a cubic equation and
an eighth order polynomial equation for predicting the interfacial pH for the dissolution of the
diabasic drug and its cocrystals with diacidic coformers, respectively. Based on the interfacial
pH predictions, the dissolution pH dependence of both ketoconazole and its cocrystals are
predicted and compared to the experimental data. The mechanistic understanding of cocrystal

dissoluiton provides useful information for the selection process and formulation development.

Chapter 6 studies the effect of buffer on the dissolution rate of a 1:1 cocrystal,
carbamazepine-salicylic acid. This chapter extends the mass transport model developed in Chapter
2 to include the chemical reactions between the acidic coformer and the basic buffer species within
the hydrodynamic boundary layer. In the presence of monoprotic buffer, a seventh order
polynomial equation is required to predict the interfacial pH for the dissolution of 1:1 cocrystals
with nonionizable drug and monoacidic coformer. The impact of buffer on the dissolution of
cocrystals is evaluated using the mass transport model as a function of bulk pH and buffer
concentration. The predictive power of this mass transport model is evaluated by comparing the
theoretical flux predictions with the experimental data obtained in different acetate and phosphate
buffer concentrations. A constant surfactant concentration (150 mM sodium lauryl sulfate) is used

in all dissolution studies to prevent or minimize the cocrystal conversion.

The last chapter of this thesis concludes with the significant findings and future directions
of this research. Chapter 2 of this thesis is published in Molecular Pharmaceutics 2016, 13(3),

1030-46. A manuscript of Chapter 5 is currently being prepared for publication.
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CHAPTER 2

MECHANISTIC ANALYSIS OF COCRYSTAL DISSOLUTION AS A FUNCTION OF

pH AND MICELLAR SOLUBILIZATION"

Abstract

The purpose of this work is to provide a mechanistic understanding of the dissolution
behavior of cocrystals under the influence of ionization and micellar solubilization. Mass transport
models were developed by applying Fick’s Law of diffusion to dissolution with simultaneous
chemical reactions in the hydrodynamic boundary layer adjacent to the dissolving cocrystal surface
to predict the pH at the dissolving solid-liquid interface (i.e. interfacial pH) and the flux of
cocrystals. To evaluate the predictive power of these models, dissolution studies of
carbamazepine-saccharin (CBZ-SAC) and carbamazepine-salicylic acid (CBZ-SLC) cocrystals
were performed at varied pH and surfactant concentrations above the critical stabilization
concentration (CSC), where the cocrystals were thermodynamically stable. The findings in this
work demonstrate the pH dependent dissolution behavior of cocrystals with ionizable components
is dependent on interfacial pH. This mass transport analysis demonstrates the importance of pH,

cocrystal solubility, diffusivity, and micellar solubilization on the dissolution rates of cocrystals.

* This Chapter is published in Molecular Pharmaceutics, 2016, 13 (3), 1030-1046,
http://pubs.acs.org/doi/full/10.1021/acs.molpharmaceut.5b00862.
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Introduction

The enhancement of aqueous solubility has remained a challenge for the successful
development of new drug products in the pharmaceutical industry as the number of poorly water
soluble drugs is increasing. Many strategies have been employed to overcome this challenge by
modifying the solid structure of the drug and these include amorphous forms, polymorphism,
solvates, hydrates, salts and cocrystals® 2. Among these approaches, cocrystalline solids have
generated tremendous interest due to their potential advantages over other solid forms, such as
their diversity in formation and large solubility range>*. Due to their potential of increasing the
bioavailability of drugs, many studies have been carried out to understand the solubility and
dissolution behavior of cocrystals® >°. The solubility behavior of cocrystals has been studied®*3
and detailed mechanisms of how solution interactions such as ionization and micellar
solubilization affect the solubility of cocrystals have been identified by Rodriguez and
coworkers'*7. Although there are many dissolution studies of cocrystals in the literature® >, only
a few have considered the mechanism of dissolution? 1% A detailed mechanistic understanding
of how physicochemical properties of cocrystal components affect the dissolution behavior still
remains to be explored. It is essential to understand the dissolution mechanism of cocrystals
because such knowledge can provide a better understanding of the oral absorption of drugs from

the cocrystalline solids.

An important consideration for cocrystals is the possibility that solution mediated phase
transformation (eg: precipitation of less soluble drug) can occur during dissolution for cocrystals
with higher solubility than their parent drugs. This phenomenon has been observed in a number
of studies in the literature!® 12!, Rapid conversion back to the parent compound makes the

measurement of cocrystal dissolution challenging. Dissolution experiments have been carried out
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at low temperature to decrease the dissolution rates of highly soluble cocrystals to capture the
intrinsic dissolution rates; however, phase transformation was still observed?. It has also been
shown that surfactants can thermodynamically stabilize cocrystals due to differences in micellar
solubilization between the drug and coformer!” 22 23, The critical stabilization concentration
(CSC) has been defined as the surfactant concentration required to achieve equivalent solubility
of the cocrystal and parent drug®’. Cocrystals are thermodynamically unstable below the CSC and
crystallization of pure drug can occur, but thermodynamically stable at or above the CSCY'.
Therefore, solid phase transformation can be prevented by performing cocrystal dissolution at or

above the CSC.

Cocrystal usually contains a hydrophobic drug and a hydrophilic coformer that have very
different physicochemical properties such as ionization, hydrophobicity, and diffusivity. These
properties can have very significant effects on the dissolution rates of cocrystals. The ionizable
components can undergo simultaneous chemical reactions at the dissolving surface with the
chemical species coming from the bulk solution during dissolution. Consequently, the pH at the
dissolving surface is not necessarily equivalent to the bulk solution?*. The first and most important
step for determining the dissolution rate of cocrystal with ionizable components is to model the
pH at the dissolving surface. Interfacial pH is affected by the degree of ionization of the
component at the interface, which is determined by the concentration and pKa value of the
ionizable component?*. For single component dissolution, the concentration at the dissolving
surface is dictated by the solubility of that component. Diffusivity can also influence the
concentrations of the components at the dissolving surface for multi-component dissolution with
different component diffusion coefficients. The faster diffusing component can lead to a decrease

in concentration of that component at the dissolving surface?. The dissolution of cocrystal is a
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multi-component system with different component diffusivities. Therefore, the concentration of
the faster diffusing cocrystal component will have a dependence on the difference in diffusivities
between the cocrystal components. The larger the difference between the diffusivities, the lower

the concentration of the faster diffusing component will be at the surface.

The purpose of this work is to provide a mechanistically realistic physical mass transport
analysis of the dissolution behavior of cocrystals under the combined influence of ionization and
micellar solubilization. Mass transport models were developed by applying Fick’s Law of
diffusion to dissolution with simultaneous chemical reactions in the hydrodynamic boundary layer
adjacent to the dissolving cocrystal surface?®. To evaluate the predictive power of these models,
the constant surface area dissolution rates of two model cocrystals with 1:1 stoichiometric ratio,
carbamazepine-saccharin  (CBZ-SAC) and carbamazepine-salicylic acid (CBZ-SLC) were
determined using a rotating disk dissolution apparatus. Carbamazepine is non-ionizable, saccharin
and salicylic acid are monoprotic weak acids with reported pKa values of 1.6 and 3.0,

respectively® 1’
Materials and methods
Materials

Anhydrous carbamazepine (CBZ), salicylic acid (SLC) and sodium lauryl sulfate (SLS)
were purchased from Sigma Chemical Company (St. Louis, MO) and used as received.
Carbamazepine dihydrate (CBZD) was prepared by slurrying anhydrous CBZ in deionized water
for 24 hours and solid was obtained through vacuum filtration. Saccharin (SAC) was purchased
from Acros Organics (Pittsburgh, PA) and used as received. Isopropanol, acetonitrile, methanol

and hydrochloric acid were purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide

38



pellets were purchased from J.T. Baker (Philipsburg, NJ). Water used in this study was filtered
through a double deionized purification system (Milli Q Plus Water System) from Millipore Co.

(Bedford, MA).

Cocrystal synthesis

Cocrystals were prepared by reaction crystallization method?® at room temperature. CBZ-
SAC was prepared by adding 1:1 molar ratio of CBZ and SAC in isopropanol solution. CBZ-SLC
was prepared by adding 1:1 molar ratio of CBZ and SLC in acetonitrile solution containing 0.1 M
SLC. Solid phases were characterized by X-ray powder diffraction (XRPD) and differential

scanning calorimetry (DSC).

Cocrystal solubility measurements

Cocrystal solubility was measured by determining the eutectic concentrations of the drug
and coformer as a function of SLS concentration at pH 1 and 25°C. A detailed discussion of the
eutectic point measurement was reported elsewhere?’. Cocrystals (~100 to 150 mg) and CBZD
(~50 to 100 mg) were suspended in 3 mL of aqueous SLS solution and stirred for 4 days. Samples
were collected at 24 hour intervals and centrifuged using Corning Costar Spin-X plastic centrifuge
tubes with filters to separate the excess solid from solution. Solution concentrations were
measured using HPLC and solid phases were analyzed by XRPD. Cocrystal stoichiometric
solubility was determined from the measured eutectic concentrations of the cocrystal components

using the method previously developed?’.

Cocrystal dissolution measurements

The constant surface area dissolution rates of cocrystals were determined using a rotating

disk apparatus. Cocrystal powder (~150 mg) was compressed in a stainless steel rotating disk die
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with a tablet radius of 0.50 cm at approximately 85 MPa for 2 minutes using a hydraulic press.
The die containing the compact was mounted onto a stainless steel shaft attached to an overhead,
variable speed motor. The disk was exposed to 150 mL of the dissolution medium in a water
jacketed beaker with temperature controlled at 25°C and a rotation speed of 200 rpm was used.
Dissolution medium was prepared on the day of the experiment by dissolving SLS in water and
solution pH was adjusted using HCI or NaOH. The pH of dissolution media did not change during
the experiments at pH 1-3 for both cocrystals. Although the pH decreased for dissolution at pH 4
and above, the final pH was still within the buffering region. This means that the change in bulk
pH during dissolution would not have significant impact on the interfacial pH. Sink conditions
were maintained throughout the experiments by ensuring the concentrations at the last time point
of the dissolution were less than 10% of the cocrystal solubility. Solution concentrations were

measured using HPLC and solid phases after dissolution were analyzed by XRPD.

HPLC

Waters HPLC equipped with a photodiode array detector was used for all analysis. The
mobile phase was composed of 55% methanol and 45% water with 0.1% trifluoroacetic acid and
the flow rate of 1 mL/min was used. Separation was achieved using Waters, Atlantis, T3 column
(5.0 um, 100 A) with dimensions of 4.6 x 250 mm. The sample injection volume was 20 uL. The
wavelengths for the analytes were as follows: 284 nm for CBZ, 250 nm for SAC and 303 nm for

SLC.
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XRPD

XRPD diffractograms of solid phases were collected with a benchtop Rigaku Miniflex X-
ray diffractometer using Cu-Ko radiation (A = 1.54 A), a tube voltage of 30 kV, and a tube current

of 15 mA. Data was collected from 5 to 40° at a continuous scan rate of 2.5°/min.

DSC

Crystalline samples were analyzed by DSC using a TA instrument 2910 MDSC system
equipped with a refrigerated cooling unit. All experiments were performed by heating the samples
at a rate of 10 °C/min under a dry nitrogen atmosphere. Temperature and enthalpy of the

instrument were calibrated using high purity indium standard.
Theoretical

The following mass transport analysis utilizes the classic film theory that postulates the
presence of a diffusion boundary layer (i.e. stagnant layer) adjacent to the dissolving surface®,
The dissolution process is determined by the concentration gradient across the diffusion boundary
layer and influenced by the simultaneous diffusion and chemical reactions occurring at the
dissolving surface and in the adjacent boundary layer?*. For the dissolution of a 1:1 cocrystal in
non-reactive media (eg: no ionization or micellar solubilization), the cocrystal would first dissolve
according to its solubility product to give equal molar concentrations of the drug and coformer.
Both components would then diffuse across the boundary layer into the bulk solution based on
their diffusion coefficients and concentration gradients. Cocrystalline solids have well defined
stoichiometry so they will dissolve according to their stoichiometric ratios assuming that there is

no precipitation.
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At steady state, the dissolution rate of the drug must be the same as the coformer for a 1:1
cocrystal if there is no solid phase transformation during dissolution (eg: drug precipitation). As
mentioned above, diffusion across the boundary layer is influenced by component diffusion
coefficients and for most cocrystals, the drug molecule is larger than the coformer, so the diffusion
coefficient of the drug is usually less than the coformer. The difference in diffusivities between
the cocrystal components may be magnified if the dissolution is performed in surfactant solution
where the drug may be highly solubilized by micelles, but the coformer is only slightly solubilized.
Micellar solubilization typically reduces the diffusion rate of the drug significantly compared to
the coformer due to the much lower diffusion coefficient of the drug loaded micelles. With slower
diffusion, the transport rate of the drug would be less than the coformer.  To maintain
stoichiometric dissolution of both components of the cocrystal, the difference in diffusivities can
influence the concentrations of the components at the dissolving surface under steady state

conditions.

The mass transport process of cocrystals may be analyzed in two ways described here as
the interfacial equilibrium and the surface saturation models. Both of these models were developed
based on the classic film theory of dissolution?® and the solubility product behavior of cocrystals.
The major difference between the two models is related to the boundary conditions at the solid-
liquid interface. For the interfacial equilibrium model, the solubility product of the cocrystal is
assumed to apply at the dissolving surface at all times t > 0. For the surface saturation model, the
concentration of the slower diffusing component, typically the drug, is maintained equal to the
stoichiometric solubility of the cocrystal while the concentration of the faster diffusing component,
typically the coformer, is depleted due to its more rapid diffusion. Due to the depletion of the

coformer at the dissolving surface, the solubility product of the cocrystal is not maintained for the
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surface saturation model. It is appropriate to point out that the application of rotating disk
hydrodynamics and the associated hydrodynamic boundary layer are simplifying assumptions
where simultaneous chemical reactions and micelle solubilization occur. However, useful
predictions may be obtained that provide insight into the mechanisms and rate limiting processes
impacting dissolution. More detailed descriptions of the two models are provided in the following

sections.

Both models are based on the following assumptions: chemical reactions and solute
solubilization within the diffusion layer occur instantaneously, free solute and micelle are in
equilibrium throughout the diffusion layer, the ionized form of the coformer is not solubilized by
surfactant, the solubilization constant of the coformer does not change with surfactant
concentration, aqueous diffusivity of the ionized and non-ionized forms are the same. For
simplification of the interfacial pH prediction, the effective diffusivity of the coformer is assumed
to be the same as the aqueous diffusivity because it is not significantly solubilized by the surfactant.
In this study, the effect of surfactant concentration on the viscosity of dissolution media was not
accounted for the mass transport analysis. Although the viscosity of the dissolution media may
approximately double at high surfactant concentration (eg: 300 mM)?°, its impact on the
hydrodynamic boundary layer is small as shown in equation 10. The viscosity of dissolution media
is not expected to significantly affect the diffusion of free species as they are assumed to be
diffusing through the aqueous phase where the surfactant concentration is equal to the critical
micellar concentration (CMC) and the viscosity is not substantially different from water*°. The
effect of viscosity on the diffusion coefficient of the micelles incorporates the effect of viscosity

changes.
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Interfacial equilibrium model

A schematic representation of the dissolution process for a 1:1 cocrystal with non-ionizable
components, RA, where R is drug and A is coformer, in non-reactive media, is shown in Figure
2.1. The first step of dissolution is the formation of a saturated solution at the solid-liquid interface,
which represents the equilibrium between the solid cocrystal and solution. This leads to the
dissociation of RA into its components, R and A, according to the solubility product, Ksp, as

described by the following equations:
(RA)s S Rgq + Agq (2.1)
Ksp = [R]aq [A]aq (2.2)

where subscript s denotes the solid phase and aq denotes the aqueous phase.
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< Bulk < [Rlzq0 Bulk
o nd
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= = o
3 3
[2] w
o o
© ©
w w
[(Rlagn = [Alagn =0 [Rlagn =[Al:qn=0
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Saturated Layer Diffusion Layer Saturated Layer Diffusion Layer
[R]aq,o * [A]aq,o = Ksp [R]aq.o * [A]aq‘O = Ksp

Figure 2.1. Schematic representation of the dissolution process of RA in non-reactive media using
the interfacial equilibrium model. [R]ago0 and [A]aqo represent the concentrations of R and A at the
dissolving surface; [R]aqh and [A]aqh represent the concentrations of R and A in the bulk assuming
sink conditions; Sra is the solubility of the cocrystal and Ksp is the solubility product of the
cocrystal.
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At time = 0, before any component diffusion, the concentration of the drug in the saturated
layer should be the same as the coformer for 1:1 cocrystals as shown in Figure 2.1. As diffusion
occurs, the chemical equilibrium shown in equation 2.1 is disrupted in the saturated layer because
of the decrease in concentration of A due to its more rapid diffusion. To re-establish this
equilibrium in the saturated layer, which means keeping Ksp constant, the concentrations of R and
A would have to vary. A boundary condition assumption at the solid-liquid interface for the
interfacial equilibrium model is that the Ksp relationship is assumed to apply at all times (t > 0).
Because of the different diffusivities between the cocrystal components, the concentrations of R
and A will differ at the dissolving surface for t > 0 to maintain stoichiometric dissolution. At
steady state, the concentration of R at the solid liquid interface would be higher than the
stoichiometric solubility of the cocrystal due to its lower diffusion coefficient, while the

concentration of A is consequently smaller to maintain the Ksp.

If there is no solid phase transformation or precipitation in the boundary layer or at the
solid surface, the dissolution rate of the drug must be the same as the coformer for a 1:1 cocrystal.
The dissolution rate of the cocrystal in terms of components can be described by the Nernst-

Brunner equation®® 3! for flux:

DR[R]

Jp = aq,0 =], = D4lAlaq,o
h

: 23)

where D is diffusivity, [R],4,0 and [A] 44,0 are total concentrations of the drug and coformer at the
dissolving surface and h is the thickness of the hydrodynamic boundary layer that reflects the
hydrodynamic conditions near the dissolving surface and sink conditions are assumed. Since this

model is assumed to maintain Ksp, the following relationship is true at all time:

[R]aq,o * [A]aq,o = Ksp (2.4)

45



The concentration of coformer, [A],4,0 and drug, [R],4,0. at the solid liquid interface can

be solved using equations 2.3 and 2.4 as follows:

[Alago = GD*Ksp (2.5)

[Rlago = (32) [Alago = () G2 \/Ksp = (L’j—;f)%JK_sp (26)

The concentrations of both components at the surface are dependent on the solubility and
differential diffusivity between the components. A large difference between the component
diffusivities increases the concentration difference between the drug and coformer at the solid-

liquid interface while maintaining the solubility product.

Surface saturation model

The dissolution process of RA in non-reactive media can also be described using the
surface saturation model, illustrated in Figure 2.2. It is assumed that a saturated layer adjacent to
the dissolving surface consists of equal molar concentrations of R and A at the saturated solubility
of the cocrystal (ie: stoichiometric cocrystal solubility) at time = 0. Before any component
diffusion, the concentration product of both components within the saturated layer is equal to the
solubility product of the cocrystal. Both components then diffuse across the diffusion layer at
equal rates in proportion to their respective diffusion coefficients. As diffusion begins, the
concentrations of both components would be depleted, but the depletion of A would be greater
because of its greater diffusivity compared to R. In response to the depletion, more solid cocrystal
would dissolve to maintain a saturated solution corresponding to the solubility of the cocrystal in

the saturated layer. As the slower diffusing component, the rate of R depletion determines the rate
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of replenishment. Therefore, the concentration of R at the dissolving surface is maintained at the

stoichiometric solubility of the cocrystal:

[R]aq,o = JKsp (2.7)

while the concentration of A may be lower. By assuming the dissolution rate of the drug is equal

to the coformer, the concentration of A at the surface can be solved as follows:

Dpr Ksp D [A]aq,o

Jp ==t =y = (2.8)
[A]u0o = 2 /K (2.9)
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Figure 2.2. Schematic representation of the dissolution process of RA in non-reactive media using
the surface saturation model. [R]aq0 and [Alago represent the concentrations of R and A at the
dissolving surface; [R]agh and [A]aqh represent the concentrations of R and A in the bulk assuming
sink conditions; Sra is the solubility of the cocrystal and Ksp is the solubility product of the
cocrystal.

The concentration of the drug at the surface is the same as the stoichiometric solubility of
the cocrystal, but the coformer concentration is dependent on both the cocrystal solubility and

differential diffusivity between the cocrystal components. The greater the difference in diffusivity,
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the lower the concentration of coformer is at the surface. Because of the lower coformer

concentration, the solubility product no longer applies beyond the interface at x > 0.

The assumptions made for both models are based upon the fact that the diffusion
coefficients of the cocrystal components are different. Under stoichiometric dissolution for a 1:1
cocrystal, the dissolution rates of both species are observed to be equal with no solid phase
transformation. The difference in diffusion coefficients can result in unequal concentrations of the
cocrystal components at the dissolving surface and impact the ability of the cocrystal to maintain
the solubility product, Ksp. The interfacial equilibrium model is assumed to maintain constant Ksp
at all time at the dissolving surface during dissolution with the result that the drug concentration
is higher but a lower coformer concentration. The surface saturation model assumes that the drug
concentration remains equal to the stoichiometric solubility of the cocrystal, but with a lower
coformer concentration to maintain stoichiometric dissolution and without maintaining Ksp
constant at the dissolving surface. If the drug and coformer have equal diffusion coefficients, the
concentrations of both components at the surface will be the same and the two models will merge

into one.
Rotating Disk Dissolution Hydrodynamics

Dissolution experiments may be performed using a variety of experimental systems. For
this study, rotating disk dissolution experiments were performed. Two significant advantages of
this system include the maintenance of a constant surface area available for dissolution as well as
defined hydrodynamics that provide an a priori estimate of the hydrodynamic boundary layer
adjacent to the rotating surface. According to Levich®, the hydrodynamic boundary layer

thickness, h, is given by:
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1

1 1
h =1.612D3vsw 2 (2.10)
where v is the kinematic viscosity and w is the angular velocity in radians per unit time.

Both interfacial equilibrium and surface saturation models described above are based on
the assumption that the diffusion layer is the same for both the drug and coformer. However,
according to equation 2.10, the diffusion layer thickness has a dependence on the diffusion
coefficient. The diffusion coefficients of the drug and coformer in water can be different due to
their molecular sizes difference. The different hydrophobicity between the drug and coformer can
also magnify the difference in diffusivity in surfactant solution. The differential diffusivity can
result in a significant difference between the diffusion layer of the two cocrystal components as h

is directly proportional to the diffusion coefficient.

An alternative approach for the two models is to redefine the diffusion layer thicknesses
for both the drug and coformer as they have different diffusion coefficients and consequently

different diffusion layer thicknesses according to equation 2.10. Applying equation 2.10
. . _ 13 2 L . 13 L 1

separately for the diffusion layer of R (hg = 1.612D; " vew 2) and A (hy = 1.612D," vew 2z) 10

equation 2.3 and applying equation 2.4, the concentrations of R and A at the dissolving surface for

the interfacial equilibrium model are shown to become a function of the diffusion coefficients:

[Alago = GDV*Ksp 2.12)
[ aq,0 — ( )1/3\/_ (2.12)

And similarly, applying equation 2.10 separately for R and A to equation 2.8, the concentration of

A at the surface for the surface saturation model becomes:
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D
[A]aq0 = (£)2/3V Ksp (2.13)
and [R]gqq,0 is given by equation 2.7.
Dissolution in reactive media

Cocrystals can contain components with different ionization properties (eg: nonionizable
drug and ionizable coformer) and these components can undergo chemical reactions at the solid
liquid interface and in the boundary layer with the species from the bulk solution. These reactions
can alter the pH and concentrations at the dissolving surface. A schematic representation of the
dissolution process for a 1:1 cocrystal with R as the non-ionizable drug and HA as the monoprotic
acidic coformer is shown in Figure 2.3. As cocrystal is initially exposed to solution, it dissociates
into its components, R and HA at the dissolving surface. Both R and HA diffuse across the
diffusion layer with a thickness of h, however, HA can simultaneously react with incoming base

(B") from the bulk solution to form A and HB.

Bulk

Solid surface of R-HA

X=0 X=h
Saturated Layer Diffusion Layer
Figure 2.3. Schematic representation of the dissolution process®* for a 1:1 cocrystal with R as the

non-ionizable drug and HA as the monoprotic acidic coformer in the presence of a reactive medium
containing base, B". A" and HB are the products of the reaction.
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For the dissolution of RHA in a reactive medium containing hydroxide ion and water as
the reactive basic species (eg: no additional buffer), the chemical reactions occurring at the surface
and within the boundary layer include the self-dissociation of the cocrystal into R, HA and
ionization of HA as it is a weakly acidic coformer. The chemical equilibria and the equations for

equilibrium constants for the dissolution of RHA are provided in Appendix A.

Dissolution in surfactant solution

Previous studies have shown that surfactants can solubilize the cocrystal components to
different extents due to the different hydrophobicity of the drug and coformer” 222, Typically,
the drug component is more hydrophobic and it is highly solubilized by surfactants compared to
the coformer. The equilibria reflecting the solubilization of drug (R) and the unionized form of

coformer (HA) are given in Appendix 2A.

Because of the differential solubilization, the parent drug, which is typically less soluble
than the cocrystal in the absence of surfactant, can achieve the same solubility as the cocrystal in
solution containing surfactant concentration at the CSC!" 22 2, As surfactant concentration
exceeds the CSC, the parent drug becomes more soluble, so drug precipitation during dissolution
of the cocrystal can be prevented. The two cocrystals studied here have higher solubility than the
parent drug, so dissolution experiments were performed in media containing surfactant
concentrations above the CSC to prevent solid phase transformation. Among the surfactants
studied in our lab, sodium lauryl sulfate (SLS) solubilizes CBZ to the greatest extent so it was

chosen to study in this work.
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Mass transport analysis

Detailed derivations of the mass transport analysis for the two models applying the above
considerations are provided in Appendix 2A. The different boundary conditions of the cocrystal
components from the two models lead to different mass transport analyses. These mass transport
analyses allow for predictions of cocrystal flux as a function of bulk pH and surfactant
concentration by taking the pH at the surface into consideration. The comparison of the mass

transport analyses between the two models are shown in the Results section.

Results
Physicochemical properties

The physicochemical properties of the cocrystal and its components such as solubility
products, ionization constants, micellar solubilization constants and diffusion coefficients are
required to predict the interfacial pH and flux of the cocrystal components. These values can be
obtained independently. The solubility products of the model cocrystals, the ionization constants
of their coformers and the diffusion coefficients in water are summarized in Table 2.1 for
carbamazepine-saccharin (CBZ-SAC) and carbamazepine-salicylic acid (CBZ-SLC). The
solubility product of CBZ-SLC was determined by measuring the eutectic concentrations of the
components as a function of surfactant concentration. The solubility product of CBZ-SAC was
obtained from the literature!®. The diffusion coefficients in water were estimated using the
approach of Othmer Thaker®®. According to Othmer Thaker’s equation for estimating diffusion in
dilute water solutions, the aqueous diffusion coefficient is inversely proportional to the molecular
volume of the substance®. As a larger molecule, the diffusion coefficient of CBZ in water is

smaller than both SAC and SLC.
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Table 2.1. Physicochemical properties of model cocrystals and their components.

Aqueous diffusion coefficient® (x 10 cm?/sec)
Cocrystal (R-HA) | Ksp (mM?) | pKa of HA D D
Raq HAgq
CBZ-SAC 1.002 1.62 5.7 7.6
CBZ-SLC 0.40 3.0° 5.7 1.7

8From reference'®. PFrom reference!’. ‘Estimated using Othmer Thaker’s equation®.

The micellar solubilization constants of the drug and coformers are summarized in Table
2.2. The solubilization power of a surfactant can be influenced by the size and shape of the
micelles® . It was reported in the literature that the size and shape of the micelles may change
as surfactant and additive concentrations change®®. Therefore, it was not surprising to observe that
SLS solubilizes CBZ to different extents at different concentrations. The solubilization of
coformers in SLS is small compared to the drug, and the Ks values were assumed to be independent
of SLS concentration in the range studied. The diffusion of CBZ in SLS solution would be smaller
than the coformers because CBZ is significantly solubilized in the micelles compared to both SAC

and SLC.

Table 2.2. Micellar solubilization constants of CBZ, SAC and SLC in SLS solution.

