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Abstract

Oral administration is the most preferable route of drug delivery, especially during
prolonged therapy of chronic diseases. Unfortunately, many effective pharmaceuticals are
poorly water-soluble, which leads to decreased bioavailability and shelf life. One of the
ways to improve drug solubility and efficacy is to prepare an amorphous solid dispersion
(ASD) with a polymer excipient. It is important that the polymer matrix of an ASD will
stabilize the drug in the amorphous state and maintain its supersaturated concentration long
enough in the dissolution media. Some of the commercial polymeric systems have shown
a positive impact on drug dissolution, but most of them are difficult to characterize due to
high polydispersity and system complexity. Most of the available excipients that improve
dissolution of poorly water-soluble drugs tend to form nano-aggregates in the solution.
Thus, in order to understand structure-property relationships better, various polymers were
explored, which self-assemble into micelle-like structures or exist as free polymer chains
in the solution, as excipients for dissolution of a model drugs such as probucol and
phenytoin. Reversible addition-fragmentation chain transfer (RAFT) polymerization was
used as a controlled polymerization technique to obtain well-defined polymers of
polystyrene,  poly(acrylic  acid),  N-isopropylamide, 4-vinylpyridine, = N,N-
dimethylacrylmide, and trehalose-derived monomers. The polymers were characterized by
nuclear magnetic resonance (NMR) spectroscopy and size exclusion chromatography
(SEC). The effects of nano-aggregation in ASDs, polymer charge, H-bonding and
hydrophobic interactions on drug dissolution were determined. Caco-2 cell permeability
assay was applied to determine cell permeability of drugs in some of the obtained

formulations.
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Chapter 1

General Introduction



1.1 Oral drug delivery

The vast majority of current medicines are administered via oral drug delivery. This
route is preferable from the perspective of a patient, and can offer “slow release” of the
pharmaceutic, effectively extending the duration of treatment. However, the therapeutic
efficacy of an orally administered drug can be hindered by a multitude of factors: slow
absorption into the bloodstream and/or a seemingly unpredictable absorption rate that
depends on the acid-stability of the drug and its propensity to passively/actively diffuse
through the intestinal wall. In contrast, the therapeutic efficacy of drugs dosed by
intravenous injection (IV) are not limited by the aforementioned issues. Thus, drugs
administered by IV can directly reach systemic circulation immediately and give rapid
onset effects.

Unfortunately, around 70% of pipeline drugs fall into two low solubility groups of
the Biopharmaceutical Classification System:!? Classes II and IV (Figure 1.1A). Low
solubility of active pharmaceutical ingredients (API) decreases their bioavailability and
leads to rejection of approximately two out of every three candidates evaluated during the
drug approval process.! Thus, there is a large discrepancy between the amount of BCS
Class II drugs in the developmental pipeline (~70%) and the amount of Class II drugs
available on the market (36%). This significant drawback substantially lengthens the time
necessary to develop a novel drug candidate which, in turn, increases the overall cost of
research and development (R&D; in 2015 a novel API development took on average 13.5
years at a cost of $1.8B%). In fact, overall losses in the drug development pipeline due to
low solubility are estimated to be around $8.2B in the pharmaceutical industry

(GlobalData*). Additionally, as shown in Figure 1.1B, it is evident that there is a trend
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toward APIs having poor water solubility properties. Thus, improving the aqueous
solubility issue is of primary importance for the development and food and drug
administration (FDA) approval of novel APIs.

Drugs that are administered orally are divided into four categories based on their
solubility in gastrointestinal media: high solubility, high permeability (I); low solubility,
high permeability (II); high solubility, low permeability (III); low solubility, low
permeability (IV) (Figure 1.1). Classification is based on in vivo permeability experiments
of the drug through a jejunal membrane and aqueous drug solubility at pH values ranging
from 1 to 8. Class II is the most attractive platform for developing novel excipients because
in vitro/in vivo correlation (IVIVC) is possible, which allows dissolution testing results to
predict the bioavailability of the API. This correlation enables drug solubilities to be
analyzed in vitro via dissolution tests, without requiring the time- and labor-intensive in
vivo animal experiments.

Currently, there are several methods being developed to enhance the solubility and
bioavailability of poorly water soluble drugs: dissolution with lipophilic excipients (self-
emulsifying drug delivery system), media milling with polymeric excipients and
surfactants (nanocrystal formulation), hot melt extrusion with polymeric excipients, and
dissolution and spray drying with polymeric excipients.>~!? Some of these methods are
currently being applied for industrial pharmaceutical production. This allows to prolong
the availability of a drug in a thermodynamically unstable amorphous state, which has
much higher solubility in aqueous media compared to highly-ordered, crystalline state.'
Spray drying is of particular interest, as it has been extensively studied as a way to obtain
amorphous solid dispersions.'*!3 Additionally, spray drying is a scalable technique for
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future applications in industry since most parameters of the resultant spray dried
dispersions, such as composition and morphology, are reproducible and controllable.
Moreover, spray drying is directed towards producing a homogeneous polymer/drug
mixture, in which the ingredients are stabilized in an amorphous state. Furthermore, in
contrast to other techniques, spray drying prevents fast recrystallization of the API in
polymer-drug solid dispersions in which of nanocrystallites or certain heterogeneities are

present, which can significantly decrease its bioavailability.