Components Ksin SLS (mM™?)
P 22-44mM | 70mM | 100mM | 150 mM 250 mM 400 mM
0.465°+ | 0.45° + 0.43" + 0.392° + 0.35" +
a
CBZ 0.58 0.004 0.01 0.01 0.003 0.01
SAC 0.013?
SLC 0.060?

arom reference!’. The Ks values for SAC and SLC are assumed to be constant for SLS
concentrations ranging from 22 to 400 mM.

bDetermined using S; = Saq(1+ KE[m]), where St is the total solubility of the drug in SLS
solution and Sgq is the aqueous solubility in water, which is 0.53 mM?Y’. The total drug solubility
in SLS solution is the same as the eutectic concentrations of CBZ shown in Figure 4 because both
solid drug and cocrystal are in equilibrium with solution at the eutectic point?”.
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Solubility study

The concentrations of the cocrystal components at the eutectic point are shown in Figure
2.4 for both cocrystals at pH 1 as a function of SLS concentration. Since all the experiments were
performed above the CSC, the eutectic concentrations of the drug were greater than the coformers,
meaning the solubility of the cocrystal is less than the drug under these conditions. At the eutectic
point, the solid phases of both drug and cocrystal are in equilibrium with solution, and thus the
drug eutectic concentration is at its solubility at the same solution conditions?’. This allows the
calculations of solubilization constants for the drug shown in Table 2.2. Using previously
developed model?’, the solubility of CBZ-SAC and CBZ-SLC were determined from the eutectic
concentrations and plotted in Figure 2.5. The lowest SLS concentration used was 22 mM, which
is above the reported CMC of SLS in the literature (6 mM)*’. The formation of micelles in solution
preferentially solubilizes CBZ and results in solubility enhancement as SLS concentration
increases. SLS does not solubilize SAC and SLC to the same extent as CBZ because these
coformers are more hydrophilic. The differential solubilization between the drug and coformers
causes the solubility of the cocrystal to increase nonlinearly as a function of surfactant

concentration and the slightly nonlinear nature of the curves in Figure 2.5 may be attributed to this.
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Figure 2.4. Eutectic measurements for CBZ-SAC (a) and CBZ-SLC (b) at pH 1 as a function of
SLS concentration.
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Figure 2.5. Solubility of cocrystals, CBZ-SAC (a) and CBZ-SLC (b) at pH 1 as a function of
surfactant concentration. Cocrystal solubility was determined using eutectic concentrations from

Figure 2.4 by Scc = \/[drug]eutectic [Coformer]eutectic27-

Effect of surfactant on dissolution

The dissolution profiles of CBZ-SAC and CBZ-SLC at different SLS concentrations at
constant pH (pH = 1) where the coformers are mostly nonionized are shown in Figure 2.6. Since

experiments were conducted above the CSC where the cocrystals were thermodynamically stable,
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the dissolution behavior of both cocrystals was linear as expected under sink conditions. Similar

to solubility, the dissolution rates of both cocrystals increase as SLS concentration increases.
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Figure 2.6. Dissolution profiles for CBZ-SAC in terms of CBZ concentrations (a) and SAC
concentrations (b); and CBZ-SLC in terms of CBZ concentrations (c) and SLC concentrations (d)
at different SLS concentrations at pH1. The solid circles are experimental data points and the solid
lines are fitted liner regressions.

The effective diffusion coefficients of CBZ can be estimated from the dissolution rates of

the cocrystals at pH 1 as a function of SLS concentration using equation 2A.49 from Appendix
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2A. The micellar diffusivity of CBZ can then be estimated from the effective diffusivity according

to the following relationship:

__ Dggt+KsDm[m]

Dresr =~ Likim (2.14)

where DReffis the effective diffusivity of the drug and Dr, is the micellar diffusivity®’. The micellar

diffusivities of CBZ for the two cocrystals as a function of SLS concentration are plotted in Figure
2.7. A power regression can be fitted to describe the relationship between micellar diffusivity and
SLS concentration. Micellar diffusivity of CBZ decreases as surfactant concentration increases.
The same trend was also observed in the literature®®-4%, Detailed analysis of this is beyond the
scope of this study. However, this behavior may be due to the formation of larger micelles as
surfactant concentration increases®® and the potential changes in viscosity. Another possible
reason could be the increase in electrostatic repulsion as surfactant concentration increases since
SLS is negatively charged®®. The diffusion of the micelle-drug complexes can be reduced by the
electronic repulsion between the negatively charged micelles®®. The CBZ micellar diffusivities
determined from the dissolution of CBZ-SLC are somewhat greater than those determined for
CBZ-SAC. The reason for these differences is not known but may be due to the different chemical
environments surrounding the micelles between the two cocrystals. Both SAC and SLC are able
to ionize and form negatively charged ions that can potentially increase the electronic repulsion in
solution. CBZ-SAC has a higher Ksp value and SAC is more acidic than SLC, so the degree of
SAC ionization is higher than SLC at the same pH. The higher SAC ion concentration in solution
may cause a greater increase in electronic repulsion for CBZ-SAC than CBZ-SLC. Consequently,
the diffusion of micelles may be slower in CBZ-SAC dissolution than in CBZ-SLC dissolution.

For this study, the micellar diffusivities shown in Figure 2.7 are used to assess the mass transport
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models described here. It is also appropriate to point out that equation 2A.49 from Appendix 2A
does not take into account kinetic processes involving surfactant and micelles that may occur at

the dissolving surface.
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Figure 2.7. Micellar diffusivities of CBZ determined from the dissolution of CBZ-SAC ( )
and CBZ-SLC (—) at pH 1 as a function of SLS concentration. The solid circles are
experimental data points determined from the dissolution shown in Figure 2.6 using equations
2A.49 from Appendix 2A and 2.14 and solubility shown in Figure 2.5. The solid lines are the
fitted power regression. The power regression line for CBZ-SAC is 'y = 9.9771E-06x 392001 gng
CBZ-SLC is y = 2.1553E-05*x >4153E-01,

Effect of pH on dissolution

The effect of pH on dissolution of cocrystals was studied at constant surfactant
concentration as a function of pH. The dissolution experiments were conducted in 400 mM SLS
solution for CBZ-SAC and 150 mM for CBZ-SLC. The dissolution profiles of CBZ-SAC and
CBZ-SLC in terms of cocrystal components as a function of pH are shown in Figure 2.8 and 2.9.
The linear dissolution behavior of the two cocrystals indicates no solid phase transformation
occurred during dissolution as the experiments were performed above the CSC. The dissolution
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rates of both cocrystals increase as pH increases and then remain relatively constant in the self-
buffering region of the coformers. Since SAC has a lower pKa than SLC, pH has a greater impact
on the dissolution rate of CBZ-SAC compared to CBZ-SLC as reflected in the larger range of

dissolution rates in Figure 2.8 compared to Figure 2.9.
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Figure 2.8. Dissolution profiles of CBZ-SAC in terms of CBZ (a) and SAC (b) as a function of
bulk pH at 400 mM SLS. The symbols are experimental data points and the solid lines are fitted
liner regressions. The pH values represent the initial bulk pH of the dissolution media.
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Figure 2.9. Dissolution profiles of CBZ-SLC in terms of CBZ (a) and SLC (b) as a function of
bulk pH at 150 mM SLS. The symbols are experimental data points and the solid lines are fitted
liner regressions. The pH values represent the initial bulk pH of the dissolution media.

Comparison of flux predictions between the mass transport models

For comparison purposes, only literature reported micellar diffusivities of CBZ in SLS
solution were used and no parameters were adjusted to fit the experimental data to the theoretical
equations of the two transport models shown in Table 2.3 and Figure 2.10. A micellar diffusivity
of 3.6E-7 cm?/sec at 400 mM SLS was used for CBZ-SAC and for CBZ-SLC, a value of 6.4E-7
cm?/sec at 150 mM SLS was used*’. The difference in concentrations of the cocrystal components
at the surface predicted using the two models and how this difference could affect the interfacial
pH is illustrated in Table 2.3 for the dissolution of CBZ-SAC at 400 mM SLS. The interfacial pH
calculated from both models lags behind bulk pH above the pKa value of SAC (pKa=1.6) due to
the ionization of SAC in the diffusion layer. The interfacial equilibrium model predicts a lower
surface pH (approximately 0.3 pH units at pH 6) compared to the surface saturation model. The

lower interfacial pH calculated from the interfacial equilibrium model is due to the greater SAC
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concentration predicted at the dissolving surface to maintain the Ksp of CBZ-SAC. As shown in
Table 2.3, the concentrations of both CBZ and SAC at the surface calculated from the interfacial
equilibrium model are higher than those calculated from the surface saturation model. Because of
the depletion of SAC at the surface of the boundary layer due to faster diffusion, the concentration
product of CBZ and SAC from the surface saturation model is less than the Ksp of CBZ-SAC. In
order to re-establish the equilibrium disrupted by diffusion, both CBZ and SAC concentrations
from the interfacial equilibrium model are predicted to increase at the surface to maintain a
concentration product equal to the Ksp of CBZ-SAC. As seen in Table 2.3 and Figure 2.10, both
models result in qualitatively similar predictions. Subtle but potentially important differences in

surface concentrations result in different predicted dissolution rates.

Table 2.3. Interfacial pH and concentrations of CBZ and SAC at the surface calculated using the
surface saturation and interfacial equilibrium models for the dissolution of CBZ-SAC at 400 mM
SLS as a function of bulk pH.

Surface saturation model

Bulk | Interfacial Concentrations at the surface (mM) [CBZ]aq*[SACleq
pH pH?2 [CBZ]it® | [CBZ]a® | [SACliw® | [SAC]act (mM?)
1.27 1.27 30.4 0.2 4.2 0.6 0.1
2.16 2.15 36.8 0.3 5.1 0.5 0.1
3.02 2.84 57.4 0.4 8.0 0.3 0.1
4.03 3.10 72.7 0.5 10.1 0.3 0.1
5.97 3.14 75.6 0.5 10.5 0.3 0.1
7.66 3.14 75.6 0.5 10.5 0.3 0.1
Interfacial equilibrium model

1.27 1.27 81.5 0.6 11.3 1.7 1.0
2.16 2.14 98.3 0.7 13.7 1.4 1.0
3.02 2.70 137.3 1.0 19.1 1.0 1.0
4.03 2.85 155.2 1.1 21.6 0.9 1.0
5.97 2.87 157.9 1.1 22.0 0.9 1.0
7.66 2.87 157.9 11 22.0 0.9 1.0

4Calculated using equation 2A.45 from Appendix 2A for surface saturation model and equation
2A.57 from Appendix 2A for interfacial equilibrium model with Ksp, Ka, Ks and Dya,, values

shown in Table 2.1 and 2.2. Dragy; is assumed to be equal to Diag,- The D, value for CBZ-
SAC (3.9E-7 cm?/sec) was calculated from equation 2.14 using the Dm value of 3.6E-7 cm?/sec
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from the literature?®. The diffusion coefficients for H* and OH are 9.31E-5 and 5.28E-5 cm?/sec,
respectively*.

bCalculated using equation 2A.13 from Appendix 2A with the Ks value from Table 2.2 and
calculated [CBZ]aq from surface saturation and interfacial equilibrium models.

‘Calculated using equations 2A.38 and 2A.51 from Appendix 2A for surface saturation model and
interfacial equilibrium model, respectively. Ksp, Ka, Ks values are from Table 2.1 and 2.2 and
interfacial pH is from a. D, is 3.9E-7 cm?/sec and Dya,pp is assumed to be equal to Dhag,

shown in Table 2.1.

dCalculated using equation 2A.14 from Appendix 2A with the Ks and Ka values from Table 2.1
and 2.2, calculated [SAC]aq from surface saturation and interfacial equilibrium models, and
interfacial pH from a.

Calculated using equations 2A.40 and 2A.52 from Appendix 2A for surface saturation model and
interfacial equilibrium model, respectively. Ksp, Ka, Ks values are from Table 2.1 and 2.2 and
interfacial pH is from a. Dg,,, is 3.9E-7 cm?/sec and Dua,sp is assumed to be Dyag, shown in

Table 2.1.

The flux of CBZ-SAC at 400 mM SLS and CBZ-SLC at 150 mM SLS as a function of
bulk pH were predicted using both models and the predicted values were compared with the
experimental data as shown in Figure 2.10. The predictions from both models follow the same
trend as the experimental data. However, the predictions from both models deviate from the
experimental data because the effective diffusivities of CBZ used here were estimated from the
micellar diffusivities of SLS in the literature determined at conditions different from the study
here. The surface saturation model slightly under predicted the flux, while the interfacial
equilibrium model over predicted the flux. However, the surface saturation model is able to
provide more accurate prediction of cocrystal flux compared to the interfacial equilibrium model.
It is difficult to experimentally prove which model more accurately represents the conditions at
the dissolving surface as it requires concentration measurements at the dissolving surface.
Analysis of the experimental results and theoretical predictions from the surface saturation model
indicated somewhat better alignment. Consequently, the surface saturation model is used to
perform the mass transport analysis for the two cocrystals studied here.
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Figure 2.10. Experimental ( ©) and predicted flux comparison of CBZ-SAC at 400 mM SLS (a)
and CBZ-SLC at 150 mM SLS (b) as a function of bulk pH using the surface saturation model (

) and interfacial equilibrium model (—). The flux predictions were calculated using
equations 2A.49 and 2A.58 from Appendix 2A based on the interfacial pH predicted from
equations 2A.45 and 2A.57 from Appendix 2A for surface saturation and interfacial equilibrium
models, respectively. The Ksp, Ka, Ks and Dya,, values are shown in Table 2.1 and 2.2. D,

values for CBZ-SAC is 3.9E-7 cm?/sec and CBZ-SLC is 7.2E-7 cm?/sec.
Interfacial pH and CSC predictions from surface saturation model

Interfacial pH can be predicted using equation 2A.45 derived from the surface saturation
model shown in Appendix 2A and the physicochemical parameters of the cocrystals and their
components (eg: solubility products, ionization constants, solubilization constants and effective
diffusivities). The effect of bulk pH and surfactant concentration on interfacial pH for CBZ-SAC
and CBZ-SLC is shown in Figure 2.11 utilizing the surface saturation model. At constant
surfactant concentration, for bulk pH < pK,, interfacial pH is approximately equal to bulk pH
because the hydrogen ion in the bulk solution suppresses the ionization of the coformers?*. As
bulk pH increases above the pKa value of the coformer, coformer ionization begins to occur. This,
in effect, results in a buffer effect at the interface and the interfacial pH no longer continues to

increase linearly with increasing bulk pH?*. Both cocrystals have the ability to self-buffer the pH
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microenvironment in the diffusion layer?* and this is demonstrated by the plateau region that
ranges from bulk pH 4 to 8 in Figure 2.11. CBZ-SAC is able to self-buffer the interfacial pH to
around 3.0; while the plateau interfacial pH for CBZ-SLC is around 3.7. The buffering ability is
affected by the degree of ionization of the ionizable components at the interface and this is
determined by the concentration and pKa values of the ionizable components. With a higher
solubility product and a lower pKa, CBZ-SAC is able to self-buffer to a lower pH at the interface
compared to CBZ-SLC. Surfactant has little or no effect on interfacial pH at bulk pH < pKj values
of the coformers because the interfacial pH is determined by bulk pH. As bulk pH increases above
the pKa of the coformer, the degree of coformer ionization is not affected by SLS significant
enough to cause any changes in interfacial pH. For the cocrystals studied here, no significant

impact on interfacial pH was predicted or observed as a function of surfactant concentration.
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Figure 2.11. Theoretical predictions of interfacial pH for CBZ-SAC (a) and CBZ-SLC (b) as a
function of pH and SLS concentration using surface saturation model. Interfacial pH was
calculated using equation 2A.45 from Appendix 2A. The Ksp, Ka, Ks and Dyag, values are shown

in Table 2.1 and 2.2 and Dg,;, values are from Figure 2.7.
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The critical stabilization concentration, CSC has a pH dependence for the cocrystals
studied here, so different surfactant concentrations will be required to stabilize the cocrystals at
different pH to prevent solid phase transformation. Based on the predicted interfacial pH, the CSC
needed at the dissolving cocrystal surface to prevent phase transformation can be estimated using
the previously developed model*’. The surfactant concentrations that are required to stabilize the

model cocrystals at different pH are calculated and shown in Table 2.4.

Table 2.4. Estimated SLS concentrations for stabilizing cocrystals during dissolution at different
pH using the surface saturation model.

CBZ-SAC CBZ-SLC
H H
Bulk P Interfacial?® CSC* (mM) Bulk pInterfaciala CSC* (mM)
1.0 1.0 12 1.0 1.0 7
2.0 2.0 27 2.0 2.0 7
3.0 2.8 161 3.0 3.0 10
4.0 3.0 306 4.0 3.6 18
5.0 3.0 326 5.0 3.7 21
6.0 3.0 326 6.0 3.7 21
7.0 3.0 326 7.0 3.7 21
8.0 3.0 326 8.0 3.7 21

8From Figure 2.11.

bCalculated from previously developed model’.

The CSC of CBZ-SAC is significantly higher than CBZ-SLC since the solubility of CBZ-
SAC is higher and thus requires higher surfactant concentration to stabilize the cocrystal during
dissolution. Because of the self-buffering ability of the cocrystals, the CSC is essentially the same

in the buffering region regardless of the bulk pH.

Surface saturation model flux predictions — pH effect

The flux of the cocrystals were calculated from the dissolution rates and compared to

theoretical predictions to evaluate the predictive power of the surface saturation model. The
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theoretical flux can be calculated using equation 2A.49 from Appendix 2A and the
physicochemical parameters of the cocrystals and their components. The experimental and
theoretical flux comparison is shown in Figure 2.12. The experimental data confirmed that the
flux of the cocrystal components are equal as expected because the stoichiometry of both cocrystals
are 1:1. Also as expected, the flux of CBZ-SAC and CBZ-SLC plateau in the buffering region
because there is minimal change in interfacial pH as predicted from the mass transport analysis.
By modeling the interfacial pH, the theoretical flux shows excellent agreement with the
experimental data using the physicochemical parameters in Table 2.1 and 2.2 and Figure 2.7.
Because of the acidity of SAC, the flux of CBZ-SAC is very sensitive to interfacial pH changes
and this can lead to the large deviations observed in the buffering region. A 0.2 unit pH change in
interfacial pH around 3.0 can lead to a roughly 20% change in the flux of CBZ-SAC. Accurate
predictions of interfacial pH are clearly very important for predicting the flux of cocrystals with

ionizable components.
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Figure 2.12. Flux of CBZ-SAC at 400 mM SLS (a) and CBZ-SLC at 150 mM SLS (b) as a function
of bulk pH. Flux predictions were calculated using equation 2A.49 from Appendix 2A based on
the interfacial pH predicted from Figure 2.11. The Ksp, Ka, Ks values are shown in Table 2.1 and
2.2 and Dg,, values are from Figure 2.7.
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Combination effect of pH and surfactant on dissolution

The combination of pH and surfactant effect on the dissolution of cocrystals was studied
by performing dissolution experiments at different pH and surfactant concentrations. The
dissolution rates were expressed in terms of flux and compared to the predicted values from the
surface saturation model. The dependence of flux on pH and surfactant concentration for both
cocrystals is shown in the three dimensional plots in Figure 2.13. For both cocrystals, the
theoretical values showed excellent agreement with the experimental data. There are fewer
experimental data points on the CBZ-SAC plot because much of the area in the plot is not
experimentally accessible due to the potential phase transformation during dissolution. At the
buffering region (bulk pH 4 to 8), the surfactant concentration required to stabilize CBZ-SAC
during dissolution is at least 326 mM (Table 2.4). Due to the potential conversion of CBZ-SAC
back to the stable drug form, no dissolution experiments were performed in SLS concentration
below 400 mM in the bulk pH range of 4 to 8. The effect of bulk pH on the flux of cocrystal is
dictated by the interfacial pH. Any bulk pH changes in the range of 4 to 8 does not have a
significant impact on the dissolution of the cocrystal because the cocrystal can self-buffer the pH
microenvironment at the dissolving surface to produce essentially the same interfacial pH. Flux
increases as surfactant concentration increases; however, the increase is larger at lower surfactant

concentration.
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Figure 2.13. Influence of pH and surfactant concentration on flux of CBZ-SAC (a) and CBZ-SLC
(b). The wireframe mesh represents the theoretical flux predictions and circles represent the
experimentally measured flux of cocrystals in terms of CBZ. Flux predictions were calculated
using equation 2A.49 from Appendix 2A based on the interfacial pH predicted from Figure 2.11.
The Ksp, Ka, Ks values are shown in Table 2.1 and 2.2 and D, values are from Figure 2.7.

The effects of surfactant concentration on solubility and micellar diffusivity are opposite.
At low surfactant concentrations, the advantage of solubility enhancement on dissolution is greater
than the disadvantage of decreased micellar diffusivity, so the increase in flux is greater. As
surfactant concentration increases, the disadvantage of reduced micellar diffusivity is slowly
approaching the advantage of solubility enhancement and thus the flux increase is smaller. When
the opposite effects of surfactant on micellar diffusivity and solubility essentially cancel each other

out, the enhancement in flux by surfactant is limited as indicated by the plateau values of CBZ-

SAC at surfactant concentrations range from 300 to 400 mM.
Discussion

This work highlights the importance of interfacial pH on determining the flux of cocrystals
with ionizable components. Without the knowledge of interfacial pH, one might assume the pH

at the dissolving surface is the same as the bulk pH. Assuming this, the flux of both CBZ-SAC
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and CBZ-SLC would be expected to increase with increasing bulk pH instead of plateauing at the
buffering region. The fifth order equation (equation 2A.45 from Appendix 2A) developed from
the mass transport analysis of the surface saturation model gives reasonably accurate predictions
of interfacial pH that are otherwise difficult to measure experimentally. This allows the model to
capture the plateaued region in the flux of both cocrystals as a function of bulk pH. The surfactant
concentrations required to stabilize the cocrystal during dissolution at different bulk pH can also
be estimated from the interfacial pH predictions. The use of surfactant can enhance the dissolution
of cocrystals, but sometimes the enhancement may not be as large as expected because of the

counter balancing effect of surfactant on solubility and micellar diffusion coefficients.

One of the important elements for the mass transport analysis of cocrystal is the
concentrations of the cocrystal components at the dissolving surface as they determine the rate of
dissolution. The surface concentrations of the components may not follow the cocrystal’s
stoichiometric ratio because they have different diffusion coefficients. For the cocrystals studied
here, the drug has a slower diffusion compared to the coformers. According to the surface
saturation model, the slower diffusing component (ie: the drug) is able to maintain a surface
concentration at the stoichiometric cocrystal solubility and acts as the determinant for the
dissolution of the cocrystal while the faster diffusing component has a lower surface concentration.
The mass transport analysis here is only applicable for cocrystals that have the same stoichiometry
and ionization property as CBZ-SAC and CBZ-SLC. However, the surface saturation model
developed here can be applied to the mass transport analysis for cocrystals with different

stoichiometries and ionization properties.
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Conclusions

The mechanism of cocrystal dissolution as a function of pH and surfactant concentration
has been successfully analyzed through the development and evaluation of a physically realistic
mass transport model. This mass transport analysis demonstrated the importance of interfacial pH
in determining the flux of cocrystals with ionizable components. The ionizable components have
the ability to self-buffer the pH microenvironment at the interface. Evaluation of the
physicochemical properties such as solubility product, ionization constant, solubilization constant
and diffusion coefficient, are required for accurate prediction of interfacial pH and flux of the
cocrystal. The predictive power of the mass transport analysis was evaluated by performing
dissolution above the CSC to prevent the conversion of highly soluble cocrystal back to the drug
form. The model adequately describes the dissolution behavior of cocrystal as a function of pH
and surfactant concentration. Bulk pH itself does not adequately explain the dissolution behavior
of cocrystal because the rate of dissolution is affected by the pH at the interface. The effect of
surfactant on dissolution of cocrystal is also an important consideration and can diminish as
surfactant concentration increases due to the counter balancing effects of surfactant on micellar

diffusivity and solubility.
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APPENDIX 2A

The chemical equilibria and the equations for equilibrium constants during the dissolution of 1:1
cocrystal, RHA with R as the nonionizable drug and HA as the weak acidic coformer in the

presence of surfactant can be described as follows:

(RHA)s01ia = Rag + HAgq (2A.1)
Ksp = [Rlaq[HA]qq (2A.2)
Ry +m=Ry, (2A.3)
KR = Rl (2A.4)
[Rlaqiml
HAgq + m S HAp, (2A.5)
KHA — % (2A.6)
H,0 + HAyq S H30" + Ag, (2A.7)
K, = % (2A.8)
H;0* + OH™ 5 2H,0 (2A.9)
K, = [H;07][OH"] (2A.10)
HAuq + OH™ S H,0 + A, (2A.11)
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_ __[ATlaq
1= [HA]qq[OH™] (2A12)

where KX is the solubilization constant of R and K74 is the solubilization constant of HA, m is the
micellar concentration in the solution and is equal to the total surfactant concentration minus the
CMC, Ka is the ionization constant of HA, Ky is the dissociation constant of water, K1 is the ratio
of Ka/Kw. Subscript aq denotes the aqueous phase and m denotes the micellar phase. An

assumption in this analysis is that the ionized coformer is not solubilized by surfactant.

The total concentrations of the cocrystal components, R.,¢o and Ay at the dissolving

surface can be described as:

Rtot,O = Raq,O(1 + K.SR [m]) (ZA-]-S)
Atoto = HAaqo(1+ 7%+ K [m]) (2A.14)

When the cocrystal is in equilibrium with solution at the dissolving surface at time = 0 before any

diffusion, the stoichiometric solubility of RHA is as follow:

Ka
See = Ruota = Arogo = [Kop(1+ KEEmD(L+ 5+ KF4[m]) (2A15)

The flux of all the species across the diffusion layer includes both the diffusion and
chemical reactions happening during dissolution. At steady state, the diffusion and simultaneous
chemical reactions of the individual species within the diffusion layer can be written using Fick’s

law as follows?*:

3IRla 22 [Rla

20— D o g =0 (2A.16)
ORlm _ O [Rlm , , _

5t~ DPRm 52 T$2=0 (2A.17)
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0 = Dypgy ot 4 gy = (2A.18)
6[Aa_t]aq = Dy, ] g:‘z]aq + oy = (2A.19)
a[z;ftl]m = Dy fﬂzég%]rn + =0 (2A.20)
a[(;l:‘] = Doy % + g = (2A.21)
a[::] = D+ aza[xHZ*] ;=0 (2A.22)

where ¢1.7 are the reaction rate functions. At equilibrium, the reaction rate of the reactant should

be the opposite of the product. Based on the chemical equilibria, the followings can be written:

b1 =—¢ (2A.23)

b3 =~y — 5 (2A.24)

The reaction rate of A" can be reflected by the reaction rate of H* and OH", therefore,

by = 7 — 6 (ZA-25)

Based on equation 2A.25, equation 2A.24 can be written as:

Pz = P — Ps — Py (ZA-26)

Based on the equations 2A.23, 2A.24 and 2A.26, the following mass balance equations can be

written:
a’ [Rlag _ d? [Rlm
Raq  axz YRy ? (2A27)
a [HA]‘ICI _ dZ[A_]aq d? [HAlm
Dhasg—gzz = “Dazg—gme =~ Dham gz (2A.28)
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Ditg, % = Doy- 2 _p, L _p,, Lln (2A.29)
Integrating equations 2A.27 to 2A.29 once gives:

haq ot = —p,, m ¢, (2A.30)
Dippgy ~ol®d = —p, Dol _p, LAy ¢, (2A.31)
Ditagy ot = Doyy- 498 _ p A, 2 g, (2A.32)

Since Ay is the product of the reaction between HA and OH', so its flux can be reflected by both

OH" and H*:

Dz, T = Dy - LM, A (2A.33)
With this mass balance relationship, it can be seen that

Gz = (3 (2A.34)
Integrating equations 2A.30 to 2A.32 once gives:

Dioq[Rlag = —Dryy[Rlm + C1x + Cy (2A.35)
Diag,[HAlaq = —Dpap [HAlm=Daz [Aag + Cox + Cs (2A.36)
DHAaq [HA]qq = Doy-[OH™] — DH+[H+]—DHAm [HA],, + C3x + Cg (2A.37)

Interfacial pH and flux of the species can be evaluated by solving these mass balance equations
with the boundary conditions obtained from the surface saturation and interfacial equilibrium

models.
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Surface saturation model

Given that the concentration of the drug is the same as the solubility of the cocrystal at the
surface for the surface saturation model, the aqueous concentration of the drug at the surface can

be solved using equation 2A.13 and 2A.15:

JKsp<1+K§ [m])(1+§—g+1<£“[m])

Raqo = T (2A.38)

Assuming the dissolution of RHA in the presence of surfactant gives equal flux of R and HA:

_ DReff[R]tOt,O _ _ DHAeff[A]tOt,O

]Rtot - h —JAtot T h (2A.39)

where Dpg, fr and Dy g4, ;p are the effective diffusion coefficients of the drug and coformer, which

are defined in equation 2.14 as the total diffusion of the free and micelle solubilized solute.3” Given
equations 2A.13-2A.15 above and applying the equation for diffusion layer thickness shown in

equation 2.10, the aqueous concentration of the coformer at the surface is given by:

JKsp(1+K§ [m])(1+§—g+xs’“[m1)

DR
HA]ggo = (—2LL)2/3
[ ]aq,O (DHAeff) 1+—§g+KSHA[m]

(2A.40)

Based on equations 2A.38 and 2A.40, the following boundary conditions for each species can be

written for the surface saturation model:

Atx=0: atx=h:

Ksp(1+1<§[m]>(1+§—g+z<s’“[m])

[Rlago = KR [R]aqn = O (under sink condition)
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JKsp(1+K§ [m])(1+§—g+1<£“[m])

Dpr
HA]gqo = (—ZL2/3
[HA]aq,0 (DHAeff) 1+—5§+K§“[m]

[R]m,0 = unknown
[HA] 1,0 = unknown

[A7]aq,0 = unknown

[H*] = [H"],

[HA]aq,n = 0 (under sink condition)

[R]m,n = 0 (under sink condition)
[HA]m,n = 0 (under sink condition)

[A™]aq,n = 0 (under sink condition)

[H*] = [H"]n

[OH™] = [0H ], [OH™] = [0H" ],

Evaluation of pH at the solid surface

Applying the above boundary conditions to equations 2A.36 and 2A.37, at x = 0:

R Ka , ,HA
Dur ( DRy, )2/ \/Ksp(1+K5 [mD 1+ +K5 [m]) __p (HAL, oDy [A] ‘o (2A.41)
HAggq - HAm m,0 Aaq aq,0 5 .

DHa, 1+ +KHA[m]
eff 0 s

Ksp(1+KR[m])(1+ 21 kHAm])
0

(DReff )2/ \/

Aaq DHAeff 1+ +KHA[m]
0

= Doy-[0H™]o — Dy+[H*]o—Dya,, [HA]mo + Cs
(2A.42)
and at x = h, since sink conditions are assumed, equations 2A.36 and 2A.37 can be written as:
Coh+Cs=0 (2A.43)
0 = Dyy-[OH "], — Dy+[H* ], + Csh + Cq (2A.44)

Combining equations 2A.41 to 2A.44 and algebraically solving for interfacial pH, [H*]o, yields the
following equation:
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A[H*1, + B[H*],* + C[H*1,> + D[H*],> + E[H ]y + F =0 (2A.45)

where

A =Dl (1+KHA[m]);
B = —2Dy+(Dy+[H*1y — Doy-[0H™1,) (1 + KEA[m]) + D]+ K,;

C = =2Dy+Doy-Kyy (1 + K4 [m]) + (1 + KA [mD(Dy+[H* 1 — Dou-[0H11)? —
2D+ (Dy+[H* ] — Doy-[0H™1p)Ky;

D = 2Doy-Kyy(Dy+[H* ]y — Dou-[0H 1) (1 + KF4[m]) — 2D+ Doy-Ky K, +
(Dy+[H*1n — Dou-[OH™11)?Ky;

E = (Doy-Ky)?*(1 + KJ4[m]) + 2Doy-K,, (Dy+[H* 1, = Dop-[OH™ 1)K, —

1/3 ~12/3 .
(D22 D" Ko [Kep (T + KEIMD)%;

F= Ka(DOH‘Kw)Z-

Evaluation of flux of the cocrystal components

Applying the boundary conditions to equation 2A.35, at x = 0:

JKsp<1+K§[m])(1+§—g+K£'A[m]) stpcw_? [m]><1+§—§+1<§f‘[m]>

DRaq 1+KR[m] = _DRmKsB [m] 1+KE[m] + C4, (2A46)
and at x = h, assuming sink conditions:
0=Ch+C, (2A.47)

Combining equations 2A.46 and 2A.47 and solving for —C; for the flux of the cocrystal in terms

of drug:

Jo ==Lt \/Ksp(l + KE[m]) (1 + 5% + K24 [m)) (2A.48)
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By substituting equation 2.10 into equation 2A.48, it becomes:

Jr = 0.62D2 w216 \/Kspm + KE[mI)(1 + 32 + K#A[m]) (2A.49)

The flux of the cocrystal in terms of coformer can be also solved in a similar manner by applying

the boundary conditions to equation 2A.36:

1 2
DithessPrery R Ka | 1HA
Jua ==L Koy (14 KEmD)(L+ 5+ KE4fm]) (2AS50)

hya

By substituting equation 2.10 into equation 2A.50, it can be shown to equal equation 2A.49. This
is expected since the flux of drug and coformer should be the same for a 1:1 cocrystal even though

they have different diffusivities.

Interfacial equilibrium model

Given equations 2A.2, 2A.13, 2A.14, 2A.15, 2A.39 and applying the equation for diffusion
layer thickness shown in equation 2.10, the aqueous concentrations of R and HA at the dissolving

surface required to maintain constant Ksp at all time t > 0 are as follows:

Kep(1+KE [m])(1+§—g+1<£“[m])

Rlagg = (et

DRy 1+KR[m] (2A51)
Ka . HA
Dr JKspQREDmD Qa4 m))
— eff N1/3 H
[HAlago = GV .oy (2A.52)
eff Ha— s

Based on equations 2A.51 and 2A.52, the following boundary conditions for each species can be

written for the interfacial equilibrium model:

Atx=0: atx=h:
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Ksp(1+KE [m]>(1+§—g+1<§“[m])

[Rlaqo = (DH"””W?'J

Ksp(1+KE [m])(1+§—§+1<£“[m])

[HAlago = (-2 s

DHagyy 1+5—§+K§“[m]
[R]m,0 = unknown
[HA]m o = unknown
[A7]aq,0 = unknown
[H*] = [H"]o
[0HT] = [0H],

Evaluation of pH at the solid surface

[R]ag,n = 0 (under sink condition)

[HA]aq,n = 0 (under sink condition)

[R]m,n = 0 (under sink condition)
[HA]m,n = 0 (under sink condition)
[A™]ag,n = 0 (under sink condition)
[H*] = [H']n

[OH™] = [OH" ]

Applying the above boundary conditions to equations 2A.36 and 2A.37, at x = 0:

stp(1+xf [m]><1+§—§+K§A[mD

D
A ( Reff N1/3
K
aq \p a HA
HAeff 1+H3-+KS [m]

R Ka HA
( DReff )1/3 JKsp(1+Ks [m])(l"'ﬁ"'Ks [m])
HAqq DHAeff 1+5—$+KSHA[m]
0
and at x = h:
Czh + Cs == O

O = DOH_[OH_]h - DH+[H+]h + C3h + C6
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= —Dyy,, [HA]m,o—Dqu [A"]ago + Cs

(2A.53)

= Doy-[0H™]p — Dy+[H*lo—Dya,,[HA]mo + Cs

(2A.54)

(2A.55)

(2A.56)



Combining equations 2A.53 to 2A.56 and algebraically solving for interfacial pH yields the

following equation:
A[H*1,® + B[H*],* + C[H*1,> + D[HY],> + E[H ]y + F = 0 (2A.57)
where,

A =Dl (1+KHA[m]);
B = —2Dy+(Dy+[H*]y — Dou-[0H™ 1) (1 + KHA[m]) + D]+ K;

C = —-2Dy+Dyoy-K,, (1 + K;IA[m]) +(1+ K;IA[m])(DH+ [H*];, — Doy- [OH_]h)z —
2D+ (Dy+[H* ] — Doy-[0H™ 1) Ky;

D = 2Doy-Kyy(Dy+[H* ]y — Dou-[0H 1) (1 + KF4[m]) — 2D+ Doy-Ky K, +
(Dy+[H*1n — Dou-[OH™11)?Ky;

E = (Doy-Ky)?*(1 + K4 [m]) + 2Doy-K,, (Dy+[H* 1, = Dop-[OH™ 1)K, —

2/3~,1/3 .
(DAL D" Ka[Kep (T + KE[MD)?;

F= Ka(DOH‘Kw)Z-

This equation is very similar to the one obtained from the surface saturation model. The only

difference is the coefficient E in the equation because of the different boundary layer conditions.

Evaluation of flux of the cocrystal components

Applying the new boundary conditions to mass balance equations 2A.35 and 2A.36, the flux of

the cocrystal in terms of components can be re-evaluated as:

Te = Jua = 0.62(DReffDHAeff)1/3w1/2v‘1/6JK5p(1 + KR[m])(1 + % + KHAm]) (2A.58)
0

84



Unlike the surface saturation model, the flux of the cocrystal is not only dependent on the effective

diffusivity of the drug, but also the coformer.
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CHAPTER 3

MECHANISTIC BASIS OF COCRYSTAL DISSOLUTION ADVANTAGE

Abstract

The current interest in cocrystal development resides in the advantages that the cocrystal
may have in solubility and dissolution compared to the parent drug. The mechanism of cocrystal
solubility advantage has been studied in detail, however, limited research has been carried out on
the dissolution of cocrystals. The purpose of this work is to provide a mechanistic analysis and
comparison of the dissolution behavior of carbamazepine (CBZ) and its two cocrystals,
carbamazepine-saccharin (CBZ-SAC) and carbamazepine-salicylic acid (CBZ-SLC) under the
influence of pH and micellar solubilization. A simple mathematical equation is derived based on
the mass transport analyses of both the drug and cocrystal to describe the dissolution advantage of
cocrystal, which is defined as the ratio of the cocrystal flux over the drug flux. The dissolution
advantage of cocrystal has a dependence on both the solubility and diffusivity advantages. In this
work, the effective diffusivity of CBZ in the presence of surfactant is determined to be different
from those of the cocrystals. The higher effective diffusivities of the cocrystals can impart
dissolution advantages to cocrystals with lower solubility than the parent drugs while still
maintaining thermodynamic stability. Dissolution conditions where cocrystals display both
thermodynamic stability and dissolution advantage can be obtained from the mass transport

models and this information is useful for both cocrystal selection and formulation development.
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Introduction

Cocrystallization is one of the powerful strategies used in pharmaceutical development to
improve the aqueous solubility of inherently insoluble drugs®. Cocrystallization usually involves
the formation of cocrystal through hydrogen bonding between the hydrophobic drug and
hydrophilic coformer” 8. As a new and different solid form, the physicochemical properties of
cocrystal need to be fully evaluated in order to develop a feasible formulation. Among these
properties, solubility and dissolution are of particular interests due to their importance in
determining the oral absorption of drugs®. A thorough understanding of the solubility and
dissolution mechanisms of cocrystals not only aids the formulation development, but also provides

an improved perspective on the oral absorption of drugs from the cocrystalline solids.

One of the motivations for cocrystal development is the solubility advantages that these
cocrystalline materials can generate!®. However, these solubility advantages are not constant and
they can vanish under certain solution conditions, such as pH and the presence of solubilizing
additive'®®®. Cocrystals can exhibit higher, equal or lower solubility compared to the parent drugs
depending on the solution conditions. Important transition points, such as pHmax and critical
stabilization concentration (CSC), have been identified to access the solubility behavior of
cocrystals®® 1 15 Cocrystal is thermodynamically unstable below the CSC, but it is
thermodynamically stable above the CSC% 1213 CSC can be achieved using any additives that
preferentially solubilize the drug compared to the coformer'® 2 13 Without knowing these
important concepts, cocrystals could lose their solubility advantages compared to the parent drugs
if the concentrations of solubilizing agents used are above the CSC. Consequently, a thorough
understanding of the transition point is essential for fine-tuning the formulations of cocrystals to

achieve desired solubility advantages.
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Another question of interest for cocrystal development is whether cocrystal could exhibit
higher dissolution rate compared to the parent drug. Knowing the dissolution behavior of
cocrystals adds another level of confidence in formulation development. The dissolution
mechanism of cocrystals under the influence of pH and surfactant has been evaluated through the
development of mass transport models'®. The mass transport analyses indicate that the
physicochemical properties of cocrystals and their components, such as solubility products,
ionization constants, solubilization constants and diffusion coefficients, are important parameters
for determining the rates of cocrystal dissolution®.  Dissolution rate is directly proportional to
the solubility of the cocrystal. This relationship leads to an important question to be addressed in
this study, which is whether a cocrystal solubility advantage is necessary to obtain higher cocrystal

dissolution rate compared to the parent drug.

Here, a simple mathematical model is presented to determine the dissolution advantages of
cocrystals compared to the parent drugs. This model is evaluated using a model drug,
carbamazepine (CBZ) and its two cocrystals with 1:1 stoichiometry, carbamazepine saccharin
(CBZ-SAC) and carbamazepine salicylic acid (CBZ-SLC). CBZ is non-ionizable and both SAC
and SLC are acidic coformers with pKa values of 1.6 and 3.0 1, respectively. The stable form of
CBZ in solution is its dihydrated form. To eliminate the complication of conversion, CBZ
dihydrate (CBZD) was used for this study. Constant surface area dissolution of both CBZD and
its two cocrystals was determined using rotating disk apparatus. Both CBZ-SAC and CBZ-SLC
have higher solubility than CBZD, so dissolution studies were performed in solution containing
sodium lauryl sulfate (SLS) concentration at or above the CSC to prevent solid phase
transformation during dissolution. Effect of pH and surfactant concentration on the dissolution of

CBZD and two CBZ cocrystals was evaluated and compared in this study.
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Materials and methods
Materials

Anhydrous carbamazepine (CBZ), salicylic acid (SLC) and sodium lauryl sulfate (SLS)
were purchased from Sigma Chemical Company (St. Louis, MO) and used as received.
Carbamazepine dihydrate (CBZD) was prepared by slurrying anhydrous CBZ in deionized water
for 24 hours and solid was obtained through vacuum filtration. Saccharin (SAC) was purchased
from Acros Organics (Pittsburgh, PA) and used as received. Isopropanol, acetonitrile, methanol
and hydrochloric acid were purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide
pellets were purchased from J.T. Baker (Philipsburg, NJ). Water used in this study was filtered
through a double deionized purification system (Milli Q Plus Water System) from Millipore Co.

(Bedford, MA).

Cocrystal synthesis

Cocrystals were prepared by reaction crystallization method?’ at room temperature. CBZ-
SAC was prepared by adding 1:1 molar ratio of CBZ and SAC in isopropanol solution. CBZ-SLC
was prepared by adding 1:1 molar ratio of CBZ and SLC in acetonitrile solution containing 0.1 M
SLC. Solid phases were characterized by X-ray powder diffraction (XRPD) and differential

scanning calorimetry (DSC).
Cocrystal solubility

Cocrystal solubility was measured by determining the eutectic concentrations of the drug
and coformer as a function of SLS concentration at pH 1 and 25°C. A detailed discussion of the

eutectic point measurement was reported elsewhere!8. Cocrystals (100 — 150 mg) and CBZD (50
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— 100 mg) were suspended in 3 mL of aqueous SLS solution and stirred for 4 days. Samples were
collected at 24 hour intervals and centrifuged using Corning Costar Spin-X plastic centrifuge tubes
with filters to separate the excess solid from solution. Solution concentrations were measured
using HPLC and solid phases were analyzed by XRPD. Cocrystal stoichiometric solubility was
determined from the measured eutectic concentrations of the components using previously

developed method?®.

Dissolution experiments

The constant surface area dissolution rates of cocrystals and CBZD were determined using
a rotating disk apparatus. Cocrystal or CBZD powder (~150 mg) was compressed in a stainless
steel rotating disk die with a tablet radius of 0.50 cm at 85 MPa for 2 minutes using a Carver
hydraulic press. The die containing the compact was mounted onto a stainless steel shaft attached
to an overhead, variable speed motor. The disk was exposed to 150 mL of the dissolution medium
in a water jacketed beaker with temperature controlled at 25°C and a rotation speed of 200 rpm
was used. Dissolution medium was prepared on the day of the experiment by dissolving SLS in
water and solution pH was adjusted using HCI or NaOH. Sink conditions were maintained
throughout the experiments by ensuring the concentrations at the last time point of dissolution
were less than 10% of the cocrystal solubility. Solution concentrations were measured using

HPLC and solid phases after dissolutions were analyzed by XRPD.

HPLC

Waters HPLC equipped with a photodiode array detector was used for all analysis. The
mobile phase was composed of 55% methanol and 45% water with 0.1% trifluoroacetic acid and

the flow rate was 1 mL/min was used. Separation was achieved using Waters, Atlantis, T3 column
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(5.0 um, 100 A) with dimensions of 4.6 x 250 mm. The sample injection volume was 20 pL. The
wavelengths for the analytes were as follows: 284 nm for CBZ, 250 nm for SAC and 303 nm for

SLC.

XRPD

XRPD diffractograms of solid phases were collected with a benchtop Rigaku Miniflex X-
ray diffractometer using Cu-Ko radiation (A = 1.54 A), a tube voltage of 30 kV, and a tube current

of 15 mA. Data was collected from 5 to 40° at a continuous scan rate of 2.5°/min.
DSC

Crystalline samples were analyzed by DSC using a TA instrument 2910 MDSC system
equipped with a refrigerated cooling unit. All experiments were performed by heating the samples
at a rate of 10 °C/min under a dry nitrogen atmosphere. Temperature and enthalpy of the

instrument were calibrated using high purity indium standard.
Theoretical
The solubility of non-ionizable drug in surfactant solution can be described as:
Sarug = So(1 + K& [m]) 31)

where S, is the intrinsic solubility of the drug, K is the solubilization constant of the drug in

surfactant solution and [m] is the concentration of the micelle®.

The solubility of a 1:1 cocrystal with non-ionizable drug and acidic coformer in surfactant

solution can be described as:

S = [Kop (0 + KEDD)(1 + K4 [m] +22) 2
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where K, is the solubility product of the cocrystal, KH4 is the solubilization constant of the
coformer in surfactant solution and K, is the ionization constant of the coformer®®. Here, the

solubilization of the ionized form of the coformer in surfactant solution is assumed to be negligible.

For rotating disk dissolution, the flux of both drug and cocrystal in surfactant solution can

be described as follows:

Jr = o.&nﬁj}?ﬁdwwl/zv-1/650(1 + KR[m]) (3.3)
Jee = 0.620§5mw1/2v-1/6 JKSp(l + KR[m])(1 + 5—; + KHA[m]) (3.4)
where Dy and Dy are the effective diffusivities of the drug determined from the

eff,drug eff,cc

dissolution of drug and cocrystal respectively, w is the rotation speed during dissolution and v is
the viscosity of the dissolution media'® 1°. The effective diffusivity in surfactant solution can be

described as:

_ Dag+KsDpm[m]

Dy, = —eteom ] (3.5)

1+Kg[m]
where D, is the aqueous diffusivity and D,,, is the micellar diffusivity®.

The dissolution advantage of cocrystal, @, is defined as the ratio of the cocrystal flux over

the drug flux, which is given by:

JKsp<1+K§[m])(1+§—g+KfA[m])

¢ = Lo — DReff.cc \2/3 (3.6)

Jr N DReff,drug SO(1+K§[mD

A @ value greater than 1 indicates the cocrystal has higher dissolution rate than the drug; whereas

the dissolution rate of cocrystal is less than the drug with @ value below 1. Equation 3.6 is specific
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for determining the cocrystal dissolution advantage under surfactant conditions. However, a

simplified equation can be derived to apply for dissolution under different solution conditions:

— DR ¢c 2/3 _Scc 3.7
¢ (DR,drug) Sdrug ( ) )
where —2<¢_js the diffusivity advantage and SSL is the solubility advantage of the cocrystal. By

Rdrug drug

knowing the cocrystal diffusivity and solubility advantage, the dissolution advantage of cocrystal
can be predicted under the different solution conditions. The dissolution advantage of cocrystal
would only depend on the solubility advantage if the diffusion coefficients are the same for the
drug and cocrystal. This is usually true under aqueous conditions with no surfactant. However,
under surfactant conditions, the effective diffusion coefficient of the drug maybe different from
the cocrystal due to the different solubility dependence on surfactant concentration. Therefore,
besides the solubility advantage, the effective diffusion coefficients of both drug and cocrystal
have to be taken into consideration as well for determining the dissolution advantage of cocrystal
under surfactant conditions. Due to the differential diffusion coefficients, dissolution advantages
can be imparted to cocrystals with lower solubility than the parent drugs, as long as the diffusion

coefficients of the cocrystals are large enough to compensate for the disadvantages in solubility.

Results and discussion
Solubility study

The equilibrium solubility of both cocrystals as a function of surfactant concentration at
pH 1 was determined using the eutectic point measurement. At the eutectic point, the solid phases
of both the drug and cocrystal are in equilibrium with solution and the concentrations of both

cocrystal components can be measured®®. The relative solubility of the cocrystal to the parent drug
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can be accessed by the eutectic constant, Key, Which is a ratio of the coformer eutectic
concentration over the drug eutectic concentration® 21, Cocrystal is more soluble than the parent
drug when Key > 1; but it is less soluble than the parent drug when Key < 118 2. The eutectic
concentrations of the cocrystal components®® and Ke, as a function of SLS at pH 1 are shown in
Figure 3.1 and 3.2. The concentrations of both components increase with surfactant concentration
increases, however, the drug concentrations are higher than the coformer concentrations at all
surfactant concentrations. This is expected because all the solubility studies were performed at
surfactant concentrations above the CSC, where the cocrystals are less soluble. The eutectic
constants shown in Figure 3.1 and 3.2 further confirm the thermodynamic stability of the cocrystals
under these conditions. Key values decrease as SLS concentration increases because the surfactant

concentration is further away from the CSC.
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Figure 3.1. (a) Eutectic concentrations of CBZ (®) and SAC (™) measured at the eutectic point
for CBZ-SAC at pH 1 as a function of SLS concentration®®. (b) Key values calculated from the
eutectic concentrations.
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Figure 3.2. (a) Eutectic concentrations of CBZ (®) and SLC ( ®) measured at the eutectic point
for CBZ-SLC at pH 1 as a function of SLS concentration'®. (b) Keu values calculated from the
eutectic concentrations.

The equilibrium solubility of cocrystals can be calculated from the eutectic concentrations

of the cocrystal components using the following equation?®:

See = \/[drug]eutectic [Coformer]eutectic (3-8)

The solubility of CBZD is the same as the eutectic concentration because the solid phase of CBZD
is in equilibrium with solution. Previous studies have shown that the solubilization of CBZD by
SLS is not affected by the presence of coformer??® 1213 The solubility of CBZ-SAC and CBZ-
SLC was determined and compared to CBZD in Figure 3.3 and 3.4, respectively. Solubility of
both drug and cocrystals increases as surfactant concentration increases, however, the drug has a
greater rate of increase compared to both of the cocrystals. As shown in equations 3.1 and 3.2, the
solubility of drug has a linear dependence on surfactant concentration, while the cocrystal has a
square root dependence. This explains why the drug has a higher increase in solubility as a
function of surfactant concentration compared to the cocrystals. The square root dependence of

cocrystal solubility on surfactant concentration is a result of the preferential solubilization of the
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drug compared to the coformers by surfactant'®. Since the solubility studies were performed above
the CSC, both cocrystals exhibited no solubility advantage over the parent drug, as indicated in
Figure 3.3 and 3.4 with the ratios of Scc/Sdrug less than 1. The Scc/Saryg ratios of both cocrystals
decrease as SLS concentration increases because the difference in solubility between the drug and

cocrystals increases as the concentration of SLS moves further away from the CSC.
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Figure 3.3. (a) Solubility of CBZD (®) and CBZ-SAC (¥) at pH 1 as a function of SLS
concentration'®. (b) Solubility advantage of CBZ-SAC, Scc/Sarug, calculated from the solubility
data.
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Figure 3.4. (a) Solubility of CBZD (®) and CBZ-SLC (®) at pH 1 as a function of SLS
concentration®®. (b) Solubility advantage of CBZ-SLC, Scc/Sarug, Calculated from the solubility
data.

Effect of surfactant on dissolution of CBZD and CBZ cocrystals

Dissolution studies of CBZD, CBZ-SAC and CBZ-SLC were performed at pH 1 as a
function of SLS concentration. The flux values of CBZD are compared to CBZ-SAC in Figure
3.5 and CBZ-SLC in Figure 3.6. Flux of both drug and cocrystals increases as SLS concentration
increases, however, there is a greater increase for the drug compared to the two cocrystals because
it has a greater solubility dependence on surfactant concentration. Dissolution advantages were
determined by comparing the cocrystal flux to CBZD flux. Both cocrystals have no dissolution
advantages over the parent drug under these dissolution conditions as indicated by @ < 1 shown in
Figure 3.5 and 3.6. Under these conditions, the solubility of the drug is higher than both of the
cocrystals, so the flux of both CBZ-SAC and CBZ-SLC is smaller than CBZD. As shown in
equation 3.7, @ is proportional to Scc/Sdrug, SO it follows the same trend as the solubility advantage,

in which the dissolution advantage decreases with increasing SLS concentration.
(@) (b)
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Figure 3.5. (a) Flux of CBZD (®) and CBZ-SAC!® (®) at pH 1 as a function of SLS concentration.
(b) Dissolution advantage (@) of CBZ-SAC calculated from the experimental flux.
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Figure 3.6. (a) Flux of CBZD (®) and CBZ-SLC*® (=) at pH 1 as a function of SLS concentration.
(b) Dissolution advantage (@) of CBZ-SLC calculated from the experimental flux.

Micellar diffusion coefficients

Micellar diffusion coefficients of CBZ as a function of SLS concentration have been
determined from the dissolution of CBZ-SAC and CBZ-SLC in previous study®. Micellar
diffusion coefficients determined from the two cocrystals are different from each other and this
difference may be due to the different chemical environment surrounding the micelles during
dissolution®®. Using equations 3.3, 3.4 and 3.5, micellar diffusion coefficients of CBZ can be
determined from the dissolution of CBZD as a function of SLS concentration at pH 1. These
micellar diffusivities are compared to those determined from the dissolution of CBZ-SAC and
CBZ-SLC in Figure 3.7. The micellar diffusivities of CBZ determined from the dissolution of
CBZD follow the same trend as the ones determined from the cocrystals. As shown in Figure 3.7,
micellar diffusivities of all three solid forms decrease with increasing surfactant concentration and
these relationships can be fitted into power regressions. The decrease in micellar diffusivities is
possibly due to the increase in micellar size and electric repulsion as SLS concentration increases,

and detailed explanation was provided elsewhere!®. Among the three sets of micellar diffusion
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coefficients, the ones determined from the dissolution of CBZD are the lowest. Detailed analysis
of this is beyond the scope of this study. However, the difference in solubility dependence on
surfactant concentration between the drug and cocrystal could be the potential reason for the
difference in micellar diffusion coefficients. The solubility of CBZD has a stronger dependence
on surfactant concentration compared to the cocrystals as indicated by the linear dependence
shown in equation 3.1. It is possible that more drug molecules are solubilized into the micelles
during the dissolution of CBZD compared to the dissolution of the cocrystals and thus results in

slower micellar diffusion compared to the cocrystals.
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Figure 3.7. Micellar diffusivities of CBZ determined from the dissolution of CBZD (—), CBZ-
SAC (—) and CBZ-SLC! (—) at pH 1 as a function of SLS. The circles are the experimental
data and the solid lines are the power regressions.

Solubility and dissolution enhancements by SLS

Due to micellar solubilization, the solubility and dissolution of CBZD and the two
cocrystals can be enhanced in the presence of surfactant. The solubility and dissolution
enhancements by SLS for CBZD, CBZ-SAC and CBZ-SLC were determined by normalizing the

solubility and dissolution data at all surfactant concentrations to those at 22 mM SLS. As shown
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in Figure 3.8, both solubility and dissolution enhancements increase as surfactant concentration
increases, however, the enhancement for solubility is greater than that for dissolution and this
difference increases as surfactant concentration increases. According to equations 3.3 and 3.4, the
flux of the drug and cocrystal is proportional to solubility, so the dissolution enhancement should
theoretically be proportional to the solubility enhancement. However, the presence of surfactant
increases the solubility of a compound by solubilizing it into the micelles, but at the same time, it
decreases the diffusivity of the solubilized compound. The counter effect of surfactant on
solubility and micellar diffusivity results in lower dissolution enhancement compared to the
solubility enhancement. This counter effect increases as surfactant concentration increases and
results in greater difference between the solubility and dissolution enhancements. As expected,
both solubility and dissolution enhancements of CBZD are higher than those of CBZ-SAC and

CBZ-SLC because of the higher solubility dependence on surfactant.
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Figure 3.8. Solubility (®) and dissolution (®) enhancements of CBZD (a), CBZ-SAC (b) and
CBZ-SLC (c) at pH 1 as a function of SLS. Both solubility and dissolution enhancements were
determined by normalizing the data to 22 mM SLS.

Cocrystal solubility and dissolution advantage comparison

The solubility and dissolution advantages of both cocrystals at pH 1 as a function of SLS
concentration were compared and shown in Figure 3.9. Both solubility and dissolution advantages
decrease with increasing SLS concentration because the surfactant concentration is moving away
from the CSC. However, the dissolution advantages of both cocrystals are higher than the

solubility advantages at all surfactant concentrations. According to equation 3.6, dissolution
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advantage depends on both the solubility and diffusivity advantages. As discussed earlier, the
micellar diffusivities of CBZ determined from the dissolution of CBZD are smaller than those
determined from both of the cocrystals. Therefore, the dissolution advantages of both cocrystals
are enhanced by the higher micellar diffusions compared to the parent drug. The enhancement in
dissolution advantage of CBZ-SLC is greater than CBZ-SAC because there is larger difference in

micellar diffusivity between CBZD and CBZ-SLC.
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Figure 3.9. Solubility (®) and dissolution (®) advantages of CBZ-SAC (a) and CBZ-SLC (b) at
pH 1 as a function of SLS.

Effect of pH on dissolution of CBZD and CBZ cocrystals

By cocrystallizing with acidic coformers, SAC and SLC, the nonionizable drug, CBZD, is
able to possess pH dependent dissolution. The effect of pH on the dissolution of CBZ-SAC and
CBZ-SLC was evaluated at constant surfactant concentration as a function of bulk pH and
compared to the parent drug in Figure 3.10 and 3.11, respectively. The flux of CBZD is predicted
to be constant as a function of bulk pH due to its nonionizable property. Since pH has no effect
on the dissolution of CBZD, dissolution experiments were conducted in SLS solutions with no pH

adjustment. The flux of both CBZ-SAC and CBZ-SLC increases as bulk pH increases because of
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the acidity of the coformers. However, both flux plateau at bulk pH ranges from 4 to 8, where the
coformers are self-buffering the pH microenvironment at the dissolving surface. Interfacial pH is
relatively constant in this region, so no significant change in flux is observed in this region. The
dissolution advantages, @, of both cocrystals were determined by comparing the experimental
cocrystal flux to CBZD flux, and these values are shown in Figure 3.10 for CBZ-SAC and Figure
3.11 for CBZ-SLC. As shown in these figures, there exists a transition pH where the flux of the
drug is the same as the cocrystal flux. Below this transition pH, the drug flux is higher, however,
above it, the cocrystal flux becomes higher. Theoretically, both cocrystals should not display any
dissolution advantages under these conditions since the dissolution studies were performed above
the CSC to prevent the solid phase transformation of the cocrystals back to the stable drug form.
Under these dissolution conditions, both cocrystals have no solubility advantage over the parent
drug as indicated by the ratios of Scc/Sdrug less than 1 shown in Table 3.1 and 3.2. Despite the
lower solubility, CBZ-SAC and CBZ-SLC can still display higher dissolution rates compared to
CBZD above the transition pH. According to equation 3.6, the cocrystal dissolution advantage is
dependent on not only the solubility advantage, but also the diffusivity advantage. As shown in
Figure 3.7 above, the effective diffusivities of CBZ determined from the dissolution of CBZ-SAC
and CBZ-SLC are higher than those of CBZD. The effective diffusion coefficient of CBZ-SAC
at 400 mM SLS and CBZ-SLC at 150 mM SLS is about 1.7x and 2.1x higher than that of CBZD,
respectively. These differences in effective diffusion coefficients are not large enough to impart
dissolution advantages to both cocrystals below the transition pH because the solubility advantages
are too low under these conditions as shown in Table 3.1 and 3.2. As the solubility advantages of

both cocrystals become higher above the transition pH, the higher effective diffusivities of both
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cocrystals is able to compensate for the disadvantages in solubility and impart dissolution

advantages.
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Figure 3.10. (a) Flux of CBZD and CBZ-SAC at 400 mM SLS as a function of bulk pH. (b)
Dissolution advantages, @, of CBZ-SAC calculated from the experimental flux. The flux of CBZD
(—) are predicted using equation 3.3 and the flux of CBZ-SAC (——) are predicted using
equation 3.4. CBZD experimental flux: * ; CBZ-SAC experimental flux: © .
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Figure 3.11. (a) Flux of CBZD and CBZ-SLC at 44 mM SLS as a function of bulk pH. (b)
Dissolution advantages, @, of CBZ-SLC calculated from the experimental flux. The flux of CBZD
(—) are predicted using equation 3.3 and the flux of CBZ-SLC (—) are predicted using
equation 3.4. CBZD experimental flux: *; CBZ-SAC experimental flux: ® .
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By knowing the solubility and diffusivity advantages, the dissolution advantages of
cocrystals can be predicted using equation 3.6. The predicted dissolution advantages of CBZ-SAC
and CBZ-SLC are shown in Table 3.1 and 3.2, respectively. These predicted values agree well
with the experimental values shown in Figure 3.10 and 3.11. The higher effective diffusivity of
the cocrystals is able to compensate for the disadvantage in solubility and results in dissolution
advantage for both cocrystals without having to deal with the solid phase transformation of the

cocrystals during dissolution.