yd
A g
100 - - )
Class IT Class I /
> 80 1 % = BCS Class I
] e
- 60 - = BCS Class I1I
E yd
S a0
= Clasy Class III
v -~ = BCS Class IV
20 )
///
> 0
Solubility Marketed Drugs  Pipeline Drugs

Figure 1.1. Percentages of marketed vs. pipeline drugs: trends towards low solubility.
Many pipeline drugs are not brought to the market due to solubility problem. Adapted from
reference!

Polymeric excipients, the key component in preparation of pharmaceutical
formulations, require further investigation in terms of structure-property relationships to
enable novel medicines. For instance, hydroxypropyl methyl cellulose acetate succinate
(HPMCAS), one of the most successful excipient for drug solubility enhancement!'®, is
lacking in structure-property relationship knowledge. In addition to the chemical

functionalities of HPMCAS, its solution state, surface charge, and architecture of also must
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be rigorously investigated and understood to inform rational excipient design. Previous
resecarch on HPMCAS has shown a dramatic increase in performance due to
nanoaggregation in the solution prior to spray drying, demonstrating the value in
understanding the solution state properties of polymeric excipients and its correlation to
dissolution enhancement.!” ' Thus, the research described in this dissertation is focused
on developing novel polymeric excipients for solubility enhancement of BCS class II drugs
based on a systematic evaluation polymer chemical and physical properties in the complex
media.

As was mentioned before, many promising medicines belong to class 1.2
Unfortunately, the low aqueous solubility of these drugs leads to a limited oral
bioavailability because their absorption rates are kinetically limited by low rates of
dissolution in addition to thermodynamic limitations. To address this problem, several
approaches such as micro emulsions®!, micronization??, lipid based vehicles?*, self-
emulsifying systems?*, and solid dispersions*> have been incorporated. Many factors
determine the efficacy of these drug delivery systems. First, the pH of the gastrointestinal
(GI) tract tends to vary (1.2 — 7.0) and is dependent on multiple factors such as the fed state
of the animal, age, health conditions and diet. In Table 1.1 pH values in different locations
of gastrointestinal tract are shown depending on a fed state.?® The pH range is important,
because the presence of acidic or basic groups in a polymer backbone will cause the whole
drug carrier to experience pH-dependent behavior, which in turn may compromise the
overall performance of the drug-carrying assembly. It has been shown by Kurkuri and
coworkers?’ that poly(vinyl alcohol)-based excipients exhibit significant pH-dependence
of the diclofenac (model drug for this study) diffusion coefficient in the dissolution media

5



which in turn can affect the drug’s intestinal permeability. Maghsoodi et al. described pH
dependence of piroxicam solubility under conditions with different pH values as well.
Additionally, interaction of the drug with the polymer matrix plays a major role not only
in drug solubility, but in ability of the drug to maintain a high enough concentration to
permeate across the tissues and get into the blood stream. Because amorphous
pharmaceuticals tend to be more soluble than crystalline ones due to the absence of penalty
imposed by crystallization enthalpy, it is important to prevent drug crystallization and
allow it to be absorbed through the intestinal membrane.

Table 1.1. The range of pH values across various locations in the gastrointestinal tract.

Reproduced from reference?

State Fed Unfed
Location Average pH Average pH
Stomach 4.9 1.2

Duodenum 54 6.5
Jejunum 52-6.0 6.6
Ileum 7.5 7.4

1.2 Reversible addition-fragmentation chain transfer polymerization
(RAFT)

Controlled polymerization, where the ability of a growing polymer chain to transfer
or terminate its reactivity has been removed or suppressed, is important for excipient
development with the well-defined structures. In most cases, the rate of chain initiation is
much higher compared with the rate of chain propagation and thus, it results in a constant

number of kinetic chain-carriers throughout the polymerization process.?® Living
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polymerization was first discovered by Michael Szwarc in 1956 with the anionic
polymerization of styrene.?’ Living polymerization is widely used throughout polymer
chemistry in both research labs and in industry as it provides facile control over polymer
chemical composition and thus, mechanical, structural, and electronic properties of the
material. The most common types of living polymerization are atom transfer radical
polymerization (ATRP), anionic polymerization, and reversible addition-fragmentation
chain transfer polymerization (RAFT).*® The main difference between anionic
polymerization and RAFT or ATRP is that both RAFT and ATRP proceed via a
degenerative chain transfer process, where propagating species are deactivated (in a
dormant state). All of the above-mentioned types of polymerization provide control over
molecular weight distribution and are appropriate for synthesis of block copolymers. RAFT
polymerization has major advantages in comparison with anionic or ATRP. It does not
require work with flammable initiators or with inorganic salts, which are difficult to
remove from the final product. Moreover, RAFT polymerization requires only degassing
of the solvent as oxygen can terminate chain propagation. However, for anionic
polymerization, vigorous purification of reactants should be conducted due to the inherent
reactivity of the initiators. Therefore, preparation of all reagents requires a significant
amount of time. Also, RAFT polymerization is appropriate for polymerization of most
monomers that undergo radical-mediated polymerization reactions, and it is compatible
with a wide variety of reaction media and polymerization types such as aqueous solutions?',
emulsion polymerization®?, and organic solutions*3.