Table 3.1. Theoretical predictions of dissolution advantages for CBZ-SAC at 400 mM SLS as a
function of pH.

pH Solubility® (mM) S/S Detfr (X 107 cm?/sec) | Predicted
Bulk | Interfacial® | CBZD | CBZ-SAC | ~*“>%9 [ CBZD | CBZ-SAC® @9
1.27 1.27 30.4 0.41 0.59
2.16 2.15 36.8 0.50 0.72
3.02 2.78 54.6 0.74 1.07
103 300 74.2 562 0gg | 416£002 | 7.2403 178
5.97 3.03 68.0 0.92 1.33
7.66 3.03 68.0 0.92 1.33

a) From reference *°.

b) Predicted from equation 3.1 for CBZD and equation 3.2 for CBZ-SAC.
c) From reference 6.

d) Predicted from equation 3.6.

Table 3.2. Theoretical predictions of dissolution advantages for CBZ-SLC at 44 mM SLS as a
function of pH.

pH Solubility? (mM) S./S Detfr (X 10° cm?/sec) | Predicted
Bulk | Interfacial? | CBZD | CBZ-SLC | >~ [ CBZD | CBZ-SLC® @d
1.15 1.15 6.53 0.54 0.88
3.08 2.97 6.27 0.51 0.84
5.05 3.65 12.2 8.49 0.70 | 1.41+0.04 | 2.98+0.04 1.15
5.99 3.66 8.55 0.70 1.15
7.49 3.66 8.55 0.70 1.15

a) From reference 1°,

b) Predicted from equation 3.1 for CBZD and equation 3.2 for CBZ-SAC.
c) From reference 1°,

d) Predicted from equation 3.6.
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Dissolution conditions for maintaining cocrystal dissolution advantage

Solid phase transformation is one of the challenges for developing cocrystals because it
can lead to minimal or no dissolution advantage compared to the parent drug. The enhanced
dissolution rate through cocrystallization can potentially increase the bioavailability of the parent
drug. Therefore, it would be beneficial to formulate a cocrystal that can display higher dissolution
rate than the parent drug without having to deal with solid phase transformation during dissolution.
It is possible to develop such formulations because the effective diffusivity of the cocrystal in the
presence of surfactant is found to be larger than the drug and this allows the cocrystal to achieve
dissolution advantage even it has lower solubility than the parent drug. Knowledge of the
dissolution behavior of cocrystals would help to develop feasible formulations. To evaluate the
dissolution conditions in which the cocrystals can maintain both dissolution advantage and
thermodynamic stability for formulation development, the combination effect of pH and surfactant
concentration on the dissolution of CBZD is compared to CBZ-SAC and CB-SLC in Figure 3.12.
Because of the nonionizable property, the dissolution rate of CBZD is only affected by the
surfactant concentration, whereas the cocrystals are affected by both surfactant and pH because of
the acidity of the coformers. As shown in Figure 3.12, CBZ-SAC is able to achieve dissolution
advantages from bulk pH 3 to 8 at SLS concentrations range from 22 to 400 mM. However, this
does not mean that the cocrystal is thermodynamically stable under all these conditions. The CSC
for CBZ-SAC at bulk pH 3 is 161 mM SLS and from bulk pH 4 to 8 is 306 mM. This suggests
that CBZ-SAC would be able to maintain dissolution advantage without solid phase transformation
at bulk pH 3 with SLS concentration of 161 mM and above; and from bulk pH 4 to 8 with SLS
concentration of 306 mM and above. These surfactant concentrations maybe too high for oral

formulation. However, the CSC for CBZ-SLC at bulk pH up to 8 is only 21 mM SLS. This means
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that the cocrystal is thermodynamically stable and less soluble than the parent drug under all the
dissolution conditions shown in Figure 3.12. Although it is less soluble than CBZD, CBZ-SLC is
able to maintain dissolution advantages at SLS concentrations range from 22 to 70 mM and bulk

pH ranges from 4 to 8 because of the higher effective diffusivities.
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Figure 3.12. (a) Theoretical flux comparison of CBZD (yellow) to CBZ-SAC (blue), and (b)
CBZD (yellow) to CBZ-SLC (purple) as a function of pH and SLS concentration. Flux predictions
of CBZD were determined using equation 3.3 and cocrystals were from reference?®,

Conclusions

This work has compared the effect of pH and surfactant on the dissolution of CBZD to its
two cocrystals, CBZ-SAC and CBZ-SLC. Solubility and dissolution pH dependence are imparted
to CBZ through the cocrystallization with acidic coformers. Because of the preferential
solubilization of the drug over the coformers by surfactant, the solubility dependence on surfactant
of the drug is different from the cocrystals. There is a linear dependence for the solubility of the
drug, whereas cocrystal solubility has a square root dependence. Because of this different

dependence, the enhancements in solubility and dissolution by surfactant for the drug are higher
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than for both of the cocrystals. Cocrystal dissolution advantage can be determined by comparing
the cocrystal flux to the drug flux. Based on the mass transport analyses, cocrystal dissolution
advantage is proportional to both the solubility and diffusivity advantages. In this study, the
micellar diffusivity of CBZ determined from the dissolution of CBZD is found to be smaller than
those of the cocrystals because the drug has a higher solubility dependence on surfactant. Because
of the higher diffusivities, cocrystals with lower solubility than the parent drug do not necessarily
have slower dissolution rates. The diffusivity advantages allow cocrystals to compensate for their
lower solubility above the CSC and result in higher dissolution rates compared to the parent drug.
Dissolution conditions where the cocrystal can obtain both thermodynamic stability and
dissolution advantage are useful information for cocrystal formulation development and these

conditions can be evaluated through the simple mass transport models provided in this work.
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CHAPTER 4

COMMON COFORMER EFFECT ON THE DISSOLUTION RATE OF COCRYSTAL

Abstract

The presence of excess coformer in solution is known to decrease the solubility of
cocrystals because of the solubility product behavior. However, its effect on dissolution rates has
not been addressed. The purpose of this work is to develop mass transport models to evaluate the
common coformer effect on the dissolution rates of cocrystals. These mass transport analyses not
only provide useful insights for the oral absorption of cocrystals with drug membrane permeation
higher than the coformer, but also validate the surface saturation model that was developed
previously to describe the dissolution process of cocrystals. Rotating disk dissolution experiments
of the model cocrystal, carbamazepine salicylic acid (CBZ-SLC) show that the dissolution rates
decrease with increasing coformer concentration. The common coformer effect decreases the
ability of CBZ-SLC in lowering the pH at the dissolving surface due to the lower degree of
coformer ionization and results in higher interfacial pH. The higher interfacial pH subsequently
reduces the common coformer effect on the dissolution rate of CBZ-SLC because of the acidity of

salicylic acid.
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Introduction

Cocrystals have gained tremendous interest in pharmaceutical industry in recent years due
to their potential of increasing bioavailability of poorly water soluble drugs®®. The solubility and
dissolution behavior of cocrystals have been widely studied™ > * 8 in order to gain a better
understanding on the oral absorption of these cocrystalline materials. The solubility mechanism
of cocrystals have been well studied by Rodriguez, et al.>*2 and the dissolution mechanism has
been proposed by a recent study®®. Detailed mass transport models have been developed to predict
the pH at the dissolving surface (i.e. interfacial pH) and the flux of cocrystals*®. These mass
transport analyses emphasize the importance of physicochemical properties of the cocrystal

components on the rate of dissolution.

Cocrystals usually contain components with different physicochemical properties, such as
hydrophobicity, micellar solubilization, diffusion coefficient and permeability. The more
lipophilic drug usually has a faster membrane permeation compared to the less lipophilic coformer.
The faster permeation of the drug through the intestinal membrane can result in excess coformer
concentration in the intestinal lumen. This excess coformer concentration can impact the

dissolution rate of the cocrystal if it is not fully dissolved.

Cocrystals behave similarly to pharmaceutical salts in a way that the solubility is also
described by the solubility product of the components. The presence of excess counter ion can
suppress the degree of salt dissociation because of the solubility product behavior and this
phenomenon is known as the common ion effect*”. The solubility of hydrochloride salts have
been shown to decrease in dilute hydrochloric solutions and similar behavior was also observed
for other pharmaceutical salts in solutions containing their counter ions**'’. Because of the

common ion effect, the dissolution rates of pharmaceutical salts are also suppressed by the
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presence of counter ions!*t’. With similar solubility product behavior, the solubility of cocrystals
also decrease in solutions containing excess coformer® 8, The solubility of carbamazepine-
nicotinamide cocrystal has been shown to decrease with increasing nicotinamide concentration in
solution®®. While the effect of excess coformer on the solubility of cocrystals has been addressed,
its effect on the dissolution rates has not been explored. Using pharmaceutical salts as an analogy,
the effect of excess coformer on the solubility and dissolution of cocrystals is defined as the
common coformer effect. Herein, mechanism based models were developed to evaluate the

common coformer effect on the dissolution behavior of cocrystals.

Surface saturation model has been proposed previously to describe the dissolution
mechanism of cocrystals®, It is difficult to validate this model experimentally because it would
require the measurements of surface concentrations of the cocrystal components. Another purpose
of this work is to validate the surface saturation model by varying the coformer concentration at
the dissolving surface by the addition of coformer in the bulk solution. To evaluate the common
coformer effect and validate the surface saturation model, rotating disk dissolution experiments of
carbamazepine salicylic acid (CBZ-SLC) cocrystal were performed in dissolution media

containing different salicylic acid concentrations.
Materials and methods
Materials

Anhydrous carbamazepine (CBZ), salicylic acid (SLC) and sodium lauryl sulfate (SLS)
were purchased from Sigma Chemical Company (St. Louis, MO) and used as received.
Acetonitrile, methanol and hydrochloric acid were purchased from Fisher Scientific (Pittsburgh,

PA). Sodium hydroxide pellets were purchased from J.T. Baker (Philipsburg, NJ). Water used in
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this study was filtered through a double deionized purification system (Milli Q Plus Water System)

from Millipore Co. (Bedford, MA).

Cocrystal synthesis

Cocrystals were prepared by reaction crystallization method?® at room temperature. CBZ-
SLC was prepared by adding 1:1 molar ratio of CBZ and SLC in acetonitrile solution containing
0.1 M SLC. Solid phases were characterized by X-ray powder diffraction (XRPD) and differential

scanning calorimetry (DSC).

Dissolution experiments

Constant surface area dissolution rates of CBZ-SLC were determined using a rotating disk
apparatus. Cocrystal powder (~150 mg) was compressed in a stainless steel rotating disk die with
a tablet radius of 0.50 cm at approximately 85 MPa for 2 minutes using a hydraulic press. The die
containing the compact was mounted onto a stainless steel shaft attached to an overhead, variable
speed motor. The disk was exposed to 150 mL of dissolution medium in a water jacketed beaker
with temperature controlled at 25°C and a rotation speed of 200 rpm was used. Dissolution
medium was prepared on the day of the experiment by dissolving SLC in 150 mM SLS solution
and solution pH was adjusted using HCI or NaOH. Sink conditions were maintained throughout
the experiments by ensuring the concentrations at the last time point of the dissolution were less
than 10% of the cocrystal solubility. Bulk solution pH was maintained at constant throughout the
dissolution using HCI or NaOH. Solution concentrations were measured using HPLC and solid

phases after dissolution were analyzed by XRPD.
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HPLC

Waters HPLC equipped with a photodiode array detector was used for all analysis. The
mobile phase was composed of 55% methanol and 45% water with 0.1% trifluoroacetic acid and
the flow rate was 1 mL/min was used. Separation was achieved using Waters, Atlantis, T3 column
(5.0 um, 100 A) with dimensions of 4.6 x 250 mm. The sample injection volume was 20 pL. The

wavelengths for the analytes were as follows: 284 nm for CBZ and 303 nm for SLC.

XRPD

XRPD diffractograms of solid phases were collected with a benchtop Rigaku Miniflex X-
ray diffractometer using Cu-Ko radiation (A = 1.54 A), a tube voltage of 30 kV, and a tube current

of 15 mA. Data was collected from 5 to 40° at a continuous scan rate of 2.5°/min.

DSC

Crystalline samples were analyzed by DSC using a TA instrument 2910 MDSC system
equipped with a refrigerated cooling unit. All experiments were performed by heating the samples
at a rate of 10 °C/min under a dry nitrogen atmosphere. Temperature and enthalpy of the

instrument were calibrated using high purity indium standard.

Theoretical

Surface saturation model was previously developed to describe the dissolution mechanism
of cocrystals'®>. Because of the different diffusivities between the drug and coformer, the
concentrations of the cocrystal components are different at the dissolving surface in order to
maintain stoichiometric dissolution®. Due to faster diffusion, the coformer concentration is lower

than that of the drug at the dissolving surface, whereas the drug is able to maintain the same
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concentration as the solubility of the cocrystal’®. The depletion in concentration of the faster
diffusing component at the dissolving surface is not easy to demonstrate experimentally because
of the difficulty in measuring the surface concentrations. Alternative approaches to validate this
model are to vary the coformer concentrations at the dissolving surface by the addition of coformer
in the bulk solution. Approach 1 is to achieve a coformer concentration that is the same as the
drug at the dissolving surface by adding equivalent amount of coformer that would be depleted
due to rapid diffusion in the dissolution medium. Approach 2 is to achieve a coformer
concentration that is higher than the drug at the dissolving surface by adding larger amount of
coformer than the depleted amount in the dissolution medium. By adding coformer in the
dissolution medium, the depleted coformer concentration at the dissolving surface due to faster
diffusion can be replenished to the same or even higher concentration than the drug. Knowing the
solubility product behavior of cocrystals, the presence of excess coformer in the dissolution
medium can influence the solubility and consequently, the dissolution of cocrystals. Therefore,
besides validation, these approaches can also be used to demonstrate the common coformer effect

on the dissolution of cocrystals.

Approach 1: [Rlag,0 = [Alag,o

A schematic representation of approach 1 for a 1:1 cocrystal with nonionizable
components, RA is illustrated in Figure 4.1. At time = 0, the cocrystal would first dissociate into
its components to give equal molar concentrations of R and A at the dissolving surface according
to its solubility. However, with the excess coformer added in the bulk solution, the coformer
concentration would be higher than the drug concentration at the dissolving surface before any
diffusion happens. As both drug and coformer diffuse away from the dissolving surface, the

coformer concentration would be depleted due to faster diffusion. However, the coformer
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concentration added in the bulk solution is the same as the depleted concentration, so the coformer

would be able to maintain the same surface concentration as the drug at steady state.
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Figure 4.1. Schematic representation of approach 1 for the dissolution of RA with R and A as the
nonionizable components. The concentration of coformer added in the bulk solution is the same
as the depleted coformer concentration due to faster diffusion. [R]ago and [Alago represent the
concentrations of R and A at the surface; [R]agh and [Alagh represent the concentrations of R and
A in the bulk solution; Sra is the solubility of the cocrystal and Cexc is the concentration of
coformer added in the dissolution medium.

Approach 2: [R]aq,0 < [A]aq,0

The schematic representation of approach 2 is shown in Figure 4.2. Similar to approach 1,
the coformer concentration at the dissolving surface is higher than that of the drug before any
diffusion happens. However, for this approach, the coformer would be able to maintain a surface
concentration that is higher than the drug concentration at steady state because the coformer
concentration added in the dissolution medium is higher than the depleted concentration due to

faster diffusion.

117



Attime =0 Attime =t

é [ [A]aq.ﬂ: Sra * Coxc Bulk :I:: [A]a:LO > Spa Bulk
Y— [e— [R]aq,[] = SRA y—

(@] o

)] o

o S

= =

3 >

" [A]ac h= Cex-: 4 [A]aq.h = Cex-:
= T 9

3 3

[Rlagn =0 [Rlagh =0
X=0 X=h X=0 X=h
Saturated Layer Diffusion Layer Saturated Layer Diffusion Layer

Figure 4.2. Schematic representation of approach 2 for the dissolution of RA with R and A as the
nonionizable components. The concentration of coformer added in the bulk solution is higher than
the depleted coformer concentration. [R]ago and [A]ago represent the concentrations of R and A at
the surface; [R]agh and [Alagh represent the concentrations of R and A in the bulk; Sra is the
solubility of the cocrystal and Cexc is the concentration of coformer added in the dissolution
medium.

Chemical equilibria within diffusion layer

Carbamazepine salicylic acid (CBZ-SLC) is chosen as the model cocrystal because it has
a low solubility product, so it does not require much coformer to achieve the two approaches.
CBZ-SLC has higher solubility than the parent drug, so solid phase transformation can happen
during dissolution. Previous studies have shown that the cocrystal can be stabilized during
dissolution in 150 mM SLS at bulk pH up to 7.5'3. To avoid the complication of conversion, all
dissolution studies were performed in 150 mM SLS. Chemical equilibria involved for the
dissolution of CBZ-SLC in the presence of SLS can be written as follows with R representing the

non-ionizable drug, CBZ and HA as the acidy coformer, SLC:
(RHA)sp1ia S Rag + HAgq (4.1)

Ksp = [R]aq [HA]aq (4.2)

118



H,0 + HAyq S H30™ + Ag, (4.3)

[H30*1[A ]aq

K, = . (4.4)
H;0% + OH™ = 2H,0 (4.5)
K, = [H307][OH7] (4.6)
HAu, + OH™ = H,0 + Ay, (4.7
__ [A7]ag
K= [HAlqq[OH™] (48)
Ryq+mSR, (4.9)
R _ [Rlm
Ks = [Rlaqlm] (4.10)
HAuy +m s HAp, (4.11)
HA _  [HAlm
K™= [HA]aq[m] (4.12)

where Ksp is the solubility product of the cocrystal, Ka is the ionization constant of HA, Ky is the
dissociation constant of water, K1 is the ratio of Ka / Kw, KX is the solubilization constant of R and
KH4 is the solubilization constant of HA, m is the micellar concentration in solution and it is equal
to the total surfactant concentration minus the critical micellar concentration (CMC). Subscript

aq denotes the aqueous phase and m denotes the micellar phase.

Common coformer effect on solubility

As shown in equation 4.2, the solubility product, Ksp, is a chemical equilibrium constant

describing the solubility of the cocrystal. In the presence of excess coformer, the solubility of
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cocrystal would decrease in order to maintain a constant Ksp value. This behavior is very similar
to the common ion effect of pharmaceutical salts and it is defined as the common coformer effect.
In the presence of excess coformer, the solubility of CBZ-SLC in surfactant solution can be

described as follow?e:

K
- Cexc+\/Cexcz+4Ksp(1+K5R[m])(1+H_$+K§IA[mD

Sec = : (4.13)

where C,,. is the concentration of excess coformer in the dissolution medium.

According to the surface saturation model, the total concentrations of the cocrystal

components at the dissolving surface can be written as follows3:

[Rlr = [Rlaq + [R]m = Scc (4.14)

DR
[HA]7 = [HAlaq + [HAlm + [A7]aq = G—L)?/3S,, (4.15)

DHAeff

where Dg,,f and Dya,,, are the effective diffusion coefficients of R and HA, S is the solubility

of cocrystal and subscript T denotes the total concentration. For approach 1, excess coformer
would be added to the dissolution medium so that the coformer concentration at the dissolving

surface would be the same as the drug concertation and this can be described by the following:
[Rlr = [HA]7 + Cexc (4.16)

Substituting equations 4.13, 4.14 and 4.15 into 4.16, the concentration of coformer required to

achieve approach 1 can be described as follow:
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4Ksp(1+KR [m])(1+g—$+KSHA [m])
Coxc = [ 2

(4.17)

g+1]2‘1

( “AEI ’)
-

By knowing the equilibrium constants and the effective diffusion coefficients, the concentration

of coformer required in the bulk solution to achieve equivalent concentrations of cocrystal

components at the surface can be calculated as a function of pH and surfactant concentration.

Detailed mass transport analyses for the two approaches are shown in Appendix 4A. These
analyses allow the validation of the surface saturation model and the evaluation of the common
coformer effect on interfacial pH and flux of the cocrystals. Both approaches are based on the
following assumptions: all chemical reactions and solute solubilization within the diffusion layer
occur instantaneously, free solute and micelle are in equilibrium throughout the diffusion layer,
the ionized form of the coformer is not solubilized by surfactant, aqueous diffusivity of the ionized
and non-ionized forms are the same. For simplification of the interfacial pH prediction, the
effective diffusivity of the coformer is assumed to be the same as the aqueous diffusivity because
it is not significantly solubilized by the surfactant. In this study, the effect of surfactant
concentration on the viscosity of dissolution medium was not accounted for the mass transport
analyses. Although the viscosity of the dissolution medium may approximately double at high
surfactant concentration (eg: 300 mM)?°, its impact on the hydrodynamic boundary layer is small.
The viscosity of dissolution medium is not expected to significantly affect the diffusion of free
species as they are assumed to be diffusing through the aqueous phase where the surfactant
concentration is equal to the critical micellar concentration (CMC) and the viscosity is not
substantially different from water?!. The effect of viscosity on the diffusion coefficient of the

micelles incorporates the effect of viscosity changes.
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Results and discussion

Physicochemical properties of CBZ-SLC and its components such as solubility product,
ionization constant, micellar solubilization constant and diffusion coefficient are required to
perform the mass transport analyses for the dissolution of cocrystal in the presence of excess
coformer in the dissolution medium. These properties can be obtained from the literature and they
are summarized in Table 4.1. All dissolution experiments in this study were performed in 150 mM
SLS to prevent solid phase transformation of the cocrystal back to the stable drug form. Therefore,
the solubilization constants of CBZ and SLC and effective diffusion coefficient of CBZ in Table
4.1 are obtained from 150 mM SLS. The effective diffusivity of SLC is not listed in Table 4.1
because it has a pH dependence due to the ionization properties of SLC. By knowing the micellar

diffusivity (Dm), the effective diffusivity of SLC at a given pH can be estimated using the following

equation:
D _ Daq(1+§—$)+K£'IADm[m] 418
Hlerr ™ q14KayklApm) (4.18)
Table 4.1. Physicochemical properties of CBZ-SLC and its components.
K Ka of Ksin 150 mM SLS Diffusion coefficient
Cocrystal (ml\;lpz)a pSLEtlg (mM1ya x 106 cm?/sec)?
CBZz SLC Dg,, Dg,; Dya,,
CBzZ-SLC | 0.40 3.0 0.43 0.060 5.7 1.5 7.7

a) From Reference 2,
Evaluation of approach 1

The concentrations of coformer required to establish approach 1 were calculated using
equation 4.17 as a function of bulk pH, and these are summarized in Table 4.2. As pH increases,

the solubility of CBZ-SLC increases due to the acidity of SLC, consequently, it requires higher
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SLC concentration in the dissolution medium to compensate for the depletion of SLC at the
dissolving surface due to faster diffusion. The concentrations of SLC are the same at the self-
buffering region of CBZ-SLC because there is only minimal change in interfacial pH at bulk pH

from5.0to 7.5.

Table 4.2. Concentrations of SLC required to establish approach 1 as a function of bulk pH.

pH SLC
Bulk | Interfacial2| (mM)P
1.0 1.0 2.87
2.0 2.0 3.05
3.0 3.0 4.45
5.0 3.8 8.50
6.0 3.8 8.56
7.5 3.8 8.57

a) Calculated using equation 4A.27 from Appendix 4A,
b) Calculated using equation 4.17.

The solubility of cocrystal decreases in the presence of coformer in excess to the
stoichiometric concentration because of the solubility product behavior. The decrease in cocrystal
solubility lowers the degree of coformer ionization at the dissolving surface and thus influences
the pH at the interface. The common coformer effect on interfacial pH and solubility of CBZ-SLC
as a function of bulk pH for approach 1 is summarized in Table 4.3. Interfacial pH is not affected
by the common coformer effect at bulk pH < pKa of SLC (3.0) because the pH microenvironment
is dominated by the bulk pH. As bulk pH increases above the pKa value, the ability in lowering
interfacial pH is smaller in the presence of excess coformer. The common coformer effect
decreases the solubility of CBZ-SLC and lowers the degree of SLC ionization at the interface, and
thus results in slightly higher interfacial pH. As shown in Table 4.3, solubility of CBZ-SLC
decreases in the presence of SLC at all pH. As the SLC concentrations required to achieve

approach 1 are very small at pH 1 and 2, there is no significant decrease in solubility of CBZ-SLC
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under these conditions. The common coformer effect on the dissolution rates of CBZ-SLC under
these conditions may not be very significant. Therefore, dissolution studies of CBZ-SLC at bulk

pH 3, 5 and 7.5 were performed to evaluate the mass transport model for approach 1.

Table 4.3. Common coformer effect on interfacial pH and solubility of CBZ-SLC as a function of
bulk pH.

pH SLC ]

Bulk | Interfacial2| (mM)P Scc (MM)
1.0 10 0 156
' 1.0 2.87 14.
2.0 0 15.7
29 2.0 3.05 14.2
3.0 0 16.4
30 3.0 4.45 14.3
3.7 0 193
>0 3.8 8.50 163
3.7 0 194
>0 3.8 8.56 16.4
3.7 0 194
I 3.8 8.57 16.4

a) Absence of SLC is from reference 3 and presence of SLC is from Table 4.1;
b) From Table 4.2;
c) Calculated using equation 4.13.

Dissolution studies of CBZ-SLC at bulk pH 3, 5 and 7.5 were performed in 150 mM SLS
containing SLC concentrations shown in Table 4.2 to maintain equal component concentrations at
the dissolving surface. The rotating disk dissolution concentration profiles are shown in Figure
4.3. The linear dissolution behavior indicated that no solid phase transformation happened during

dissolution under these conditions.
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Figure 4.3. Dissolution concentration profiles of CBZ-SLC in 150 mM SLS at pH 3.06, 4.5 mM
SLC (—); pH 5.03, 8.2 mM SLC (—) and pH 7.50, 8.3 mM SLC (—).

To evaluate the predictive power of the mass transport model for approach 1, the
experimental flux of CBZ-SLC were calculated from the dissolution concentration profiles shown
in Figure 4.3 and compared to the theoretical predictions. Table 4.4 summarizes the interfacial
pH, concentrations of the cocrystal components at the surface, the theoretical and experimental
flux of CBZ-SLC in the absence and presence of excess SLC. With no excess SLC in the
dissolution medium, the concentration of SLC at the dissolving surface is smaller than that of CBZ
because it is depleted due to faster diffusion. By adding the depleted amount of SLC in the
dissolution medium, the SLC concentration at the dissolving surface is able to maintain the same
concentration as that of the drug. The presence of excess SLC decreases the solubility of CBZ-
SLC due to the common coformer effect and thus lowers the concentration of CBZ at the dissolving
surface compared to that without excess coformer. The common coformer effect is also reflected
in the dissolution of CBZ-SLC by the lower flux in the presence of excess SLC compared to those
in the absence of excess SLC. As shown in Table 4.4, the theoretical flux predictions have
excellent agreement with the experimental values. The developed mass transport model with

consideration of interfacial pH for approach 1 is able to accurately predict the flux of CBZ-SLC.
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Table 4.4. Interfacial pH, concentrations of CBZ and SLC at the dissolving surface, predicted and
experimental flux of CBZ-SLC in the absence and presence of excess SLC.

oH Conc. at the Flux %
SLC (mM) | surface (mM) (x 10* mmole/cm? min) difference
Bulk Interfacial CBZ? | SLCP | Predicted | Experimental

3.11+£0.02 3.0 0 16.4 55 8.0° 7.9+0.2¢ 2.1
3.06£0.01 3.0 447+0.01 | 144 14.4 7.0¢ 75+0.1 7.0
496 +0.03 3.7 0 19.3 6.5 9.4¢ 9.8 +0.4¢ 4.4
5.03+0.03 3.8 8.2+05 16.3 16.3 7.9¢ 85+0.1 7.2
75 +0.1 3.7 0 19.4 6.5 9.4° 9.69 +0.01° 2.9
75+0.1 3.8 8.3+0.5 16.4 16.4 8.0¢ 8.1+0.2 1.1

a) Calculated using equation 4.14;

b) Calculated using equation 4.15;

c) From reference *3;

d) Calculated using equation 4A.33 from Appendix 4A.

Evaluation of approach 2

Approach 2 is to establish a higher coformer concentration than the drug concentration at
the dissolving surface by adding coformer in the dissolution medium that is higher than the
required concentration for approach 1. The interfacial pH and surface concentrations of the
cocrystal components at bulk pH 3 as a function of SLC are summarized in Table 4.5. Because
the bulk pH is at the pKa value of SLC, there is not much deviation in interfacial pH from the bulk
pH as a function of SLC. With no SLC in the dissolution medium, surface concentration of SLC
is less than CBZ due to its rapid diffusion. In 4.47 mM SLC solution, the concentrations of the
cocrystal components at the dissolving surface are the same because this SLC concentration is the
required concentration for approach 1 (Table 4.2). By further increasing the SLC concentration in
the dissolution medium, the SLC concentration at the dissolving surface becomes higher than that
of CBZ. By varying the SLC concentration in the dissolution medium, the surface concentration

of SLC can be the same as or higher than the drug concentration.

126



Table 4.5. Interfacial pH and surface concentrations of CBZ and SLC at bulk pH 3 in 150 mM
SLS as a function of SLC.

H Surface concentration
P SLC (mM) (mM)

Bulk Interfacial? CBZzP SLC¢
3.11+0.02 3.0 0 16.4 55
3.06 £0.01 3.0 447 +0.01 14.4 14.4
3.04 £0.02 3.0 6.64 +0.01 13.4 15.8
3.03+0.01 3.0 25.01 £0.01 8.1 30.5
2.98 £0.02 3.0 45.02 £0.01 5.3 48.6

a) Calculated using equation 4A.28 from Appendix 4A;
b) Calculated using equation 4.14;
c) Calculated using equation 4.15.

The common coformer effect on the interfacial pH of CBZ-SLC at bulk pH 5 is shown in
Figure 4.4. This bulk pH value is above the pKa of SLC, so the cocrystal has the ability to lower
the interfacial pH due to the ionization of the coformer. However, this ability decreases as the
concentration of SLC increases in the bulk solution. As shown in Figure 4.4, interfacial pH
increases with increasing SLC concentration in the dissolution medium. The presence of SLC in
the bulk solution decreases the solubility of the cocrystal and thus lowers the ionization of the
coformer at the interface. The higher interfacial pH can have implications in reducing the common

coformer effect on dissolution rates of cocrystals.

0 10 20 30 40 50
SLC (mM)
Figure 4.4. Interfacial pH of CBZ-SLC in 150 mM SLS at bulk pH 5 as a function of SLC.

Interfacial pH was predicted using equation 4A.28 from Appendix 4A with physicochemical
parameters shown in Table 4.1.
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Approach 2 was evaluated by performing dissolution experiments for CBZ-SLC at bulk
pH 3 and 5 as a function of excess SLC in 150 mM SLS dissolution media. The dissolution
concentration profiles of CBZ-SLC at bulk pH 3 and 5 as a function of SLC are shown in Figure
4.5. Solid phase transformation did not occur during dissolution as indicated by the linear
dissolution behavior. Dissolution rates of CBZ-SLC decrease with increasing SLC concentration
due to the common coformer effect. The impact of common coformer effect on the dissolution of
CBZ-SLC at bulk pH 3 is greater than at bulk pH 5 as indicated by the larger decrease in dissolution

rates at bulk pH 3 as a function of SLC concentration.

(@) (b)
1.3E-04 1@ 0mM SLC - 18E-04 14 ommsLC
4.47 mM SLC ® 8.22mMSLC
10E-04 |® 6:64mMMSLC ® 25.0mM SLC
e ® 2501 mMSLC 1.4E-04 { ® 45.0mM SLC
= ® 4502mMSLC c
= 7.5E-05 A S
Q c
5 G 9.0E-05 -
O
O
~ 5-0E-05 1 N
m
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2.5E-05 -
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Time (mins) Time (mins)

Figure 4.5. Dissolution concentration profiles of CBZ-SLC in 150 mM SLS at bulk pH 3.0 (a)
and bulk pH 5 (b) as a function of SLC concentration.

Flux of CBZ-SLC at bulk pH 3 and 5 as a function of SLC was calculated from the
dissolution rates and compared to the theoretical predictions as shown in Figure 4.6. The flux of
CBZ-SLC at both pH decreases as SLC concentration increases. The common coformer effect on
the flux of CBZ-SLC is greater at bulk pH 3 than pH 5 as indicated by the steeper curve shown in

Figure 4.6 for pH 3. The common coformer effect is dampened at bulk pH 5 because of the
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increase in interfacial pH as a function of SLC concentration shown in Figure 4.4. The increased
interfacial pH can help to reduce the common coformer effect on the solubility and dissolution of
CBZ-SLC because of the acidity of SLC. The mass transport model is able to capture the common
coformer effect on the dissolution of CBZ-SLC as indicated by the excellent agreement between
the theoretical and experimental flux as a function of SLC concentration. However, there are some
deviations in the flux predictions at bulk pH 5 from the experimental values. The largest deviation
isat 45 mM SLC, but the flux prediction is still within a factor of two compared to the experimental
value. These deviations may be due to the pH sensitivity of CBZ-SLC flux because the interfacial
pH at bulk pH 5 is predicted to be above the pKa value of SLC. A 0.5 unit pH change in interfacial
pH at 45 mM SLC can lead to a roughly 70% change in flux prediction of CBZ-SLC. Obviously,

accurate interfacial pH prediction is essential for predicting the flux of cocrystal with ionizable

components.
(@) (b)
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Figure 4.6. The experimental (orange circle) and theoretical (blue line) flux comparison of CBZ-
SLC in 150 mM SLS at bulk pH 3 (a) and 5 (b) as a function of SLC. Flux predictions were
calculated using equation 4A.33 from Appendix 4A with physicochemical properties shown in
Table 4.1.
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Conclusions

This chapter has demonstrated the influence of common coformer effect on the interfacial
pH and flux of cocrystals. The establishment of the two approaches in this study adds another
level of confidence to the surface saturation model developed previously for the dissolution of
cocrystals. The mass transport analyses based on the surface saturation model for the two
approaches are able to evaluate the impact of coformer in the bulk solution on interfacial pH and
flux of cocrystals. The presence of excess coformer can decrease the cocrystal solubility and lower
the degree of coformer ionization at the dissolving surface, and consequently, the interfacial pH
would be higher compared to the absence of excess coformer. It is essential to understand the
influence of common coformer effect on interfacial pH because it is required for accurate flux
predictions. The flux of cocrystal is predicted to decrease with increasing coformer concentration
because of the solubility product behavior of cocrystal. In the case of oral absorption, the lower
membrane permeation of the coformer can potentially result in excess coformer in the intestinal
lumen that can influence the dissolution of the continually dissolving cocrystal due to the common
coformer effect. These mass transport models can provide useful insights on how the differential
permeability between the cocrystal components can influence the oral absorption of the drug from

the cocrystalline materials.
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APPENDIX 4A

The flux of all the species across the diffusion layer include both the diffusion and chemical
reactions happening during dissolution. At steady state, the diffusion and simultaneous chemical

reactions of the individual species within the diffusion layer can be written using Fick’s law as

follows:

a[z;]taq = Dy, aza[ﬂaq + =0 (4A.1)
a[glm = Dy, aza[:gm + ¢, =0 (4A.2)
a[ziii]aq = Dya,, 62([;1% =0 (4A.3)
a[Aa—t]aq = Dz, 9? g‘;_z]aq + s =0 (4A.4)
a[zgctl]m _ DHAmazg%]m + s =0 (4A.5)
a[?;r] — Dop- % + e =0 (4A.6)
6[;,;] _D,. % +d, =0 (4A.7)

where ¢1-7 are the reaction rate functions. At equilibrium, the reaction rate of the reactant should

be the opposite of the product. Based on the chemical equilibria, the following can be written:

b1 =0, (4A8)

b3 =~y — ¢5 (4A.9)
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The reaction rate of A" can be reflected by the reaction rate of H* and OH, therefore,

by =7 — b6 (4A.10)

Based on equation 4A.10, equation 4A.9 can be written as:

$3 = b6 — b5 — ¢7 (4A.11)

Based on the equations 4A.8, 4A.9 and 4A.11, the following mass balance equations can be

written:

oy ot — _p, & LBl (4A.12)
Dithag ™ = ~Diz, g™t = Day, (A1)
Diagy itlas — - L1 _p,, LU0 _p,, A (4A.14)
Integrating equations 4A.12 to 4A.14 once gives:
Dppy otd = —p,, m ¢, (4A.15)
Dipag, —odet = —p,. Loa _p,, LWm y ¢, (4A.16)
Ditngg ot = Doy- A5 = Dy T - p,,, oy, (4A.17)

Since Ay is the product of the reaction between HA and OH', so its flux can be reflected by both

OH and H™:
dlA7]aq _ d[0H™] d[H*]
_DAaq dx d —_ DOH_ dx - DH+ dx (4A18)

With this mass balance relationship, it can be seen that
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Integrating equations 4A.15 to 4A.17 gives:

(4A.19)

DRaq [Rlag = —Dg,,[Rlm + C1x + C4 (4A.20)
Dy, [HAlaq = —Dua,, [HAlm—Daz,[A7]ag + Cox + Cs (4A.21)
Dyaoy[HAlaq = Dou-[OH™] — Dy+[H*]=Dyy, [HA]m + C3x + Co (4A.22)

Interfacial pH and flux of the species can be evaluated by solving these mass balance equations

with the following boundary conditions.

Boundary conditions:

Atx =0:
R - Cexc"‘\/(:exc2 +4I(5p(1+K§[m])(1+§—$+KSHA[m])
[Rlago = 2(1+K8[m])
DR = Cexct Cexcz+4Ksp(1+KsR[m])(l‘*K_z*'KsHA[m])
[HA]aq,O = (D IS )2/3 \/ 2 + [HA]aq,h

HAery 20+ A )
[R]m,0 = unknown

[HA]m o = unknown

[A7]aq,0 = unknown

[H*] = [H"],

[OH™] = [0H ],

Evaluation of pH at the interface
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atx=h:

[R]ag,n = 0 (sink conditions)

[HA] aqgh = [HA]aq,h

[R]m,n = 0 (sink conditions)

[HA]m = [HA]m,n

[A_]aq = [A_]aq,h

[H*] = [H"]p

[OH™] = [OH™ ]



Applying the above boundary conditions to equations 4A.21 and 4A.22, at x = 0:

Cexc? +4Ksp (L+KS M) (1+,¢ Ra y kHA[m])

( DResr )2/3 Ce"CJr\/

MAaa Dy, 2(1+E+Ks’“[ ) * [HAlagn =

_DHAm [HA]m,O_DAEq [A_]aq,o + C5

Cexc? +4Ksp (L+KS M) (1+,¢ Ra y kHA[m])

( DResr )2/3 Ce"CJr\/
HAaq\py Aofr 2(1+H—++K§“[ D
0

Dy+[H*lo—Dya, [HA]mo + Co
and at x = h:
Dya,, [HA]agn = —Dna,, [HA]m,h—DA;q [A7]agn + C2h + Cs

Dya,, [HA]agn = Dou-[OH™ 1 — Dy+[H™ 1, —Dya,, [HA]mpn + C3h + C

(4A.23)

+ [HA]aq,h = DOH'[OH_]O -

(4A.24)

(4A.25)

(4A.26)

For approach 1, a fifth order equation can be obtained by combining equations 4A.23 to 4A.26 and

substitute equation 4.17 for Cexc to calculate the interfacial pH:
A[H*],® + B[H*],* + C[H*],® + D[H*],> + E[H*],+ F = 0
where,

A =D (1+KHA[m]);

B = —2Dy+(Dy+[H*1 — Doy-[0H™1,) (1 + KEA[m]) + D]+ K,;

C = —2Dy+Doy-Kyy (1 + K [m]) + (1 + K [mD (Dy+[H* ]n — Dou-[0H10)* —

2Dy+(Dy+[H*]p — Doy-[OH™1p)Ky;

D = 2Dyy-Kyy(Dy+[H* ]y — Doy-[0H 1) (1 + Kf4[m]) — 2D+ Doy-K,, K, +
(DH"' [H+]h — Doy~ [OH_]h)ZKa;
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E= (DOH Kw)*(1 + K4 [m]) + 2Dou-Kyy(Dy+[H* 1, — Dou-[OH ™ 11)K, —

(D3_ D; ., Ka/Kep (T KEmIN( / +1 _F))Z

F = K,(Don-Kw)?;

L +1? -1

DReff 3
1_ —_—
DHAeff

and g = |

For approach 2, a sixth order equation is obtained by combining equations 4A.23 to 4A.26 for

calculating the interfacial pH:
A[H*1,% + B[H*],” + C[H*]y" + D[H*],> + E[H*],> + F[H*], + G =0 (4A.28)
where,

A =D (1+KHA[m])?;
B = —2Dy+(Dy+[H*]p — Doy-[0H™ 1) (1 + KHA[m])? + 2D} + K, (1 + KEA[m]);

C = —2Dy+Doy-K,, (1 + KFA[MD? + (1 + KEA[mD*(Dy+[H ], — DOH;[OHZ_]h)Z -

4Dy +Ka(Dy+[H*1p = Dou-[0H™1,) (1 + K{'[m]) + (Dy+Ko)® + Dy+Dj D} KoCoxc(1+
K4 mD);

D = 2Doy-Ky(Dy+[H*]p — Doy-[OH 1) (1 + K& [m])? — 4D y+Doy-K,, Ko (1 +
K&4m]) + 2+ (1 + K™ [m])(DH+[H+]h — Dou-[0H™]p)*Kq — 2D+ (Dy+[H* 1 —
1

Don-[OH1n)K," — Dj D3 KaCoxc(Dy+[H*In — Doy~[0H™ 1) (1 + KM [m]) +

Refy
1 2
3 3 2 .
DAanR ffDH+Ka Ceoxc:

E = (Doy-Ky)?*(1 + K [m])? + 4Doy-K\ K (DH+[H+] - DOH'[OH_]h)(]- + K4 [m]) -

2Dy+Doy-KywKy® + Ko (Dy+[H*], — Doy-[0H™1,)? — D3 DOH—KWKacexC(H
1 2
K§'[m]) = D;. D} Ko®Cexc(Diy+[H*]n = Dou-[0H 1) = (DS- D; K2+

K& [mD (1 + KS,HA[ D;
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F =2K,(1 4+ KF4[m])(Doy-Kw)? + 2Dou-KyKo* (Dy+[H 1 — Doy-[0H 1) —
2 1 2

1

Dy Di.. Don-KuKe®Coxe = KspKa (D32 D} K)*(1 + K [ml);

G = (KaDOH‘Kw)Z-

Evaluation of flux of the cocrystal components

Applying the boundary conditions to equation 4A.20, at x = 0:

K
- Cexc"’\/cexcz+4Ksp(1+K§[m])(1+H_$+KsHA[mD

DRaq 2(1+KkR[m]) -

K
Cexc2 +4Ksp (1+K§ [mhH(@ +H_$+K5HA [m])

- Cexc"’\/
—DRmK_5 [m]

+C, (4A.29)

2(1+KE[m])

and at x = h:

Combining equations 4A.29 and 4A.30 and solve for —C; for the flux of the cocrystal in terms of

drug:

DR, )
Jr= _hff * % [— Cexc + JCexCZ + 4K, (1 + KE[m]) (1 + % + K4 [m])] (4A.31)

For rotating disk, the thickness of the hydrodynamic boundary layer can be defined according to

Levich?%:

1 1 1

h =1.612D3vew 2 (4A.32)
where v is the kinematic viscosity and w is the angular velocity in radians per unit time.

Substituting equation 4A.32 into 4A.31, the flux of cocrystal in terms of drug can be written as:
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K
-C +\/c 244K, (1+KR[mD) (1+=2+KHA[m
2/3 wl/Zv—1/6 exc exc Sp( S [ ])( H+ S [ ])

Jr = 062D :

(4A.33)

This equation is applicable for both approaches to calculate the flux of the cocrystal in terms of
drug concentration. Since the coformer concentration is not measuring, so the flux of the cocrystal

in terms of coformer is not derived.
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CHAPTER 5

MECHANISTIC ANALYSIS OF COCRYSTAL DISSOLUTION AS A GUIDE FOR

RATIONAL SELECTION

Abstract

The dissolution behavior of a dibasic drug, ketoconazole (KTZ) under the influence of pH
has been evaluated and compared to its three 1:1 cocrystals with diacidic coformers, fumaric acid
(FUM), succinic acid (SUC), and adipic acid (ADP). Mass transport models were developed by
applying Fick’s Law of diffusion to dissolution with simultaneous chemical reactions in the
hydrodynamic boundary layer adjacent to the dissolving surface to predict the interfacial pH and
flux of the parent drug and cocrystals. All three cocrystals have the ability to modulate the
interfacial pH to different extents compared to the parent drug due to the acidity of the coformers.
The pH effect on the dissolution of KTZ is significantly reduced by the cocrystallization with
acidic coformers. Due to the different dissolution pH dependence, there exists a transition pH
where the flux of the cocrystal is the same as the parent drug. Below this transition pH, the KTZ
flux would be higher, but above it, the cocrystal flux would be higher. The development of mass
transport models not only provides a mechanistic understanding of the dissolution behavior, but

also helps to rationalize the selection process of cocrystals.
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Introduction

Cocrystals are multicomponent solids containing two or more different molecular
components in the same crystal lattice with well-defined stoichiometry and they have emerged as
a promising solid state modification strategy to enhance the solubility, dissolution and
bioavailability of poorly water soluble compounds!®. One of the advantages that cocrystals have
to offer is the large diversity in formation, however, this can complicate the process of selecting
the proper form for development since each cocrystal form can have very distinct physicochemical
properties®8.  Among these properties, solubility and dissolution are important criteria for the
selection process because they play significant roles in determining the oral absorption®.
Consequently, mechanistic understanding of the solubility and dissolution processes would be

beneficial for finding the cocrystal form with optimal physicochemical properties.

Unlike the well-established solubility mechanism, the dissolution mechanism of cocrystals
is still under development. A recent study has presented the dissolution mechanism for 1:1
cocrystals with nonionizable drug and monoacidic coformers under the influence of both pH and
surfactant’®. Due to the different diffusion coefficients between the cocrystal components, the
concentrations of the components at the dissolving surface have to be different in order to maintain
stoichiometric dissolution®. Based on the solubility product behavior of cocrystals, two models
have been developed to describe the dissolution process'®. The interfacial equilibrium model is
able to maintain constant solubility product at all time during dissolution, while the surface
saturation model is only able to maintain the drug concentration at the stoichiometric solubility of
the cocrystal'®. The theoretical comparison between the two models has demonstrated the mass
transport analysis based on the surface saturation model provides flux predictions that are more

align with the experimental datal®. In order to increase the applicability, the surface saturation
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model is used in this study to perform mass transport analyses for cocrystals containing diverse

ionization properties, specifically for cocrystals with dibasic drugs and diacidic coformers.

The model drug studied here is ketoconazole (KTZ), an antifungal drug used primarily for
fungal infections'3. It is a weakly dibasic drug with poor intrinsic solubility, pH dependent
dissolution and variable oral absorption'**, The dissolution of KTZ below pH 3 is rapid, but the
rate is significantly reduced above pH 5% 4 Many studies have demonstrated that the oral
absorption of KTZ is impaired for patients with reduced gastric acid production'®'’. Therefore,
the prerequisite for adequate KTZ dissolution and oral absorption is the sufficient gastric acidity.
There are studies showing the oral absorption of KTZ can be improved by co-administering with
stomach acid stimulant or acidic beverage!* * . Knowing KTZ performs better under acidic
conditions, it is interesting to figure out whether the cocrystallization with acidic coformers would
help to improve its performance. The purpose of this study is to evaluate and compare the pH
dependent dissolution of KTZ to its three cocrystals discovered by Martin, et al.'8, ketoconazole
fumaric acid (KTZ-FUM), ketoconazole succinic acid (KTZ-SUC), and ketoconazole adipic acid

(KTZ-ADP) cocrystals.
Materials and methods
Materials

Ketoconazole (KTZ) was purchased from Bosche Scientific (New Brunswick, NJ) and
used as received. Adipic acid (ADP), succinic acid (SUC), fumaric acid (FUM), were purchased
from Sigma-Aldrich (St. Louis, MO) and used as received. Methanol, 2-propanol and hydrochloric
acid were purchased from Fisher Scientific (Pittsburgh, PA). Acetone was purchased from Acros

Organics (NJ). Sodium hydroxide pellets were purchased from J.T. Baker (Philipsburg, NJ).
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Trifluoroacetic acid was purchased from Aldrich Company (Milwaukee, W1). Water used in this
study was filtered through a double deionized purification system (Milli Q Plus Water System)

from Millipore Co. (Bedford, MA).

Cocrystal synthesis

Cocrystals were prepared by reaction crystallization method?® at room temperature. KTZ-
SUC and KTZ-FUM were prepared by adding 1:1 molar ratio of KTZ and coformers in acetone
solution. KTZ-ADP was prepared by adding 1:1 molar ratio of KTZ and ADP in 2-propanol
solution. Solid phases were characterized by X-ray powder diffraction (XRPD) and differential

scanning calorimetry (DSC).

Cocrystal dissolution measurements

Constant surface area dissolution rates of KTZ and its cocrystals were determined using a
rotating disk apparatus. Drug or cocrystal powder (~150 mg) was compressed in a stainless steel
rotating disk die with a tablet radius of 0.50 cm at approximately 85 MPa for 2 minutes using a
hydraulic press. The die containing the compact was mounted onto a stainless steel shaft attached
to an overhead, variable speed motor. The disk was exposed to 150 mL of dissolution medium in
a water jacketed beaker with temperature controlled at 25°C and a rotation speed of 200 rpm was
used. All dissolution experiments were performed in water with pH adjusted using HCI or NaOH.
The bulk pH during dissolution was maintained constant by adding HCI or NaOH as necessary.
Sink conditions were maintained throughout the experiments by ensuring the concentrations at the
last time point of the dissolution were less than 10% of the solubility. Solution concentrations

were measured using HPLC and solid phases after dissolution were analyzed by XRPD.
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HPLC

Waters HPLC equipped with a photodiode array detector was used for all analysis. The
mobile phase was composed of 60% methanol and 40% water with 0.1% trifluoroacetic acid and
the flow rate of 1 mL/min was used. Separation was achieved using Waters, Atlantis, T3 column
(5.0 pm, 100 A) with dimensions of 4.6 x 250 mm. The sample injection volume was 20 pL.
However, it was increased to 100 pL for the dissolution of KTZ at pH 5 and 6 due to the low
concentration. The wavelengths for the analytes were as follows: 230 nm for KTZ, 220 nm for

FUM and 210 nm for both SUC and ADP.

XRPD

XRPD diffractograms of solid phases were collected with a benchtop Rigaku Miniflex X-
ray diffractometer using Cu-Ko radiation (A = 1.54 A), a tube voltage of 30 kV, and a tube current

of 15 mA. Data was collected from 5 to 40° at a continuous scan rate of 2.5°/min.

DSC

Crystalline samples were analyzed by DSC using a TA instrument 2910 MDSC system
equipped with a refrigerated cooling unit. All experiments were performed by heating the samples
at a rate of 10 °C/min under a dry nitrogen atmosphere. Temperature and enthalpy of the

instrument were calibrated using high purity indium standard.
Theoretical

The mass transport models presented in this study describe the dissolution mechanisms of
adibasic drug and its three 1:1 cocrystals with diacidic coformers in solutions containing hydrogen

ion, hydroxide ion and water as the reactive species. The mass transport analyses are based on the
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classic film theory that postulates the existence of a diffusion boundary layer adjacent to the

dissolving surface?®. Due to the ionization properties, both drug and coformers can undergo

chemical reactions with the reactive species from the bulk solution that can alter the pH at the

dissolving surface. The dissolution process is determined by the concentration gradient across the

diffusion boundary layer and influenced by the simultaneous diffusion and chemical reactions

occurring at the dissolving surface and in the adjacent boundary layer?® 2,

The chemical equilibria and equations for chemical equilibrium constants for the

dissolution of the diabasic drug, B are as follows:

H,0 + BH3* < H;0% + BH*

[H30*][BH™]

B _
Ka =gz

H,0 + BH* < H;0" + B

H,0* + OH™ = 2H,0
K,, = [H;07][OH"]
OH™ + BH2* = H,0 + BH*

_ [BH™]
L7 [BHET[0H"]

OH™ +BH* < H,0+ B

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)
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where K2, and KZ, are the ionization constants for the dibasic drug. Under aqueous conditions,

the solubility of the dibasic drug as a function of pH can be described as follow:

) (5.11)

where [B], is the intrinsic solubility of the drug.

The chemical equilibria and equations for chemical equilibrium constants for the

dissolution of a 1:1 cocrystal with dibasic drug, B and diacidic coformer, H>A are as follows:

(BHyA)sp1ia S B + H,A (5.12)
Ksp = [B][H2A] (5.13)
H,0 + BH3* < H;0% + BH* (5.14)
[H30*][BH*]
Ka1 = TG (5.15)
H,0 + BH* < H;0" + B (5.16)
[H30*][B]
Kaz = =y (5.17)
H,0 + H,A S H;0T + HA™ (5.18)
H,A _ [H30%][HAT]
H,0 + HA™ S H;0% + A%~ (5.20)
HyA _ [H30%][A%7]
Koz" == (5.21)
H;0* + OH™ < 2H,0 (5.22)
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K, = [H;0*][0H] (5.23)

OH™ + BH:?* < H,0 + BH* (5.24)
_ [BH™]
%0 = Erziom (5.25)
OH™ +BH* < H,0+ B (5.26)
__ 8]
K2 = Gamon (5.27)
H,A+ OH™ S H,0 + HA™ (5.28)
LEw (5.29)

3 = [H,A][0H]

OH™ + HA™ S H,0 + A*~ (5.30)
K, =41 5.31
* 7 [HAT[0H™] (5.31)

where Ksp is the solubility product of the cocrystal, KffA and K:;A are the ionization constants of
the coformer. Under aqueous conditions, the stoichiometric solubility of the cocrystal as a function

of pH can be described as:

HyA Hy;A ,HzA
C o Kat Ko L B

K a a
e = \/Ksp(l * [2114'] + }H*']Zz A+ kg, = kG kG,

) (5.32)

Previously developed mass transport models for cocrystal dissolution have demonstrated
that the concentrations of the cocrystal components at the dissolving surface can be different if
they have different diffusion coefficients'®. The model drug, KTZ, is a bigger molecule compared

to the carboxylic acid coformers, and thus has smaller diffusion coefficient compared to the
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coformers. According to the surface saturation model, the concentration of the slower diffusing
component at the dissolving surface is maintained at the solubility of the cocrystal, while the
concentration of the faster diffusing component is lower®. For the dissolution of 1:1 cocrystals
with dibasic drugs and diacidic coformers, the concentrations of the components at the dissolving

surface can be written as:
[Blro = [B] + [BH*] + [BH3*] = S, (5.33)

[HyAl7,o = [HyA] + [HAT] + [4%7] = (2235, (5.34)

DHzA

where Dg and Dy, are the diffusion coefficients of the drug and coformer, respectively, and
subscript T,0 denotes the total concentration of the ionized and nonionized forms at dissolving

surface.

The mass transport analyses for both drug and cocrystals are based on the assumptions that
all chemical reactions within the diffusion layer happen instantaneously and the aqueous
diffusivities of the ionized and non-ionized forms are the same. Detailed derivations of the mass
transport models for the drug and cocrystals using the surface saturation model are provided in
Appendix 5A. The mass transport analyses for cocrystal dissolution using the interfacial
equilibrium model are also provided in Appendix 5B. In this Appendix, a comparison in cocrystal

flux predictions between the surface saturation and interfacial equilibrium models is also included.
Results
Physicochemical properties

Accurate flux predictions for cocrystals require knowledge about the physicochemical
properties of the cocrystals and their components, such as solubility product, ionization constant,

148



and diffusion coefficient and these can be obtained independently from the dissolution studies.
The physicochemical properties of the model cocrystals are summarized in Table 5.1. The
diffusion coefficient of KTZ is about 2x times smaller compared to the three coformers because
of the bigger molecular size. These differential diffusion coefficients would result in different
concentrations for the cocrystal components at the dissolving surface as predicted by the surface
saturation model*®. Because of the diprotic property, the drug and the three coformers have two
pKa values. The pKa values of the parent drug are basic, while those of the coformers are acidic.
Due to its basicity, the solubility of the drug decreases with increasing pH and reaches constant
value at the pH region where the drug is completely un-ionized. By cocrystallizing with acidic
coformers, the solubility pH dependence of the cocrystals is different from that of the parent drug.
At low pH, where the basicity of the drug is dominated, the solubility of the cocrystals decreases
with increasing pH. However, the rate of decrease is much lower compared to the parent drug
because of the acidity of the coformers. As pH increases above the pKa values of the coformers,
the solubility of the cocrystals starts to increase because the acidity of the coformers is dominating
the solubility pH effect. The basicity of the drug and acidity of the coformers result in U shape
solubility curves for the three cocrystals as a function of pH?2 as shown in Figure 5.1. Because of
the different solubility pH dependence between the drug and cocrystal, there exists a transition
point on the solubility phase diagram where the solubility of the drug is the same as the cocrystal?*-
24, The pH at this transition point is known as the pHmax. The model cocrystals are
thermodynamically stable below pHmax, but thermodynamically unstable above it and they have
the tendency to transform back to the stable drug form. This transition point allows the true

intrinsic dissolution measurements for the cocrystals at pH below the pHmax. Among the three
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cocrystals, KTZ-FUM has the highest pHmax value because it has the lowest Ksp, S0 it requires a

higher pH to reach the same solubility as the parent drug?.

Table 5.1. Physicochemical properties of model cocrystals and their components.

Diffusion coefficient
Cocrystal |\ (o 102 mm2)e PKa values (x 106 cm?/sec)
(B-H2A) Bb H,AC Dg,, Dya,,
KTZ-FUM 0.15 294 3.03, 4.38 8.67
KTZ-SUC 2.4 6'51’ 4.2,5.6 3.56 8.38
KTZ-ADP 3.4 ' 4.44,5.44 7.07

a) From reference ??;
b) From reference ;
c) From reference *8;
d) Determined using Othmer Thaker’s equation?.

1.0E+03
1.0E+02
1.0E+01
~1.0E+00
1.0E-01
1.0E-02

Solubility (M

1.0E-03

1.0E-04

1.0E-05

1.0E'06 T T T T T T T T T T T T 1

1 2 3 4 5 6 7
pH

Figure 5.1. Solubility pH dependence of KTZ (—), KTZ-ADP (—), KTZ-SUC (—) and KTZ-
FUM (—). pHmax value for KTZ-ADP is 3.6; KTZ-SUC is 3.6; and KTZ-FUM is 3.8. Solid lines
represent the theoretical predictions and the symbols are the experimental data?.

Interfacial pH predictions

With the knowledge of physicochemical properties, interfacial pH of KTZ and its three

cocrystals can be predicted using equations 5A.20 and 5A.52 respectively from Appendix 5A. The
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ability of KTZ in altering the pH microenvironment at the dissolving surface is compared to that
of the three cocrystals in Figure 5.2. At low bulk pH, the interfacial pH of KTZ is higher than the
bulk solution pH because KTZ is mostly ionized under these conditions and thus increases the pH
at the dissolving surface. As bulk pH increases above the pKa values, the ability of KTZ in
increasing interfacial pH is limited by its lower degree of ionization at the dissolving surface.
Therefore, interfacial pH is approximately the same as the bulk pH. By cocrystallizing with acidic
coformers, all three cocrystals still have the ability to increase the interfacial pH at low bulk pH.
However, the increase is much smaller compared to the drug because the ionization of KTZ is
being suppressed by the acidic coformers. As bulk pH increases above the pKa values of the
coformers, interfacial pH of the cocrystals is dominated by the acidity of the coformers. The
ionization of the coformers lowers the interfacial pH and results in a buffer effect at the dissolving
surface, in which the interfacial pH does not change with bulk pH. The interfacial pH at the
buffering region for KTZ-FUM is 4.1, KTZ-SUC is 4.7 and KTZ-ADP is 4.8. Even KTZ-FUM
has the lowest Ksp, among three cocrystals, it is still able to buffer the interfacial pH to the lowest
because FUM is the most acidic among the three coformers. The interfacial pH at the buffering
regions of the three cocrystals is above their pHmax values. This means that the cocrystals are
thermodynamically unstable in these regions and have the tendency to transform back to the stable

drug form during dissolution.
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Figure 5.2. Interfacial pH of KTZ ( ), KTZ-ADP (—), KTZ-SUC (—) and KTZ-FUM (
—) as a function of bulk pH. Interfacial pH of both drug and cocrystals were calculated using
equations 5A.20 and 5A.52 from Appendix 5A, respectively, with the physicochemical parameters
shown in Table 5.1.

Drug crystallization may happen during the dissolution of highly soluble cocrystals and the
crystallization process has a dependence on the degree of supersaturation generated in solution
with respect to the parent drug. Knowing the interfacial pH, the degree of supersaturation at the
dissolving cocrystal surface during dissolution can be determined from the solubility advantage of
the cocrystal, which is a ratio of the cocrystal solubility over that of the drug. The solubility
advantages of the three cocrystals as a function of bulk pH were calculated based on the interfacial
pH predictions and these are shown in Figure 5.3. At bulk pH < 3, all cocrystals do not exhibit
solubility advantage as indicated by the ratios of Scc/Sarug below 1. Under these bulk pH conditions,
the interfacial pH of all cocrystals is below their pHmax values, so the drug is more soluble
compared to the cocrystals. This means that the cocrystals are the stable forms and the
precipitation of solid drug during dissolution should not occur at bulk pH < 3. Above bulk pH 3,
the Sco/Sarug ratios of all three cocrystals are greater than 1, meaning that the cocrystals are more

soluble than the parent drug because the interfacial pH is above their pHmax values. Under these
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bulk pH conditions, all three cocrystals can generate supersaturation with respect to the parent
drug in solution and provide the driving force for drug crystallization at the dissolving surface
during dissolution. The rate of nucleation is inversely proportional to supersaturation®, so the
probability of drug precipitation during dissolution would increase as the degree of supersaturation
increases. Among the three cocrystals, KTZ-ADP has the highest solubility advantage and this
can translate into the highest tendency for drug precipitation during dissolution. Drug precipitation
at the dissolving surface can impede the dissolution of cocrystal and this can lead to disagreement
with the theoretical flux predictions since the mass transport models have not considered the
transformation kinetic. The solubility advantage of KTZ-FUM is about 2 at the buffering region,

S0 it may be able to sustain supersaturation during the 30 minute dissolution.

= =
© o )
1 1 J

Solubility advantage (S¢./Sgryg)
(o2}

4 -
2 -
0 T T
1 2 3 4 5 6 7 8
Bulk pH

Figure 5.3. Solubility advantage for KTZ-FUM (®), KTZ-SUC (=) and KTZ-ADP (®) as a
function of bulk pH. The solubility of the drug and cocrystals were calculated based on the
interfacial pH predicted from Figure 5.2 using equation 5.11 and 5.32 respectively.
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Effect of pH on KTZ dissolution

The effect of pH on the dissolution of KTZ was evaluated by performing rotating disk
dissolution as a function of bulk pH. The dissolution concentration profiles of KTZ as a function
of bulk pH are shown in Figure 5.4. Because of the basicity, the dissolution rates of KTZ decrease
with increasing pH. KTZ is a poorly water soluble compound with an intrinsic solubility of 4.7 x
10° M?2, so the dissolution rate is very low when it is at minimal ionization. At bulk pH 4 and 5,
the KTZ concentration was not detectable by HPLC until 5 and 10 minutes after dissolution started,
respectively. At bulk pH 6, KTZ is almost completely unionized and its concentration could not
be detected until 30 minutes after dissolution started. Therefore, the dissolution at bulk pH 6 had
to extend to 60 minutes in order to get enough data points to determine the dissolution rate. The

large error bars for the dissolution at bulk pH 6 is possibly associated with the low concentration

of KTZ.
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Figure 5.4. Dissolution concentration profiles of KTZ at bulk pH 2 to 5 (a) and bulk pH 6 (b).

The flux of KTZ as a function of bulk pH were calculated from the dissolution rates and

compared to the theoretical predictions in Figure 5.5. KTZ is a weakly basic drug, so it does not
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have much ability to self-buffer the pH at the dissolving surface. Consequently, the flux of KTZ
can vary drastically as a function of bulk pH. There is almost 2000x difference between the flux
of KTZ at pH 2 and 6. The large pH effect on the dissolution rate of KTZ may be responsible for

its variability in oral absorption observed in patients.

Although there are some deviations in flux predictions for KTZ at low bulk pH, the
theoretical values follow the same trend as the experimental data. The large deviations in flux
predictions at low bulk pH could be possibly due to the assumption that the diffusion coefficients
of the unionized and ionized forms are the same. In multicomponent electrolyte mass transport
system, the diffusion of the charged species can be significantly different from the neutral species
due to the electrostatic interactions between the diffusing species in order to maintain charge
neutrality??°, In general, the fast diffusing ion is coupled with a sluggish ion of opposite charge
to counteract the charge separation between the ions??°, In other words, the diffusion of the
charged species can be accelerated or retarded by the electrostatic interactions?’2°, At pH 2 and
3, KTZ is mostly in its ionized form. It is possible that the positively charged KTZ is coupled with
the highly mobile hydroxide ion to maintain charge neutrality at the dissolving surface and thus
results in faster diffusion compared to the neutral form of KTZ. The diffusion of KTZ under low
bulk pH conditions may have been underestimated based on the assumption that the diffusion
coefficient of the ionized form is the same as the nonionized form. The underestimation in
diffusion coefficient of the ionized form of KTZ could result in deviations of flux predictions under
low bulk pH conditions. Since the purpose of this paper is to provide a mechanistic understanding
of the dissolution behavior of KTZ under the influence of pH, the diffusion coefficient of the

ionized form was not evaluated for accurate flux predictions.

155



1.0E+00 -

1.0E-01 H~

1.0E-02 ~

1.0E-03 H~

1.0E-04 ~

1.0E-05 H~

Flux (mmole/cm?2 min)

1.0E-06 H

1.0E'O7 T T T T T T T 1

Bulk pH
Figure 5.5. Theoretical ( ) and experimental () flux comparison of KTZ as a function of

bulk pH. The flux of KTZ were calculated using equation 5A.23 from Appendix 5A based on the
interfacial pH predicted in Figure 5.2 and the physicochemical properties shown in Table 5.1.

Effect of pH on the dissolution of KTZ cocrystals

The pH effect on the dissolution of the three model KTZ cocrystals was also evaluated and
the dissolution concentration profiles as a function of bulk pH are shown in Figure 5.6, 5.7 and 5.8
for KTZ-FUM, KTZ-SUC and KTZ-ADP, respectively. It is important to measure the
concentration of the coformer during dissolution because it can serve as an indicator for solid phase
transformation. If higher coformer concentration is observed for the dissolution of a 1:1 cocrystal,
it is likely that the drug is precipitating at the dissolving surface because of its inability in
sustaining supersaturation. Without knowing the coformer concentration, it could be difficult to
confirm the stability of the cocrystal during dissolution when solid phase analysis, such as XRPD
IS not sensitive enough to detect the solid phase transformation. Among the three cocrystals, the
measurements of both drug and coformer concentrations during dissolution were only possible for
KTZ-FUM. For KTZ-SUC and KTZ-ADP, only the drug concentrations were determined because

both coformer concentrations were below the detection limit. As shown in Figure 5.6, the coformer
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concentrations match those of the drug at all bulk pH conditions studied here, which indicates no
solid phase transformation occurred during the dissolution of KTZ-FUM. It seems like KTZ-SUC
is also stable at all bulk pH conditions studied here as indicated by the linear dissolution behavior
and the pure cocrystal structure from XRPD analysis after dissolution. KTZ-ADP was stable
during dissolution at bulk pH 2 and 3 because the interfacial pH at these conditions was below the
PHmax. Although the XRPD analyses after the dissolution of KTZ-ADP at bulk pH 4 to7 showed
pure cocrystal phase, the nonlinear dissolution behavior under these conditions is a sign of solid
phase transformation. An example of nonlinear dissolution behavior at bulk pH 6 for KTZ-ADP

is demonstrated in Figure 5.7 (b).
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Figure 5.6. Dissolution concentration profiles of KTZ-FUM in terms of KTZ (a) and FUM (b)
concentrations as a function of bulk pH.
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Figure 5.7. Dissolution concentration profiles of KTZ-SUC in terms of KTZ concentrations as a
function of bulk pH.
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Figure 5.8. Dissolution concentration profiles of KTZ-ADP in terms of KTZ concentrations as a
function of bulk pH (a) and the nonlinear dissolution behavior at bulk pH 6 (b).

To evaluate the predictive power of the mass transport model, the flux of the three
cocrystals were calculated from the dissolution rates and compared to the theoretical predictions
in Figure 5.9. The flux of all three cocrystals decreases with increasing bulk pH and reaches

constant values at the buffering region since there is no significant change in interfacial pH. With
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the acidic coformers, the flux of cocrystals still decreases with pH at low bulk pH because the pH
effect on dissolution is dominated by the basic drug. The coformers take over the pH effect on the
dissolution of cocrystals at bulk pH above the acidic pKa values because the coformers start to
ionize, while the drug ionization is suppressed. The acidity of the coformers dampens the pH
effect on the dissolution of the cocrystals compared to the parent drug. There is about 5x difference
in the flux of KTZ-FUM between pH 2 and 6, 11x for KTZ-SUC and 15x for KTZ-ADP. These
differences are significantly smaller compared to the almost 2000x difference for KTZ. This
significant reduction in flux variation due to pH can potentially mitigate the pH effect on oral

absorption of KTZ.

By modeling interfacial pH, the mass transport model adequately describes the dissolution
behavior of cocrystals under the influence of pH. There is an excellent agreement between the
theoretical flux predictions and experimental data. As discussed earlier, the cocrystal flux can be
over predicted if drug crystallization happened during dissolution. The driving force for solid
phase transformation is the highest for KTZ-ADP (Scc/Sarug = 11) as shown in Figure 5.3 and it
was confirmed that drug precipitation occurred during dissolution at bulk pH 4 to 7. The solid
phase transformation of the cocrystal results in deviations of theoretical flux predictions from the

experimental data for KTZ-ADP.
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Figure 5.9. Theoretical (solid line) and experimental (solid circle) flux comparison of (a) KTZ-
FUM, (b) KTZ-SUC and (c) KTZ-ADP. The theoretical flux of cocrystals were calculated using
equation 5A.54 from Appendix 5A based on the interfacial pH predicted in Figure 5.2 and the
physicochemical properties shown in Table 5.1.

Comparison of dissolution behavior

The pH effect on the flux of KTZ is compared with KTZ-FUM in Figure 5.10, KTZ-SUC
in Figure 5.11 and KTZ-ADP in Figure 5.12. These Figures demonstrate that the dissolution pH
dependence of KTZ is significantly reduced by cocrystallizing with acidic coformers. Due to the
different pH dependence, there exists a transition pH where the flux of the drug is the same as the

cocrystal for each of the three cocrystals. Below this transition pH, interfacial pH is below the
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PHmax, SO the KTZ flux is higher than those of the cocrystals. Above the transition pH, interfacial
pH is above the pHmax and resulting in higher cocrystal flux compared to KTZ. This transition pH
is different from the pHmax in a way that it is determined from the kinetic process. Consequently,
it cannot be used to evaluate the thermodynamic stability of the cocrystals. However, it is still
important because it provides the solution conditions at which the cocrystals would display
dissolution advantages. The dissolution advantage of cocrystal is defined as the ratio of the
cocrystal flux over that of the drug (Jec/Jarug). Cocrystal has no dissolution advantage if Jec/Jdrug <
1, but it would display dissolution advantage if Jec/Jarug > 1. The dissolution advantages of the
three cocrystals were evaluated from the experimental data and shown in Figure 5.10 to 5.12 for
the three cocrystals. At bulk pH 2, the dissolution advantages of all three cocrystals are below one
because the pH is below the transition pH. At bulk pH 3, near the transition pH, all three cocrystals
exhibit nearly the same flux as the drug. Above bulk pH 3, all cocrystals display dissolution
advantages and these advantages increase with increasing pH because the flux of KTZ decrease
with pH. Among the three cocrystals, KTZ-FUM has the highest dissolution advantage, follows

by KTZ-SUC and KTZ-ADP.
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Figure 5.10. (a) Flux comparison between KTZ-FUM (—) and KTZ (—) as a function of
bulk pH. (b) Dissolution advantages of KTZ-FUM determined from the experimental flux values.
The solid lines represent the theoretical flux predictions and the symbols represent the

experimental flux for KTZ-FUM ( ® ) and KTZ ( +).

@ (b)
9.8E-01 - _ 150 4
2 129
k=]
2
S 3.9E-02 { g
= 2
o~ % 100 -
§ 1.6E-03 &
B c
S g
g 6.3E-05 K
N—r c 50 T
x 2
L 2.5E-06 - =
3 55
a 0.79 15 :
1.0E-07 . . . . 0 — N .
0 2 4 6 8 2 3 4 5 6
Bulk pH Bulk pH

Figure 5.11. (a) Flux comparison between KTZ-SUC (—) and KTZ (—) as a function of bulk
pH. (b) Dissolution advantages of KTZ-SUC determined from the experimental flux values. The
solid lines represent the theoretical flux predictions and the symbols represent the experimental

flux for KTZ-SUC (*) and KTZ ( »).
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Figure 5.12. (a) Flux comparison between KTZ-ADP (—) and KTZ (—) as a function of bulk
pH. (b) Dissolution advantage of KTZ-ADP determined from the experimental flux values. The
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solid lines represent the theoretical flux predictions and the symbols represent the experimental
flux for KTZ-ADP (®)and KTZ ( »).

Discussion

The selection of a solid form with optimal physicochemical properties that can lead to
desired bioperformance is essential for successful oral drug product development. Solubility and
dissolution are important parameters for determining the bioavailability of drugs that are given
orally®. Hence, the solubility and dissolution advantages of cocrystals are important parameters to
be considered during the cocrystal selection process. The advantage in diverse formation of
cocrystals can become a challenge when it comes to the selection process. Depending on the
properties of the coformers and solution conditions, cocrystals can behave very different in
solution®. Cocrystals can generate solubility that are orders of magnitude different from that of
the parent drug®. One of the important questions needs to be addressed during the selection
process is what the most desired cocrystal solubility should be. Usually, higher cocrystal solubility
would not necessarily lead to better performance because it is more prone for conversion during
dissolution. The ideal candidate would be a cocrystal with a solubility advantage that allows
supersaturation to be sustained in solution. Understanding the solution behavior of cocrystals

would help to rationalize the selection process.

The three cocrystals studied in this work demonstrated different ability in modulating the
dissolution behavior of the parent drug and this ability is dependent on the properties of the
coformers and cocrystals. The ionization properties of the coformers allow the cocrystals to alter
the interfacial pH to different extents compared to the parent drug. The ability of modeling
interfacial pH allows the evaluation of cocrystal solubility advantage at the dissolving surface,

which provides useful information regarding the thermodynamic stability of the cocrystals during
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dissolution. Among the three cocrystals, KTZ-FUM is the most stable because the solubility
advantage at the buffering region is 2, while KTZ-SUC is 9 and KTZ-ADP is 11. Although KTZ-
FUM has the smallest solubility advantage, it is able to achieve the highest dissolution advantage.
With high dissolution advantage and low risk of conversion, it is no doubt that KTZ-FUM is the
favor cocrystal for further development at this stage. This work has mainly considered the pH
effect on the dissolution of cocrystals, however, other factors, such as solubilizing agents should

also be considered for the selection process.

Conclusions

The dissolution mechanism for 1:1 cocrystals with dibasic drug (KTZ) and diacidic
coformers (FUM, SUC, ADP) under the influence of pH has been analyzed and compared to the
parent drug through the development and evaluation of physically realistic mass transport models.
The mass transport analyses for the dissolution of cocrystals are based on the previously developed
surface saturation model. The mass transport models show that the pH at the dissolving cocrystal
surface is different from that of the parent drug because of the ability of the coformers in lowering
the interfacial pH. The dissolution behavior of both drug and cocrystals has been theoretically and
experimentally demonstrated to be dependent on interfacial pH instead of bulk pH. This highlights
the importance of modeling the almost experimentally inaccessible interfacial pH. The dissolution
of KTZ has been shown to exhibit large pH effect, however, this pH effect is significantly reduced
by cocrystallizing with acidic coformers. Because of the different pH dependence, there exists a
transition pH that can serve as a turning point for the cocrystal dissolution advantage. Cocrystals
can modulate the dissolution behavior of the parent drug by altering both interfacial pH and
solubility. Having a thorough understanding on the thermodynamic and kinetic behavior of

cocrystals can help to select the most suitable cocrystal for further development.
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APPENDIX 5A

Mass transport analysis for drug

The flux of all the species across the diffusion layer include both the diffusion and chemical
reactions happening during dissolution. At steady state, the diffusion and simultaneous chemical

reactions of the individual species within the diffusion layer can be written using Fick’s law as

follows:

2 - pp 2By g =0 (5A.1)
a[zj;_IZJr] =D, aZg;ﬁ] =0 (5A.2)
a[zaf*] _p, % 35;22*] + =0 (5A.3)
6[(;1‘] = Dyy- % =0 (5A.4)
a[:tﬂ = D+ 626[;*] s =0 (5A.5)

where ¢1-5 are the reaction rate functions. At equilibrium, the reaction rate of the reactant should

be the opposite of the product:

$3=—¢1— ¢ (5A.6)

The reaction rate of the acid and the base should be the same:

b3+ s =1+ ¢, (5A.7)
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Based on equations 5A.6 and 5A.7, the following mass balance equations can be written:

d?[B d?[BH™ d?[BHZT
Dy 2y p, Ty p T g (5A.8)
dz[OH ] d2[H*] d2[BHZT
Doy~ + Dy d[z] Dy 4 py H2% (5A.9)

Integrating equations 5A.8 and 5A.9 once, gives:

+ 2+
DBL + Dy LB [BH L% ‘”B_fizl = (5A.10)
- + 2+
Do~ 222 4+ Dy W = p, ALy p 2B ]y (5A.11)
By charge neutrality:
d[OH™] [ *] [BH*] d[BHF"]
DOH_ T = DH+ + DB + ZDB dx (5A12)

By combining equation 5A.10, 5A.11 and 5A.12, it can be shown that:

¢, = —C, (5A.13)
Integrating equations 5A.10 and 5A.11,

Dg[B] + Dg[BH*] + Dg[ BHZ] = Cyx + C5 (5A.14)
Doy-[0H™]+ Dg[B] = Dy+[H*] + Dg[ BH2*] + Cox + C, (5A.15)

Boundary conditions:

Atx=0:

[B] = [B], (intrinsic solubility of the drug)

[BH*] = unknown
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Atx=nh:

[B] = 0 (sink condition)

[BH*] = 0 (sink condition)



[ BHZ*] = unknown [ BHZ*] = 0 (sink condition)
[H¥] = [H"] [H¥] = [H]s

[0HT] = [0H], [0H™] = [OH™ ]

Evaluation of interfacial pH

Applying the above boundary conditions to equations 5A.14 and 5A.15, at x = O:

Dg[Blo + Dg[BH™Y] + Dg[ BH2*] = (5 (5A.16)
Doy-[0H™ 1o + Dg[Blo = Dy+[H*]o + Dg[ BH2*] + C, (5A.17)
and at x = h, assuming sink conditions, equations 5A.14 and 5A.15 can be written as:
0=Ch+Cy (5A.18)
Doy-[0H 1, = Dy+[H*1p + Coh + C, (5A.19)

Combining equations 5A.16 to 5A.19 and algebraically solving for interfacial pH, [H*]o, yields the

following equation:

B [B] _

2D % [H*]o° + (Dy+ + Dy g2) [H*1o” + (Dou-[OH 1y — Dy [H 1) [H* o —
al™az2 a2

Doy-K,, =0 (5A.20)

Evaluation of flux

Combine equations 5A.16 and 5A.18, and solve for —C; for the total flux of the drug species across

the diffusion layer:

2
Js =22 1B1o (1 + gl 4 1) (5A.21)

B B B
Kgz Kg1Kg>
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For rotating disk, the thickness of the hydrodynamic boundary layer can be defined according to

Levich model?:

1 1 1

h = 1.612D3vew 2 (5A.22)

where v is the kinematic viscosity and w is the angular velocity in radians per unit time. Substitute

equation 5A.22 into 5A.21, the flux of the drug becomes:

[H*]o
Kg,

+1 2
Jp = 0.62D23w/2p=1/5(B], (1 + + 1 ) (5A.23)

kG KE,
Mass transport analysis for cocrystal

The flux of all the species across the diffusion layer include both the diffusion and chemical
reactions happening during dissolution. At steady state, the diffusion and simultaneous chemical

reactions of the individual species within the diffusion layer can be written using Fick’s law as

follows:

% =D, a; x[f] + =0 (5A.24)
a[zzftﬁ] —py & ;z;ﬁ] thy =0 (5A.25)
a[sf*] =D, 02 EjBinZH] + s = (5A.26)
a[(;l 1 _ DOH“%-I_ b, =0 (5A.27)
a[:t’f] — D, aza[xfg“] s =0 (5A.28)
a[giA] = Dyys % + g = (5A.29)
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O[HA™ 0?

B2 = Dy, =0 (5A.30)
o[A%~ 0% [A%~

[6t ] = Dy,a a[ > L g =0 (5A.31)

At equilibrium, the reaction rate of the reactant should be the opposite of the product. Based on

the chemical equilibria, the followings can be written:

b3 =—¢p1— P (5A.32)

b6 = —7 — Pg (5A.33)

The reaction rate of the acid and the base should be the same:

b3+ s+ s = 1+ Py + s (5A.34)

Based on equations 5A.32, 5A.33 and 5A.34, the following mass balance equations can be written:

d?[B d?[BH™ d?[BHZT
Dy daEZ] + Dg c[ixz 1+ D, [dxf =0 (5A.35)
d?[H,A d?[HA d?[ A%~
Dy, a chi 14 H,A C[ixz 1y Dy, 4 % =0 (5A.36)
d?[oH™] d?[B d?[ A%~ d?[H*] d2[BHZT H,A
Dou- 2t + D Z8 4 p,, = p, Ty p LB, S chi ] (5A.37)

Integrate equations 5A.35 to 5A.37 once, gives:

+ 2+
Dy 224 py AL p B = ¢ (5A.38)
d[H df A%
DHZA [d ] + DH2 [ ] + DH2 % = C2 (5A39)
d[OH ] d[B] a[A*7] d[H+] d[BH "] d[Hz4]
Doy~ +Dp——+ Dya—— = Dy+ +DB—2+DH2A —— 10 (5A.40)

By charge neutrality:
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d[oH™] [HA ] d[4?7] d[ *] [BH*] [BH%*]

Doy- + Dya + 2Dy, a—— = Dy+ + Dy 4+ 2Dy ——2- (5A.41)
By combining equations 5A.38 to 5A.41, it can be shown that:

C;=C,—C (5A.42)
Integrating equations 5A.38 to 5A.40, gives:

Dg[B] + Dg[BH*] + Dg[ BH:'] = C;x + C, (5A.43)
Dy, alH2A]l 4 Dy, a[HAT] + Dy, a[ A*7] = Cox + Cs (5A.44)

Dou-[OH™1+ Dg[B] + Dy, al A>”1 = Dy+[H*] + D[ BH5*] + Dy, a[H,A]l + C3x + Co(5A.45)

Based on equations 5.33 and 5.34, the concentrations of the nonionized drug and coformer at the

dissolving surface can be written to include in the following boundary conditions:

Atx=0: atx =h:

TR A T

J ke Kt |ty L)
2
[B] = 3 [B] = 0 (sink condition)

[H*]y, [HF]g

B B B
Kaz Kq1Kagz

@a+ )

HyA H,A HA
Ksp(1+4 X _f IKalz Kazzz )(1+ [ ;]0 [B+]OB )
Dg H o™ [m+, kB, "kB kB, ) o
[H,A] = (DH A)2/3 A AT [H,A] = 0 (sink condition)
2 ,al  ,"al az
(1+4 [HH]," [H+]02 )
[BH*] = unknown [BH*] = 0 (sink condition)
[BH,**] = unknown [BH,**] = 0 (sink condition)
[HA™] = unknown [HA™] = 0 (sink condition)
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[42~] = unknown [42~] = 0 (sink condition)
[H] =[H ], [H*] = [H],

[OH™] = [0H], [OH™] = [OH ],
Evaluation of interfacial pH

Applying the above boundary conditions to equations 5A.43 to 5A.45, at x = 0:

HyA H,A HoA 2
Ksp(1+ “jz K K“ZZZ )(1:[H;]°= [I:]‘jg)
(], [Ht], Kaz Ka1Kaz + 24
Ds ], [V, + Dg[BH™] + Dg[ BH; "] = C4 (5A.46)
0 0
(s Kaa K31ng)
ko akars Kat kg2t |y (Y],
ey i A e P ) .
Dy, a(5-) oA HpA A + Dy, a[HA™] + Dy, 4[ A>"] = C5 (5A.47)
DH A (1.Ka1 .Kal KaZ )
T [H+]O T [H+]02
HyA HyA HyA + + 2
KSp(1+[;J}] + ‘11+ az )(1+[HB]°+[I; ](}3)
- o [HY], Kaz KaiKaz 9 +
Don-[0H™]o + Dg [ + Dy,al A7] = Dy+[H"]o +
0 0
a* Koz +K31ng)
HyA HyA _HpA + +1 2
D jxsp(1:ﬁg+1]o:1<a[;+]a22 )(1:[i310=1£211]<()‘32)
Dg[ BH3*] + Dy, a (=) T A +Cs (5A.48)
DHaa ( :Kal :Ka1 Kaj )
TS

0

and at x = h, assuming sink conditions, equations 5A.43 to 5A.45 can be written as:

0=Ch+Cs (5A.50)
DOH_ [OH_]h = DH+[H+]h + Cgh + C6 (5A51)
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Combining equations 5A.46 to 5A.51 and algebraically solving for interfacial pH, [H*]o, yields the

following equation:
Ax® + Bx” + Cx® + Dx° + Ex* + Fx3 + Gx> + Hx+1=0 (5A.52)
where:

A = 4Dg*Ks, — Dy+*KE K5,

HyA 2 2 HyA HyA
B = 4DyK, (DpkE + 2DpK 2" — DpsDyy, 5K, ) = Dyys *KEKE (K2 + K ) -
2D y+KG Kg(Doy-[0H ] — Dy+[H*]1);

C = Dp?Kep (KB® + BKEAKE, + 8KIAKIA + 4K [24%) - 2Dy3Dy, 43K, (2K22%% +
3KAKE + 41{55’*1{5;’*) — 2D+ KB K2, (Doy-[0H 1 — Dy+ [H* 1) (K224 + KB —
KG1K&(Dou-[0H™1n = Dy+[H*10)* = Dy+*KG K (Kag Koz " + Kot 'K + KB K) +
2Doy-Dy+ Ky KB KB, + DB§DH2A§KSPK512A2;

5 1
D = 2Dg* Ky, Ki?* KB (KB, + 4K 2% + 2K — 2Dp3Dy, 43K K221 (21(;’22’* +2K2AKE +
4 2 2
2KB KB, + K¥2AKB, + KB” + 4K k!4 4 6K522AK51) +2D3Dy, 43K Ki24" (2K 124 +
H,A2 H,A H,A _

K¢1131) + 8DBZKSpKa12 K7~ + ZDOH—DH+KWK51K52(KQ12 + Kfl) — 2K K2, (Dou-[0H™ ]y —
Dy+[H*1) (Dy+ KI2AKI2A + D s K24 K2, + Dyr KB K2, — Doy-K,y) —

2 A A A — A
Dy+*KE “KE (K2 KE + K2 K 2") — KB (Dou-[0H 1, — D+ [H*10)? (K" K2, +
K£1Kfz);

2 3 1
E = Dp?Kop K& (2K K5 + Ki™) = 2Dp3 D, a3K o K2 (9K K5 KE, +
HyA HyA B 2 HaA y,Hy A2 HyA HyA B 2 2
2K K2 Ko, + 2K, 2 K2 " + 4K 'K 2" + 4K 2 KB KD, + K, °KE ™ + KZ, ng) +
2 2 H,AZ2 2 H, A2 HyA
DpzDy, a3 Ksp Kot (K(i + 2K Kap + 4K, " + 8K, Kc)zgl) — (Don-Kw)?KG K, +
— H;A HyA ;,H;A
2K K> (Don-[0H 1 — Dy+[H*11) (Don-KwKoi” + Don-KiwKah — D+ Ky Ko7 Ko7 —
HyA HyA ;,HA H;A
Dy+K, 2" KB KB) + 2Doy-Dy+ K\ KB KB (K 2K 2 + K, 2 KB, + KB KE,) —
— HyA ;,H,A HyA
K&K (Don-[0H 1, — D+ [H*1)? (Kot Koy + Kot "Kay + K KD) +

HyA? HyA HyA? HyA  HoA.
4D Koy Koi "™ (2K 0 KE + K5 ) = Dy (KB KB K K5,

4 2 2 2
F = 2D Dy, 43 Ko Ko KB (2K154KE, + 4K 5 K, + 4K 5" + KEKE,) -

Sptal
2 z HyA% B Ha A2 H,A,B B 7B HyA B KfzzA B 1B
2Dp3Dy, a3Ksp K77 Kgi | 6Ky~ + 6K, Koy + Kgy1 Koy + 3K, Kgy + 2 27 K1 Kg, | —

al
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Hy,A —
(Don-Kuw)*KE K (K" + K21) + 2Dop-Ky K2 K2 (Doy-[0H ], —
A A A 2 A A 2
D+ [H* 1D (KK A + KI2AKE + KB KE,) + 2Doy-Dy+ K, KB K2 (ij; KB + K&, )—
2 _ 2 —
K&K (Doy-[0H 1 — Dy [H¥1)? (KB K&, + K&") = 2D g+ (Doy-[0H ] -
2
Dy+[H* KA KA (KB KE)? + 2Dp° Ko KI2A K I2AKE, (KB, + 2K12%);
4 2 2 2 2
G = Dp3Dy, a3 Kop Kot KB (KEKE" + 8K 5 KE, + 8K KEKE, + 4K5* KB ) —
5 1 A2 L H,A A A
2Dp3Dy, 43K K2 K 2 KB (K2 KE, + 3KE KB, + 2K 2/KE)) —
HyA ;,H,A HyA
(Dou-Kw)* K& KD (K 27K 2" + Kt K& + KB KD +
2 —
ZDOH‘KwafAK(% Kz, (Doy-[0H™ ], — DH+[H+]h)(K522A +K2) +
HyA ;,H;A - HyA ,H;A
2Doy-Dy+KyKoi " Koy " (K1 Kgp)? — (Doy-[0H ™1 — D+ [H*10) 2K 7 Ko7 " (KGi K&p)? +
HyA ;,H,A .
DBZKSp(Kalz Kazz Kfl)zi

k4 2 2
H= 4DBsuH2A3KSpK2§’12A K242 KB, (KB KB, + 2K KB, —
(Don-Kw)* Kot Kir Koo (Koz" + K&) + 2Don-Koy Kot " Koz (KG K2y)? (Doy-[0H™ 1 —
5 1 A A .
Dy+[H*]p) — 4Dp3Dy, 43K (K(ZZ Kfzz K(fl)zK(fZ!

2 2 HyA [, HyA HyA , HyA
I = 4DB3DH2A3Ksp(Ka12 Kazz K51K52)2 - (DOH_KW)ZKalz Kazz (K51K52)2-
Evaluation of flux of the cocrystal components

Combine equations 5A.46 and 5A.49, and solve for —C; for the total flux of cocrystal in terms of

drug species across the diffusion layer:

HyA HyA  HyA 2
_ Dp Kat" | Kot Kg [+l , [H]
Jee =22 jkspm PRt L S ) (5A.53)

Substituting equation 5A.22 into equation 5A.53, the rotating flux of cocrystal can be written as:

062D 12116 | 1+K(I:12A+ Ha A Hat 14 [H+], 5A.54
](:C_ . B w v Sp( [H*]o [H+]02 )( ng Kglng) ( . )
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APPENDIX 5B

This appendix provides the mass transport analysis for the dissolution of cocrystals based
on the interfacial equilibrium model and as well as the comparison in interfacial pH and flux

predictions between the surface saturation and interfacial equilibrium models.
Mass transport analysis based on interfacial equilibrium model

According to the interfacial equilibrium model, the concentrations of the cocrystal
components have to increase in order to maintain constant solubility product at the dissolving
surface at all time. For the dissolution of a 1:1 cocrystal with dibasic drug and diacidic coformer,
the concentrations of the components at the dissolving surface can be written based on the

interfacial equilibrium model as:
[Blr = [B]+ [BH*] + [BH}*] = (G525, (5B.1)
[HoAlr = [HA + [HAT] + [47] = )13, (5B.2)

Based on these two equations, the following boundary conditions can be written:

Atx =0: atx=h:
HzA HzA HzA + + 2
Kai  Kai Kg; H ]y [HY],
Bl = D, A 1/3 \/Ksp(lT[‘Lr'-]oT [H+]02 yax ng TKgﬂ"gz) Bl = 0 (sink diti
[B] = (=) prER—— [B] = 0 (sink condition)
(1+ «B +E§—E§—)

a2 al™az2
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HyA HyA HpyA + + 2
D \/Ksp(l % E{I_?:&]O = Ka[:;l"'l]{azz )(1 I [1113]20 = IEIéll](ng) - .
[H,A] = (=2)/3 A A [H,A] = 0 (sink condition)
DHya (1=Ka1 IKal Kaz )
[EElo ™ [n+],°
[BH*] = unknown [BH*] = 0 (sink condition)
[BH,**] = unknown [BH,**] = 0 (sink condition)
[HA™] = unknown [HA™] = 0 (sink condition)
[A%7] = unknown [A%27] = 0 (sink condition)
[H*] = [H], [H*] = [H],
[OH™] = [0H ], [OH™] = [OH™],,

Evaluation of interfacial pH

Applying the above boundary conditions to equations 5A.43 to 5A.45 and follow the steps

shown in Appendix 5A, the following equation can be written to predict the interfacial pH:
Ax® + Bx” + Cx® + Dx®* + Ex*+ Fx3+ Gx>+ Hx+1=0 (5B.3)
where:

4 2
A = 4Dg3Dy, 43Ks, — Dy+ KB KD,

2 z 1 HyA 1 HyA H,A
B = 4DpDy, 43Ky (Dp3KE, + 2Dp3K 02" = Dy a3K 2" ) — Dy 2KE KB (K2 + KE,) —
2Dy+KZ1 K3y (Doy-[0H ] — Dy+[H*]1);

2 2 2 HyA HyA 1, Hy A HyA2 HyA2
C = Dyp3Du,a3Key (K& + BK KB, + BK,Z K" + 4K2*") = 2D Dy, Koy (2K0247 +
3KI2AKE + 4K§’12AK§’22A) — 2D+ KB KE, (Doy-[0H 1 — Dy+ [H¥ 1) (K24 + KB, —
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K2 K. (Doy-[0H 1, — D+ [H*11)? — Dy+*KE K5 (KK 24 + KI24KE + KB KE,) +
4 2 2
2Doy-Dy+ Ky KE KE, + Dy, 43Dp3K o K224

4 2
D = 2Dg3Dy, 43K, Ki2A KB (KB, + 4K 12" + 2K12") — 2D Dy, oK Ko?* (21{522“‘ +
HyA H>A 2 H,A,;,H,A H,A

2Kalz Kcllgl + ZKcIlglKaBZ + Ka12 Kcllgl + Kcllgl + 4Ka12 Ka22 + 6K¢7L22 K(fl) +

4 2 2 4 2 2
2Dy, 43D K K224 (2K12% + K2,) + 8Dp3Dy, 43K Ka? " K124 +
2Doy-Dy+ Ky KB KE (K2 + KB)) — 2KB KB, (Doy-[0H 1, — D+ [H* 1) (Dy+ K 24 K224 +

H,A 2 H,A H,A ;,H,A
Dy+K 2 KB + Dy+KE KB, — Doy-K,,) — Dy+*KE “KE, (K, KB, + K 7K, ") —

_ H,A .

K2 (Doy-[0H™ 1, — Dy+[HT1)* (K, 2°KE, + KB KE);

2 2 2 HoA , H A HpA2 H,A HpA ,HyA
E = Dp3Dy, a5Kop KB (2K K" + KJ247) = 2Dp Dy, Ko Kot (KK KE, +
2

2K KB KE, + 2K KB + 4K KEY + 4k KEKE, + K KB + KEKE,) +

42 2 2
Dy, 43Dp3Kop K2 (1{512 +2KB KB, + 4K!2%" + 81{;’;*‘1(51) — (Dou-Ku)?KE KE, +
2K£1K£2 (DOH_ [OH_]h - DH+[H+]h)(DOH_KwK:12A + DOH‘KWK£1 - DH+K51K:12AK:22A -

HyA HyA ;,H;A HyA
Dy+K, 2" KB KB) + 2Doy-Dy+ K\ KB KB (K 2K 2 + K, 2 K&, + KB KE,) —
— HyA ;,H,A HyA

K2 KS(Dou-[10H™ 1y — D+ [H¥ )2 (K 2" K2 + K 2 K2 + KB KD) +

4 2z A2 A A2 A A,
4D3 Dy, a5 Kop Kot (2K KE, + K13 ) = Dy (KB KE) K2 K 5

a2
22 2 2
F = 2Dy, s3Dp3Ke, K224 K2, (21{5’22“1{51 +4KPAKE, + 4k + Kgflxgz) —~
A2 A2 A A K24
2DpDy, aKspK a2 KB (61(:22 +6Ko; Ki + KE K + 3Ko; Ky + 2% KglK,fz) -

al

H;A -
(Don~Ku)?* K1 Ko (Kai” + K1) + 2Don-KwKgi Ko (Don-[0H 15, —
HyA ;,HA H;A 2., HyA HyA 2
Dyys [H¥1) (K2 KA + KU2AKE + KEKE) + 2Don-D e Ky KE K2 (KU KE, + KB —
2., HyA - H>A 2 -
KE K2 (Dop-[0H 1 = Dys [H*1)? (K22 KE, + K" ) = 2D+ (Doy-[OH 1, =

4 2 2
Dy+[H*1)K2AK A (KB KE)? + 2Dp3Dy, 43K Ki2 A KI2AKE (KB, + 2K12%);

t 2 a2 2 HyA2 HaA HyA?
G = Dy, a3 Dp3Kop K" K (KEKE" + 8K5Y KB, + 8K KEKE, + 4K5" KE) -

ZDBDHZAKSpKffAZK(ZZAKfl(41(:22‘41(52 + 3K KE, + 2K KB —
(Dou-Kw)?KZ KD, (KflengzA + KngKci + K51K52) +

2Doy-Ky K22 KB KBy (Doy-[0H 1, — D+ [H 1) (KE2* + KB,) +
2Dou-Dy+ KKyt Koz (KB K2)? — (Dow-[0H™1n — D+ [H¥1,)? Kot K 2" (K2 KE,)? +

4 2
= = HyA H2A 1B 2.
DB3DH2A3Ksp(Ka1 K " Ka1)5
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42 H,A2 H,A
H = 4Dy 43Dp3K,Ki? " KI24KE K2, (KE KE, + 2K.2"KE,) —
2 _
(Dou-Ku)? K22 K2 “KE (K22 + KB) + 2Dou- Ky Ki?* K124 (K2 K2,)? (Doy-[0H 1, —
Dy+[H*1,) — 4D Dy, aKop (Ki? K22 KE )2 KE,;

2.2 HyA [, HyA HyA [, HyA
I = 4DH2A3DB3Ksp(Ka12 Kazz K51K52)2 - (DOH—Kw)ZKaf Kazz (K51K52)2-
Evaluation of flux of the cocrystal components

Applying the above boundary conditions to equation 5A.43 from Appendix 5A and solve

for —C; for the total flux of cocrystal in terms of drug species across the diffusion layer:

12 HyA HpA  HpA 2
_ Dy,43Dp3 K, { Kaii Kaz [H*]o , [H*]o
Jee = h \/KSp(l + [Ht]o + [H*]o? a+ kg, + Kglng) (58'4)

Substitute equation 5A.22 from Appendix 5A into equation 5B.4, the rotating flux of cocrystal can

be written as:

HyA HyA ,HyA 2
K H*]p | [H*]o

_ 1/3,.1/2,,-1/6 a a1 Ka [
Jee = 0.62(DpDy, ) 2w/ ?v=1/ \/Kspu + [H1]0 + [1H +]022 (1 + XE +K51ng) (5B.5)

Comparison between the surface saturation and interfacial equilibrium models

In order to evaluate the superiority between the surface saturation and interfacial
equilibrium models, interfacial pH and flux of the cocrystals were predicted using both models
and compared in Figure 5B.1 to 5B.3 for the three KTZ cocrystals. The surface concentration of
the drug for the interfacial equilibrium model is greater than that for the surface saturation model
because it has to raise above the stoichiometric solubility of the cocrystal in order to maintain
constant Ksp at the surface at all times during dissolution. While the surface coformer

concentration for the interfacial equilibrium model is lower than the drug concentration, it is still
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higher than that for the surface saturation model. The different concentrations of the cocrystal
components at the dissolving surface result in the slight difference in interfacial pH predictions
between the two models. As shown in Figure 5B.1 to 5B.3, the predicted interfacial pH values at
low bulk pH from the interfacial equilibrium model for all three cocrystals are slightly higher than
those from the surface saturation model. This is due to the higher drug concentration at the
dissolving surface predicted from the interfacial equilibrium model, which leads to greater
basicity. On the other hand, the higher coformer concentration at the dissolving surface for the
interfacial equilibrium model results in slightly lower interfacial pH predictions at high bulk pH
compared to the surface saturation model. Although the theoretical flux predictions from both
models follow the same trend as the experimental data, the predictions from the interfacial
equilibrium model for all three cocrystals are greater than those from the surface saturation model
as shown in Figure 5B.1 to 5B.3. The better agreement between the experimental data and
theoretical flux predictions has again demonstrated the superiority of the surface saturation model

over the interfacial equilibrium model.
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Figure 5B.1. Comparison of interfacial pH (a) and flux predictions (b) for KTZ-FUM between the
interfacial equilibrium model (dotted line) and surface saturation model (solid line). The solid
circles are the experimental flux values.
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Figure 5B.2. Comparison of interfacial pH (a) and flux predictions (b) for KTZ-SUC between the
interfacial equilibrium model (dotted line) and surface saturation model (solid line). The solid
circles are the experimental flux values.
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Figure 5B.3. Comparison of interfacial pH (a) and flux predictions (b) for KTZ-ADP between the
interfacial equilibrium model (dotted line) and surface saturation model (solid line). The solid
circles are the experimental flux values.
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CHAPTER 6

EFFECT OF BUFFERING AGENTS ON THE DISSOLUTION OF COCRYSTALS

Abstract

Buffers are commonly encountered in drug development as they are frequently used in
preparing dissolution media and sometimes even in drug formulations. The human Gl tract also
contains bicarbonate buffer to maintain the GI pH. It is well known that the properties and
concentrations of buffers can have significant impact on the dissolution rates of ionizable drugs.
Since cocrystals usually contain ionizable components, the influence of buffering agents on the
dissolution rates of these cocrystalline materials should also be emphasized. The purpose of this
study is to evaluate the effect of acetate and phosphate buffers on the dissolution of a 1:1 cocrystal
with nonionizable drug and acidic coformer, carbamazepine-salicylic acid (CBZ-SLC). The mass
transport model previously developed for this cocrystal has been extended to include the buffer
properties for evaluating the buffer effect on interfacial pH and dissolution rates. The mass
transport analyses have demonstrated the importance of pKa value, diffusion coefficient and
concentration of buffering agents in determining the interfacial pH. By modeling interfacial pH,
the flux of cocrystal can be accurately predicted as a function of buffer concentration. In this
study, the dissolution rate of CBZ-SLC increases with increasing buffer concentration and this

increase is due to the elevation in interfacial pH by both acetate and phosphate buffers.
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Introduction

The composition of dissolution media, such as pH and buffering agents can have significant
impact on the dissolution rates of ionizable drugs'3. For the dissolution of ionizable compounds,
the pH at the dissolving surface is extremely important and this interfacial pH can be quite different
from the pH of the bulk solution!?. The presence of buffer species in the dissolution media can
influence the interfacial pH and consequently alters the dissolution rates of ionizable drugs®®.
There has been studies in the literature demonstrating the influence of buffering agents on the
dissolution rates of ionizable drugs?®. In these studies, the dissolution rates of ionizable drugs
increase as buffer concentration increases and the rate of increase is dependent on the properties
and concentrations of the buffer in solutions®®. The interfacial pH of naproxen has been shown to
increase with increasing phosphate buffer concentration®. As the buffer capacity in the bulk
solution exceeds the self-buffering capacity of naproxen, the interfacial pH becomes similar to the
bulk pH?*. Interfacial pH determines the dissolution behavior of naproxen in the presence of
phosphate buffer and the dissolution rate of naproxen increases with increasing buffer
concentration®. Both interfacial pH and dissolution behavior of ionizable drugs under the influence
of buffer can be accurately predicted using mass transport analyses for dissolution with
simultaneous chemical reactions in the hydrodynamic boundary layer adjacent to the dissolving

surface®.

The primary buffer species in human Gl tract is bicarbonate and the buffer concentrations
can vary depending on the location in the GI tract and other factors such as food and stress’.
Physiological relevant dissolution media such as fasted state simulated intestinal fluid (FaSSIF)
and fed state simulated intestinal fluid (FeSSIF) also contain phosphate buffer as the main

buffering agent'® 1. Besides dissolution media, buffering agents have also been used in
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formulations to prevent Gl irritation and/or to promote dissolution of acidic drugs'?*4. Buffering
agents can be encountered both in vivo and in vitro, so it is essential to understand the mechanism

of how they influence the dissolution rates of ionizable drugs.

The impact of pH on the dissolution rates of cocrystals under unbuffered conditions has
been evaluated in previous chapters in this thesis. The purpose of this chapter is to evaluate the
dissolution rates of cocrystals under the influence of buffering agents. The model cocrystal used
in this study is carbamazepine-salicylic acid (CBZ-SLC) and the buffering agents are phosphate
and acetate buffers. The mass transport analyses for this cocrystal based on the surface saturation
model® were extended to include the chemical reactions of the coformer with the buffer species
from the bulk solution. This new mass transport model can be used to predict the interfacial pH
and flux of 1:1 cocrystals with non-ionizable drugs and acidic coformers as a function of pH and

buffer concentration.
Materials and methods
Materials

Anhydrous carbamazepine (CBZ), salicylic acid (SLC), sodium lauryl sulfate (SLS),
potassium phosphate monobasic, sodium acetate anhydrous and potassium phosphate dibasic
anhydrous were purchased from Sigma Chemical Company (St. Louis, MO) and used as received.
Acetonitrile, methanol and sodium phosphate monobasic were purchased from Fisher Scientific
(Pittsburgh, PA). Sodium phosphate dibasic heptahydrate was purchased from Acros Organics
(Pittsburgh, PA). Acetic acid was purchased from Mallinckrodt Baker (Phillipsburg, NJ). Water
used in this study was filtered through a double deionized purification system (Milli Q Plus Water

System) from Millipore Co. (Bedford, MA).
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Cocrystal synthesis

Cocrystals were prepared by reaction crystallization method®® at room temperature. CBZ-
SLC was prepared by adding 1:1 molar ratio of CBZ and SLC in acetonitrile solution containing
0.1 M SLC. Solid phases were characterized by X-ray powder diffraction (XRPD) and differential

scanning calorimetry (DSC).

Cocrystal dissolution measurements

Constant surface area dissolution rates of CBZ-SLC were determined using a rotating disk
apparatus. Cocrystal powder (~150 mg) was compressed in a stainless steel rotating disk die with
a tablet radius of 0.50 cm at approximately 85 MPa for 2 minutes using a hydraulic press. The die
containing the compact was mounted onto a stainless steel shaft attached to an overhead, variable
speed motor. The disk was exposed to 150 mL of the dissolution medium in a water jacketed
beaker with temperature controlled at 25°C and a rotation speed of 200 rpm was used. Dissolution
media containing different buffer concentrations in 150 mM SLS were prepared on the day of the
experiment. The bulk solution pH did not change significantly throughout the experiment. Sink
conditions were maintained throughout the experiments by ensuring the concentrations at the last
time point of the dissolution were less than 10% of the cocrystal solubility. Solution
concentrations were measured using HPLC and solid phases after dissolution were analyzed by

XRPD.

HPLC

Waters HPLC equipped with a photodiode array detector was used for all analysis. The
mobile phase was composed of 55% methanol and 45% water with 0.1% trifluoroacetic acid and

the flow rate of 1 mL/min was used. Separation was achieved using Waters, Atlantis, T3 column
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(5.0 um, 100 A) with dimensions of 4.6 x 250 mm. The sample injection volume was 20 uL. The

wavelengths for the analytes were as follows: 284 nm for CBZ and 303 nm for SLC.

XRPD

XRPD diffractograms of solid phases were collected with a benchtop Rigaku Miniflex X-
ray diffractometer using Cu-Ko radiation (A = 1.54 A), a tube voltage of 30 kV, and a tube current

of 15 mA. Data was collected from 5 to 40° at a continuous scan rate of 2.5°/min.

DSC

Crystalline samples were analyzed by DSC using a TA instrument 2910 MDSC system
equipped with a refrigerated cooling unit. All experiments were performed by heating the samples
at a rate of 10 °C/min under a dry nitrogen atmosphere. Temperature and enthalpy of the

instrument were calibrated using high purity indium standard.
Theoretical

The present model here describes the dissolution of 1:1 cocrystals with nonionizable drugs
and monoacidic coformers in buffered media containing surfactant. This model is an extension
from the previous model developed based on the surface saturation model with simultaneous
chemical reactions in the hydrodynamic boundary layer adjacent to the dissolving surface®®.
Besides the chemical reactions with water and hydroxide ion, the acidic coformer also reacts with
the basic components of the buffer in the dissolution medium. Although the mass transport model
developed here is for the monoprotic buffer systems, it is also applicable to diprotic or even
triprotic buffer systems as long as the pKa value used is close to the bulk pH of the dissolution
medium. This assumption has been tested for both diprotic and triprotic buffer systems®. By using

relevant pKa values, the flux predictions from the monoprotic model have been shown to be
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identical to those from the diprotic and triprotic models 3. These findings suggest that the transport

mechanism of buffer is governed by the dissociation of the dominated buffer species in solution®.

The chemical equilibria and the equations for equilibrium constants during the dissolution
of 1:1 cocrystal, RHA with R as the nonionizable drug and HA as the weakly acidic coformer in
buffered solution containing surfactant with B as the basic and BH™ as the conjugate acidic buffer

species, can be described as follows:

(RHA)solid = Raq + HAaq (6-1)
Ksp = [R]aq[HA]aq (6.2)
Ryg+mSR, (6.3)
R _ [Rlm
Ks = [Rlaqm] ©4)
HAuq + m S HAp, (6.5)
HA _  [HAlp
K™= [HA]aq[m] (6.6)
HA,q 5 H;0" + Ag, (6.7)
Ha _ [H30%1[47]aq
Kt == (6.8)
HAquq + OH™ S H,0 + Ag, (6.9)
__ [ATlaq
1™ [HAlgql0H"] (6.10)
BHz, = Byg + H (6.11)
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_ [H*1[Blagq

B
KB = . (6.12)
BHzy + OH™ < By + H,0 (6.13)
Ky = —iola__ (6.14)

[BH*]qq[OH™]
HAuq + Baqg S BHgy + Ag, (6.15)

K. = 1B lagla lag _ ki
37 [Blag[HAlaq KB

(6.16)

where Kj, is the solubility product of the cocrystal, K¥ is the solubilization constant of R and K™
is the solubilization constant of HA, m is the micellar concentration in solution and is equal to the
total surfactant concentration minus the critical micellar concentration (CMC), K4 and K2 are
the ionization constants of HA and B. Subscript aq denotes the aqueous phase and m denotes the
micellar phase. The underlying assumption in this analysis is that the buffer species and ionized

form of coformer are not solubilized by surfactant.

In the presence of surfactant, the stoichiometric solubility of RHA can be predicted using

the following equation:

See = KL+ KEIMD(1 +52 4 k4[] (6.17)

Detailed derivations of the mass transport analyses based on the surface saturation model*®
developed previously to describe the dissolution of cocrystals are provided in Appendix 6A. The
mass transport analyses are based on the following assumptions: chemical reactions and solute
solubilization within the diffusion layer occur instantaneously, free solutes and micelles are in

equilibrium throughout the diffusion layer, the ionized form of the coformer and buffer species are
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not solubilized by surfactant, aqueous diffusivities of the ionized and non-ionized forms are the
same. For simplification of the interfacial pH prediction, the effective diffusivity of the coformer
is assumed to be the same as the aqueous diffusivity because it is not significantly solubilized by
the surfactant. In this study, the effect of surfactant concentration on the viscosity of dissolution
media was not accounted for the mass transport analyses. Although the viscosity of the dissolution
media may approximately double at high surfactant concentration (eg: 300 mM)*, its impact on
the hydrodynamic boundary layer is small. The viscosity of dissolution media is not expected to
significantly affect the diffusion of free species as they are assumed to be diffusing through the
aqueous phase where the surfactant concentration is equal to the CMC and the viscosity is not
substantially different from water®. The effect of viscosity on the diffusion coefficient of the

micelles incorporates the effect of viscosity changes.

Results and discussion
Physicochemical properties

In this study, the effect of buffer on the dissolution of CBZ-SLC was evaluated using
acetate and phosphate buffers in 150 mM SLS solutions. This surfactant concentration was
maintained constant for all dissolution studies in order to rule out the surfactant effect on the
dissolution rates of the cocrystal. In the absence of buffering agent, 150 mM SLS is sufficient to
stabilize CBZ-SLC from the conversion back to the stable drug form during dissolution at bulk pH
up to 8%°. However, this concentration may not be sufficient for stabilizing the cocrystal in certain
buffer concentrations due to the ability of buffer in elevating the interfacial pH. Consequently,
solid phase transformation may be observed in some of the dissolution experiments.

Physicochemical properties of CBZ-SLC and its components are required for the predictions of
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interfacial pH and flux. The solubility product of CBZ-SLC was determined to be 0.40 mM?, and
the solubilization constant of CBZ is 0.43 mM™and SLC is 0.060 mM™ in 150 mM SLS®. The
pKa values and diffusion coefficients for the cocrystal components and buffer species are
summarized in Table 6.1. Although phosphoric acid has three pKa values, only the second one
was used in this study because the pH of the dissolution media were around this value. Therefore,

the relevant buffer species in solutions are monobasic phosphate and dibasic phosphate.

Table 6.1. pKa values and diffusion coefficients of cocrystal components and buffer species.

Compound pKa Diffusion Coefficient (x 10® cm?/sec)
Carbamazepine - 1.482
Salicylic Acid 3.0% 7.66°
Acetate 4.8 10.9¢
Phosphate 6.6° 8.1°

a) From reference *°;
b) From reference ?;
c) From reference 3;
d) From reference *.

Influence of buffer on interfacial pH

The pH at the dissolving surface is important for determining the dissolution rates of
cocrystals with ionizable components and this interfacial pH can be predicted using equation
6A.36 from Appendix 6A. The influence of buffering agents on the interfacial pH of CBZ-SLC
as a function of bulk pH is shown in Figure 6.1. As shown in Figure 6.1, interfacial pH is
influenced by both the properties and concentrations of the buffering agents. The buffer effect on
interfacial pH is effective at bulk pH around the pKa values of the buffers. The pKa value of acetate
buffer is 4.8, so the interfacial pH starts to deviate from the unbuffered system at bulk pH 4 and
these deviations increase with increasing buffer concentration. The pKa value of phosphate buffer

iS 6.6, so the deviations in interfacial pH from the unbuffered system do not start until at bulk pH
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above 5. In both buffered systems, interfacial pH is elevated due to the chemical reactions between
the acidic coformer and basic components of the buffers at the dissolving surface, which decrease
the concentration of hydrogen ion and increase the interfacial pH. The relative acidity and basicity
between the buffer and coformer can also play a role on influencing the interfacial pH2 The
equilibrium constant from equation 6.16 for acetate and SLC is 63, while for phosphate and SLC
is 3981. This means that the phosphate buffer is a lot more basic compared to SLC than acetate
buffer to SLC. The lower basicity of acetate could not suppress the self-buffering ability of the
coformer and allows it to self-buffer the interfacial pH similar to the unbuffered conditions for the
buffer concentrations studied here. The self-buffering ability of the coformer vanishes in the more
basic phosphate buffer system. Instead of plateauing, the interfacial pH in phosphate buffer

solutions increases with bulk pH in an attempt to maintain a surface pH as close as to the bulk

solution pH.
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Figure 6.1. Theoretical predictions of interfacial pH for CBZ-SLC as a function of bulk pH in
different acetate buffer (a) and phosphate buffer (b) concentrations at 150 mM SLS. No buffer:

; 15 mM: —; 25 mM: —; 50 mM: —. Interfacial pH were predicted using equation 6A.36
from Appendix 6A with the physicochemical properties shown in Table 6.1.
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Evaluation of crital stabilization concentration (CSC)

Critical stabiliztion concentration (CSC) is defined as the surfactant concentration required
to achieve equivalent solubility of the cocrystal and parent drug*®?!. This concentration is pH
dependent for cocrystals with ionizable components'®2t, Due to the elevation in interfacial pH by
buffer, the CSC values of CBZ-SLC should be evaluated at the bulk pH of dissolution experiments
to determine if they are below the SLS concentration (150 mM) used in this study. The CSC
values of CBZ-SLC for all the dissoluiton conditions studied in this work are summarized in Table
6.2. As shown in this table, the CSC values are below 150 mM SLS for most of the conditions,
expect for 25 mM phosphate buffer at bulk pH 6.79, 50 mM phosphate buffer at bulk pH 6.78 and
50 mM acetate buffer at bulk pH 4.85. Since the CSC values in these conditions are above 150
mM SLS used in the dissolution experiments, solid phase transformation may occur during

dissoltuion.

Table 6.2. Estimated CSC for CBZ-SLC in different bulk pH, phosphate and acetate buffer
concentrations.

Buffer Phosphate buffer Acetate buffer
Conc. (mM) pH cscr PH csct

Bulk | Interfacial2 | (mM) | Bulk | Interfacial2 | (mM)

15 6.84 4.5 148 - - -
6.79 4.8 289

25 6.03 a1 63 4.80 4.4 120

50 6.78 5.3 861 4.85 4.6 181
6.03 4.5 127 3.97 3.8 36

a) Calculated using equation 6A.36 from Appendix 6A with the physicochemical properties shown
in Table 6.1.

b) Calculated using previously developed equation?.
Influence of buffer on dissolution

Effect of buffer on the dissolution rates of CBZ-SLC was evaluated by performing

dissolution studies in 150 mM SLS at different buffer concentrations and bulk pH. For acetate
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buffer, the dissolution profiles of CBZ-SLC in terms of components’ concentrations are shown in
Figure 6.2. Among the three dissolution conditions, only the 50 mM acetate buffer at bulk pH
4.85 was expected to have cocrystal conversion during dissolution as predicted by the CSC value
shown in Table 6.2. This conversion was confirmed by the nonlinear dissolution behavior shown
in Figure 6.2 and a mixed phase of CBZ-SLC and the dihydrated form of CBZ after dissolution by
XRPD analysis. Theoretically, the dissolution of CBZ-SLC in 50 mM acetate buffer at bulk pH
4.85 should be faster than in 25 mM acetate buffer at bulk pH 4.80 due to the evaluation in
interfacial pH. However, the dissolution rates of CBZ-SLC in these conditions are nearly the same
as shown in Figure 6.2 due to the conversion of the cocrystal in 50 mM acetate buffer at bulk pH
4.85. The dissolution profiles of CBZ-SLC in terms of components’ concentrations for phosphate
buffer are shown in Figure 6.3 and 6.4. In Figure 6.3, the dissolution experiments were performed
in 15, 25 and 50 mM phosphate buffer at bulk pH around 6.8. Among these conditions, CBZ-SLC
is only stable in 15 mM phosphate buffer and these results are consistent with the CSC predictions
shown in Table 6.2. The solid phase transformation of CBZ-SLC in both 25 and 50 mM phosphate
buffer was demonstrated by the nonlinear dissolution behavior shown in Figure 6.3 and the XRPD
analyses after dissolution. The dissolution rate of CBZ-SLC was only slightly higher in 50 mM
phosphate buffer during the early dissolution time points and this did not last very long as the
concentrations of both components became lower than those in 25 mM phosphate buffer by 10
minutes. These dissolution profiles suggest that the conversion rate of CBZ-SLC is much faster
in 50 mM phosphate buffer than in 25 mM phosphate buffer. As shown in Table 6.2, the CSC for
CBZ-SLC in 50 mM phosphate buffer is 5.7x larger than 150 mM SLS, while for 25 mM phosphate
buffer is only 1.9x. The higher supersaturation generated with respect to the parent drug during

the dissolution of CBZ-SLC in 50 mM phosphate buffer leads to faster conversion rate compared
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to that in 25 mM phosphate buffer. In order to capture the true dissolution rates of CBZ-SLC,
linear regressions were fitted using the first 4 data points for 25 mM phosphate buffer and first 3
data points for 50 mM phosphate buffer. The dissolution experiments of CBZ-SLC in 25 and 50
mM phosphate buffer at bulk pH 6 are shown in Figure 6.4. There was no solid phase
transformation observed during dissolution for these two conditions, which is expected because

the CSC values are below 150 mM SLS.
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Figure 6.2. Dissolution profiles of CBZ-SLC in terms of CBZ concentrations (a) and SLC

concentrations (b) in 150 mM SLS at different bulk pH and acetate buffer concentrations. 25 mM

acetate buffer at pH 4.80: +; 50 mM acetate buffer at pH 4.85: ¢ ; 50 mM acetate buffer at pH 3.97:
*. The solid circles are the experimental data and the lines are the fitted linear regressions.
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Figure 6.3. Dissolution profiles for CBZ-SLC in terms of CBZ concentrations (a) and SLC
concentrations (b) in 150 mM SLS at different bulk pH and phosphate buffer concentrations. 15
mM phosphate buffer at pH 6.84: «; 25 mM phosphate buffer at pH 6.79: ¢; 50 mM phosphate
buffer at pH 6.78: = . The solid circles are the experimental data and the lines are the fitted linear
regressions.
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Figure 6.4. Dissolution profiles for CBZ-SLC in terms of CBZ concentrations (a) and SLC
concentrations (b) in 150 mM SLS at different bulk pH and phosphate buffer concentrations. 25
mM phosphate buffer at pH 6.03: ¢; 50 mM phosphate at pH 6.03: . The solid circles are the
experimental points and the lines are the fitted linear regressions.

196



Evaluation of the mass transport model

To evaluate the predictive power of the mass transport model, the flux of CBZ-SLC in
different buffer concentrations were calculated from the dissolution rates and compared to the
theoretical predictions. The influence of pH and buffer concentration on the dissolution of CBZ-
SLC is shown in Figure 6.5. The dissolution pH dependence of CBZ-SLC relies on the interfacial
pH rather than bulk pH. Buffering agents have the ability to alter the interfacial pH and this ability
is dependent on the properties and concentrations of the buffer. Therefore, the dissolution pH
dependence of CBZ-SLC can vary depending on the types and concentrations of the buffer. As
buffer concentration increases, interfacial pH increases due to the consumption of hydrogen ion at
the dissolving surface and consequently, the flux of CBZ-SLC would increase because of the
acidity of the coformer. Due to the rapid conversion of the cocrystal back to the parent drug, the
concentration profile of CBZ-SLC in pH 6.78, 50 mM phosphate buffer shown in Figure 6.3 (a)
represents the drug dissolution more than the cocrystal dissolution. Therefore, the flux of CBZ-
SLC at this condition was calculated using the first 3 data points from the dissolution concentration
profile in terms of SLC shown in Figure 6.3 (b) and compared to the theoretical flux in Figure 6.5.
As shown in Figure 6.5, the theoretical predictions agree reasonably well with the experimental
data. Some large deviations, such as at bulk pH 4.85, 50 mM acetate buffer and pH 6.78, 50 mM
phosphate buffer, are due to the conversion of the cocrystal during dissolution. The precipitation
of the dihydrated form of CBZ at the dissolving surface impeded the dissolution of CBZ-SLC and
resulted in lower flux. The mass transport model in this study has not considered the cocrystal
conversion, so the flux predictions would be overestimated when conversion happens during

dissolution.
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Figure 6.5. Flux of CBZ-SLC at 150 mM SLS as a function of bulk pH in acetate buffer (a) and
phosphate buffer (b) solutions. 50 mM buffer: —; 25 mM buffer; —;15 mM buffer: —; and 0
mM buffer: —. Solid circles are experimental flux values of CBZ-SLC in terms of CBZ, except
for pH 6.78, 50 mM phosphate buffer, which is in terms of SLC. Solid lines are theoretical flux
predictions. The theoretical and experiment flux in 0 mM buffer are from reference . The flux
in the presence of buffer were calculated using equation 6A.40 from Appendix 6A based on the
interfacial pH predicted in Figure 6.1.

Conclusions

The mass transport model for the dissolution of 1:1 cocrystals with nonionizable drugs and
monoacidic coformers has been successfully extended to evaluate the effect of buffer on the
dissolution rates of these cocrystals. The model was extended to include the simultaneous
chemical reactions of the acidic coformer with the basic buffer species within the hydrodynamic
boundary layer. The influence of buffer on interfacial pH can be accurately predicted using this
mass transport model and the ability of buffer in altering this pH is dependent on the pKa value,
diffusion coefficient and concentration of the buffer. The two buffering agents used in this study,
acetate and phosphate buffers, elevate the interfacial pH of CBZ-SLC in 150 mM SLS compared

to that without buffer and this elevation increases with increasing buffer concentration. Based on
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the interfacial pH predictions, the flux of CBZ-SLC can be adequately predicted as a function of
buffer concentration. Due to the acidity of the coformer, the flux of CBZ-SLC increases as a
function of buffer concentration because interfacial pH is evaluated by the presence of buffer. This
study emphasizes the importance of including any parameters that can influence the pH at the
dissolving surface in the mass transport analyses in order to obtain accurate flux predictions for

ionizable compounds.

References

1. Mooney, K. G.; Mintun, M. A.; Himmelstein, K. J.; Stella, V. J. Dissolution Kinetics of
Carboxylic Acids I: Effect of pH under Unbuffered Conditions. American Pharmaceutical
Association 1981, 70, (1), 13-22.

2. Mooney, K. G.; Mintun, M. A.; Himmelstein, K. J.; Stella, V. J. Dissolution Kinetics of
Carboxylic Acids Il: Effect of Buffers. American Pharmaceutical Association 1981, 70, (1), 22-
32.

3. Aunins, J. G.; Southard, M. Z.; Myers, R. A.; Himmelstein, k. J.; Stella, V. J. Dissolution
of Carboxylic Acids Il1: The effect of Polyionizable Buffers. Journal of Pharmaceutical Sciences
1985, 74, (12), 1305-1316.

4. McNamara, D. P.; Amidon, G. L. Reaction Plane Approach for Estimating the Effects of
Buffers on the Dissolution Rate of Acidic Drugs. Journal of Pharmaceutical Sciences 1988, 77,
(6), 511-517.

5. Sheng, J. J.; McNamara, D. P.; Amidon, G. L. Toward an In Vivo Dissolution
Methodology: a Comparison of Phosphate and Bicarbonate Buffers. Molecular Pharmaceutics
2009, 6, (1), 29-39.

6. Krieg, B. J. In Vivo Predictive Dissolution: Analyzing the Impact of Bicarbonate Buffer
and Hydrodynamics on Dissolution. University of Michigan 2015, Dissertation.

7. Rune, S. J. Acid-Base Parameters of Duodenal Contents in Man Gastroenterology 1972,
62, (4), 533-539.

8. Rees, W. D. W.; Botham, D.; Turnberg, L. A. A Demonstration of Bicarbonate Production
by the Normal Human Stomach In Vivo. Digestive Diseases and Sciences 1982, 27, (11), 961-966.

199



9. Hogan, D. L.; Ainsworth, M. A.; lIsenberg, J. I. Review Article: Gastroduodenal
Bicarbonate Secretion. Alimentary Pharmacology & Therapeutics 1994, 8, (5), 475-88.

10. Vertzoni, M.; Fotaki, N.; Kostewicz, E.; Stippler, E.; Leuner, C.; Nicolaides, E.; Dressman,
J.; Reppas, C. Dissolution Media Simulating the Intralumenal Composition of the Small Intestine:
Physiological Issues and Practical Aspects. Journal of Pharmacy and Pharmacology 2004, 56, (4),
453-462.

11.  Dressman, J. B.; Amidon, G. L.; Reppas, C.; Shah, V. P. Dissolution Testing as a
Prognostic Tool for Oral Drug Absorption: Immediate Release Dosage Forms. Pharmaceutical
Research 1998, 15, (1), 11-22.

12. Levy, G.; Hayes, B. A. Physicochemical Basis of the Buffered Acetylsalicylic Acid
Controversy. N. Engl. J. Med. 1960, 262, 1053-1058.

13. Doherty, C.; York, P. Microenvironmental pH Control of Drug Dissolution. International
Journal of Pharmaceutices 1988, 50, (3), 223-232.

14.  Chakrabarti, S.; Southard, M. Z. Control of Poorly Soluble Drug Dissolution in Conditions
Simulating the Gastrointestinal Tract Flow. 2. Cocompression of Drugs with Buffers. American
Chemical Society and American Pharmaceutical Association 1996, 86, (4), 465-469.

15.  Cao, F.; Amidon, G.; Rodriguez-Hornedo, N.; Amidon, G. Mechanistic Analysis of
Cocrystal Dissolution as a Function of pH and Micellar Solubilization. Molecular Pharmaceutics
2015, 13, (3), 1030-1046.

16. Rodriguez-Hornedo, N.; Nehm, S. J.; Seefeldt, K. F.; Pagan-Torres, Y.; Falkiewicz, C. J.
Reaction Crystallization of Pharmaceutical Molecular Complexes. Molecular Pharmaceutics
2006, 3, (3), 362-367.

17. Kabir-ud-Din; David, S. L.; Kumar, S. Viscosities of Sodium Dodecyl Sulfate Solutions
in Aqueous Ammonium Salts. Journal of Chemical & Engineering Data 1997, 42, (6), 1224-1226.
18.  Poskanzer, A. M.; Goodrich, F. C. Surface Viscosity of Sodium Dodecyl Sulfate Solutions
with and without Added Dodecanol. The Journal of Physical Chemistry 1975, 79, (20), 2122-2126.
19.  Huang, N.; Rodriguez-Hornedo, N. Effect of Micellar Solubilization on Cocrystal
Solubility and Stability. Crystal Growth & Design 2010, 10, 2050-2053.

20. Huang, N.; Rodriguez-Hornedo, N. Engineering Cocrystal Solubility, Stability, and
pHmax by Micellar Solubilization. Journal of Pharmaceutical Sciences 2011, 100, (12), 5219-
5234.

200



21. Huang, N.; Rodriguez-Hornedo, N. Engineering Cocrystal Thermodynamic Stability and
Eutectic Points by Micellar Solubilization and lonization. CrystEngComm 2011, 13, 5409-5422.

201



APPENDIX 6A

The flux of all the species across the diffusion layer includes both the diffusion and
chemical reactions happening during dissolution. At steady state, the diffusion and simultaneous

chemical reactions of the individual species within the diffusion layer can be written using Fick’s

law as follows:

G[I;]taq = D, 626[912@ 4+ =0 (6A.1)
a[glm = Dy, aza[:gm + ¢, =0 (6A.2)
a[zii;]aq = Dya,, 62([;1% =0 (6A.3)
a[Aa—t]aq = Dz, 9? g‘;_z]aq + s =0 (6A.4)
a[z;ftl]m = Dyys fizg%]rn + s =0 (6A.5)
a[?;r] — Dop- % + e =0 (6A.6)
6[;,;] _D,. % +d, =0 (6A.7)
a[B;It*]aq — Dyyr 92 [§:2+]aq + g =0 (6A.8)
a[l;]taq =D, aza[iaq + =0 (6A.9)
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where ¢1-9 are the reaction rate functions. At equilibrium, the reaction rate of the reactant should

be the opposite of the product. Based on the chemical equilibria, the followings can be written:

$1 = —¢ (6A.10)
$3=—¢s— ¢s (6A.11)
g = —o (6A.12)

Because of A" is a product of the reactions between HA, B and BH™, so reaction rate of A" can be

reflected by the reaction rate of B, H" and OH", therefore,

b4 = b7 — b6 — b9 (6A.13)

Based on equation 6A.13, equation 6A.11 can be written as:

¢3 = b6 + P9 — b5 — @7 (6A.14)

Based on the equations 6A.10, 6A.11, 6A.12 and 6A.14, the following mass balance equations can

be written:

Rag 2L = —Dr, Tl (6A.15)
Dypgy ilea _ _p, T Naa_p,, L1 (6A.16)
Dya,, % = Don- % + Dg,, : d[iaq — Dy~ dzd[f;] — Vnap, dzc[i%]m (6A.17)
Dg,, % = —Dpyg, % (6A.18)

Integrating equations 6A.15 to 6A.18 once gives:
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d[R]q d [Rlm
- 4= _Dp =y C, (6A.19)
d [HAlg d[A7]a d [HAlm
Doy gz = Pazg g~ Dran =g+ G2 (6A.20)
d [HAl, d[oH™] d[Blg d[H*] d [HAlm
DHAaq Tq - DOH_ dx + DBaq dx t - DH+ ax DHAm dx + C3 (GA'Zl)
d Bl d[BH*]q
Dg,, — 4 —DBH;;q — 1+C, (6A.22)

Since Ay, is the product of the reaction between HA, B and OH", so its flux can be reflected by B,

OHand H™:
dl47laq _ d [0H~] d[Blag _ , . dIH]
_DAz_lq dx —_ DOH_ dx + DBaq dx DH+ dx (6A23)
With this mass balance relationship, it can be seen that
C, =Cs (6A.24)

Since the concentration of buffer is conserved, the total flux of buffer should be equal to zero,

therefore,

C,=0 (6A.25)

Integrating equations 6A.19 to 6A.22 once gives:

Dgoy[Rlaq = —Dg, [Rlm + Cix + Cs (6A.26)
D4 gg [HAlaq = —Dya,, [HAl =Dz, [Alaq + Cox + C (6A.27)
Dyi4gg[HAlaq = Dou-[0H™] + Dy, [Blag — Dy+[H*1-Dya, [HALy + Csx + C; (6A.28)
Dg,g[Blag + Dgyg, [BH*1ag = Cq (6A.29)
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Boundary conditions

Based on the surface saturation model and solubility of cocrystal under surfactant conditions, the

following boundary conditions for each species can be written:

Atx =0: atx=h:

[Ksp QKRR (4 picl A m)) _ N
[Rlago = 1+K5R[m]0 [R]aqn = O (under sink condition)

Ksp(1+KR [m])<1+§—§+K5A[mJ)

D
[HA]ag,0 = ( it )2/3‘/ [HA]aqn = O (under sink condition)

DA,y 1+Z—§+K§A[m]
[R]m,0 = unknown [R]m,n = 0 (under sink condition)
[HA] 0 = unknown [HA]m,n = 0 (under sink condition)
[A”]aq,0 = unknown [A™]ag,n = 0 (under sink condition)
[Blag = [Blo [Blag = [Bln
[BH]aq = [BH™ ] [BH]aq = [BH]x
[H*] =[H"]o [H*] = [H"]n
[OH™] = [0H™], [OH™] = [0OH™ ],

Evaluation of interfacial pH

Applying the above boundary conditions to equations 6A.27 to 6A.29, at x = 0:

JKS,,(HKSR [m]><1+§—g+z<§“[m])

DReyy )2/3
DHAeff 1+:—$+K5HA[m]
0

Dhiag,( = —Dyan [HAlmo—Daz,[A"lago +Cs  (6A.30)
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R Ka 1 -HA
O L A . B
Dha,, (DHAeff 1+§_§+KSHA[m] = Don-[0H 1o + Dg,,[Blo
Dy+[H*]o—Dya,,[HAlm,o + C; (6A.31)
Dp,,[Blo + Dpyy, [BH]o = Cg (6A.32)

and at x = h, since sink conditions are assumed, 6A.27 to 6A.29 can be written as:

C,h+Cs=0 (6A.33)
0 = DOH_ [OH_]h + DBaq [B]h - DH+ [H+]h + C3h + C7 (6A34)
Dp,[Bln + Dppg [BH"]p = Cg (6A.35)

Combining equations 6A.30 to 6A.35 and algebraically solving for interfacial pH, [H*]o, yields the
following equation:
A[H*1,” + B[H'1,% + C[H*1y” + D[H*1," + E[H*]y> + F[H*1,> + G[H* ], + H = 0 (6A.36)

where

A= (DH+DBH;[q)2(1 + K4 [m]);

B = 2D+ Dyyyy [Dy+Dp, KB + Dpyys (D, [Bly — Dy [H*Tn + Don-[0H 1, )1(1 +
K4 m]);

C= ZDH+DBH;{q [DBaqKE (DOH_[OH_]h - DBH;{q [BH']), — DH+[H+]h) - DOH—KWDBH;{q] 1+
2
KEA[m]) + (1 + KEA[m]) | Dy+Dp, KE + Dpyig, (Dp,g [Bln = Dt [H*1n + Dou-[0H1n)| +
q aq q
2KEAD 1+ D gyt [Dyr+Diy KB + Dppys. (Dpog [Blh — Dt [H*] + Doy-[0H1, )1

D = 2|Dyy+Dg, KE + Dpyyg. (Dp,g [Bln — Dy [H* 5 +
Do-[0H11)| [De,oKE (Pon-[OH1n = Dyyg, [BH* 1y = Dy [H*14) = Don-KuDpgg, | (1 +

206



K [ml) — 2D+ Dpyy, Don~KwDg, Kz (1 + K54 [m]) +
2D+ D pyyg, K4* [ Dg, KB (Do~ [OH 1 = Dpyyg, [BH* 15 = Dyg+ [H*1) = Dos-KuDgng, | +
[DH+DBaqKaB + Dpng, (DBaq [Bln — Dy+[H™]n + DOH-[OH_]h)]ZKI;A;

E = [Dg,, KB (Dou-[0H 1, = Dy [BH*1, = Dyy+[H*14) = Dou-K Dy | (1 +
KE4[m]) = 2Dop-KyDp, K8 [Dyy+Dp, KE + Dyyz. (D, [Bly — Dy+[H*]y +
Don-[0H14)| (1 + K#A[m]) = 2D+ Dy Doy~ KuyDp, KEKEA + 2| DD, KB +
D, (Doog[Bln = D+ [H*1 + Doy-[0H 11 )| [Dp,o KB (Don-[0H 1 = Dy, [BH1,, -

Dyy+[H*14) = Don-KuDpig, | K&% — (D322 D2 D, KUA Ko, (T + KE[mD)?;

2
F = K |Dg, KB (Doy-[OH 1 = Dyyyg, [BH*1n — Dy+[H*1) = Don-KuDpyg, | —
2Doy-KDsp,o K& D, KE (Dos-[OH 1, = Dpyyg, [BH*1y — Dy [H*1y,) =
Don-KuDgg,| (1 + KEAIm]) — 2Doy-K,, Dg, KEKEA | D+ Dg, KE + Dz (Dp, [l -

Dyy+ [H* 11 + Don-[0H 1y, )| — 2KE (D202 Dy, KEAJK, (T + KE[mD)?;

G = (Dou-KuDp, K)?(1 + KfA[m]) — 2D~ K,,Di, KEKEA D, KE (Doy-[OH 1y

Dy, [BH 1 = Dyy+ [H*11) = Dou-KuDpus, | - <D1/3D,§§;D JKHARE K, (T + KE[mD)?;

H = K84 (Doy-K,, Dy, KE)?.

Evaluation of flux of the cocrystal components:

Applying the boundary conditions to equation 6A.26, at x = O:

JKspQKEDmD g icfi A m)) JKspQrErmD il Am))
[m]

0 — _ R
and at x = h, assuming sink conditions:
0=Ch+Cs (6A.38)

Combining the above equations and solving for —C; for the flux of the cocrystal in terms of drug:
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o = = \/Kspa + KE[I)(1 + 12 + KEA[m]) (6A.39)

By substituting the thickness of the hydrodynamic boundary layer for rotating disk (h =

1 1 1
1.612D3vew ™ 2)!, equation 6A.39 becomes:

Jr = 0.620,§§fw1/2v—1/6 \/Ks,,u + KR[m])(1 + 5_; + KHA[m]) (6A.40)

The flux of the cocrystal in terms of coformer can be also solved in a similar manner by applying

the boundary conditions to equation 6A.27:

1 2z
3 3

Dha, PR, 3
Jia ==L Koy (14 KEmD)(L+ 5+ KE4fm]) (6A41)

hya

By substituting the boundary layer thickness into equation 6A.41, it can be shown to equal to
equation 6A.40. This is expected since the flux of drug and coformer should be the same fora 1:1

cocrystal even though they have different diffusivities.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

The fundamental frameworks have been built in this dissertation to understand the
dissolution behavior of cocrystals under different solution conditions. Unlike the empirical
approaches that are based on experimental observations, this thesis relies on the mass transport
phenomenon to explain the dissolution behavior of cocrystals. The mechanism of cocrystal
dissolution has been investigated through the development of mass transport models by applying
Fick’s law of diffusion to dissolution with simultaneous chemical reactions in the hydrodynamic
boundary layer adjacent to the dissolving cocrystal solid surface. These mass transport models
have emphasized the importance of physicochemical properties of the cocrystal components and
solution conditions in determining the rates of cocrystal dissolution. Overall, this dissertation has
provided the fundamental knowledge of cocrystal dissolution that is important for the cocrystal

selection process and formulation development.

Based on the differential diffusion between the cocrystal components and the solubility
product behavior of the cocrystals, two models, the surface saturation and interfacial equilibrium
models have been developed to describe the dissolution process of cocrystals. The major
differences between the two models are related to the boundary conditions of the cocrystal
components at the dissolving solid-liquid interface due to the different ability of the models in
maintaining the solubility product of the cocrystal. The different boundary conditions of the two

models lead to different mass transport analyses that would result in different theoretical
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predictions in interfacial pH and flux of the cocrystals. The better agreement between the
experimental and theoretical flux makes the surface saturation model superior to the interfacial
equilibrium model. Consequently, the surface saturation model was primarily used in this
dissertation to perform mass transport analyses for evaluating the dissolution behavior of

cocrystals in different solution conditions.

By validating the surface saturation model, the common coformer effect on the dissolution
rates of cocrystals was also evaluated in this thesis. Similar to pharmaceutical salts, cocrystals
also exhibit solubility product behavior. Therefore, the dissolution rates of cocrystals would
decrease in the presence of excess coformer. These findings have provided useful insights for the
effect of differential permeation between the cocrystal components on oral absorption. The higher
drug permeation can potentially result in excess coformer in the intestine that can decrease the
dissolution rate of the continually dissolving cocrystal and consequently, result in lower oral

absorption.

One of the important findings of this thesis is that the interfacial pH is the significant factor
that determines the dissolution rates of cocrystals with ionizable components. By cocrystallizing
with different coformers, interfacial pH can be modulated to different extents compared to the
parent drugs. For example, CBZ is nonionizable, so it has no ability to alter the pH at the dissolving
surface and this means that the interfacial pH is the same as the bulk pH. However, when it
cocrystallizes with acidic coformers, SAC and SLC, interfacial pH is significantly different from
the bulk solution pH. For both cocrystals, interfacial pH decrease as coformers start to ionize and
reach constant values at bulk pH ranges from 4 to 8 due to the self-buffering ability of the
cocrystals. Similarly, KTZ cocrystals with acidic coformers also lower the interfacial pH

compared to the basic KTZ. Besides the physicochemical properties of the cocrystals and their
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components, solution composition, such as buffering agents can also affect the interfacial pH. The
presence of acetate and phosphate buffers elevates the interfacial pH of CBZ-SLC due to the
chemical reactions between the acidic coformer and basic buffer components at the dissolving
surface. The mass transport models developed in this thesis are able to capture the interfacial pH
behavior and allow accurate flux predictions for cocrystals under different solution conditions.
Cocrystallization can not only modulate the interfacial pH, but also the dissolution pH dependence

of the parent drugs.

Besides solubility advantage, cocrystals can also exhibit diffusivity advantage over the
parent drug in the presence of surfactant. The effective diffusion coefficients of CBZ as a function
of SLS were found to be smaller than those of the cocrystals. These differential diffusion
coefficients could be potentially due to the different solubility dependence on SLS between the
drug and cocrystals. Having higher diffusion coefficients, cocrystals would require lower or even
no solubility advantages to maintain higher dissolution rates compared to the parent drugs. One
of the challenges for current cocrystal development is the potential instability of the highly soluble
cocrystals in solution. Therefore, the ability of identifying the conditions in which the cocrystals
can exhibit both thermodynamic stability and dissolution advantage is important for formulation

development.

The important physicochemical parameters have been established in this dissertation to
predict the in vitro dissolution behavior of cocrystals. Moving forward with this project, in vivo
predictive dissolution is the next logical direction. The dissolution conditions in this thesis did not
accurately reflect the physiological environment of the human GI tract. Therefore, future
dissolution studies should consider using biorelevant media, such as Fasted and Fed State

Simulated Intestinal Fluids (FaSSIF and FeSSIF) at body temperature. Both FaSSIF and FeSSIF
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contain physiologically relevant surfactants (such as bile salts and phospholipids) and buffer
species that can influence the dissolution behavior of cocrystals. Although the mass transport
models in this dissertation have considered both of these parameters, the power of these models in
predicting the dissolution behavior of cocrystals in biorelevant media still remains to be explored.
In order to be more physiologically relevant, future dissolution studies should also consider using
powder dissolution instead of the current rotating disk dissolution. Although there are more
parameters, such as particle sizes and surface areas that need to be considered for modeling the
powder dissolution, the current mass transport analyses have provided the theoretical frameworks

for the transition from rotating disk to powder dissolution.

The rates of dissolution and permeation are important for determining the bioavailability
of oral drugs. The drug permeability can be different from the coformer permeability, and there is
a lack of studies to evaluate the effect of this differential permeation on the oral absorption of
cocrystals. Chapter 4 has shown that the presence of excess coformer can decrease the dissolution
rate of cocrystal. Therefore, it is essential to investigate whether the slower permeation of the
coformer would result in excess concentration that could alter the dissolution rate of the
continually dissolving cocrystal. A dissolution/permeation system would be useful to
simultaneously evaluate the dissolution and permeation of the cocrystal components to access the

oral absorption mechanisms of cocrystals.

The mass transport models in this dissertation were developed with assumptions to keep
the analyses simple. However, there are other factors that can influence the cocrystal dissolution
rate have not been considered, such as ionic strength, viscosity, diffusion of the ionized
components, solution mediated phase transformation, et al. Future mass transport analyses should

consider all these factors to provide more rigorous mass transport models for cocrystal flux
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predictions. There is also a lack of studies to demonstrate which model, surface saturation or
interfacial equilibrium, is more physically realistic. Future studies should explore more in this

area.
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