Degenerative chain transfer in RAFT polymerization is facilitated by a
thiocarbonylthio group at the chain transfer agent (CTA, or RAFT agent). Figure 1.3
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depicts the mechanism of RAFT polymerization. The mechanism of this polymerization
begins with an initiation step via decomposition of an initiator resulting in a radical specie
that can react with monomers (M) to start the polymerization. This will consequently
afford a polymeric radical (Pn). Next, reaction of the polymeric radical with the CTA
produces a macro-CTA and RAFT agent-derived radical (R). The R group reinitiates the
polymerization, creating another polymeric radical (Pn), which reacts with macro-CTA
and produces a system with reactive and dormant species, which are shown in the main
equilibrium. At this step, monomers are added to the growing polymer chains in a
controlled fashion. The only possibility for a reaction to terminate is when two radicals in
the reactive state interact with each other; this allows the polymerization to stop before 90
% conversion and avoid relatively probably coupling of two growing polymer chains. Itis
also important to choose a RAFT agent that is compatible with the monomer of choice.
Some of the manufacturers of CTA agents have guidelines on how to choose correct agent

for successful polymerization (e.g., Sigma-Aldrich?#).
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Figure 1.2. Equilibria of reversible-addition fragmentation chain transfer (RAFT)
polymerization. I stands for the initiator, P — for the polymeric radical, M — monomer, R —
RAFT agent derived radical. The Z group of the RAFT agent affects the stability of C=S
bond and the stability of the adduct radical (3) where the R group must be able to produce
a stable enough radical such that will favor the formation of the growing polymer chain Py,
but unstable enough to reinitiate growth of a new polymer chain Pn,. Adapted from

reference’?

When a polymer is synthesized via RAFT polymerization, it contains a
thiocarbonylthio functionality, which can be utilized to further promote synthesis of block
copolymers. For the synthesis of block copolymers, it is important to consider two main
factors: 1) compatibility of the RAFT agent with both monomers, and 2) the order of the
monomers, so that the macro-CTA will be able to facilitate polymerization of the second

monomer. Figure 1.4 summarizes the order that should be used for monomer selection,



considering the first block after polymerization will play a role of R group for

polymerization of the second block.
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Figure 1.3. Guidelines for selection of the macro-R group for the preparation of block
copolymers. Dashed lines indicate poor control over polymerization (high dispersity due
to inferior hemolytic group ability or retardation due to slow re-initiation of
polymerization). Abbreviations: MMA — methyl methacyrlate, HPMAM — N-(2-
hydroxypropyl) methacrylamide, St — styrene, DMAm — N,N-dimethylacrylamide, NVC —
N-vinylcarbazole, VAc — vinyl acetate, NVP — N-vinylpyrrolidone. Adapted from

reference’?

Thus, considering all listed advantage of RAFT polymerization, this technique was
used in the synthesis of most targeted compounds described and studied in this dissertation
research.

1.3 Block copolymer applications in oral drug delivery

Block copolymers, which consist of segments with discrete monomer
compositions, have variable solubility in certain solvents (i.e., amphiphilic block
copolymers) and can thus form self-assembled nanostructures in solutions. Depending on
the composition of the block copolymers, a myriad of micellar morphologies can arise
(Figure 1.4). This self-aggregation of block copolymers is a spontaneous process, due to

the negative free energy change and entropic gain associate with solvation of the soluble
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constituents and exclusion of insoluble components from a given solvent media upon self-
assembling.*> During this process, the block copolymer adopts a structure with a core and
corona. The assembly of block copolymers into micellar structures is influenced by factors
such as: 1) the choice of a solvent, ii) type of a copolymer and its composition, iii)
temperature, 1v) ionic strength, v) pH. Furthermore, the process of micelle preparation can
affect the geometrical parameters, namely size, aggregation number, and dispersity. For
instance, direct dissolution or slow solvent substitution can lead to formation of micelles
with different architectures.’® Of all the factors that influence aggregate architecture,
molecular weight, polymer concentration, and polymer composition have the most
dominant effects on architecture and are easiest to modify experimentally.

Polymeric micelles (PM) and other higher-order self-assembled structures have
gained attention in the drug delivery field because they can easily be tuned to promote
higher drug loading, inhibit drug crystallization, and allow stimuli responsiveness.?
Additionally, the tunability of the micellar structures can enhance stability of the drug
delivery vehicle in different media, including disparate parts of the GI tract such as the
intestine and stomach.’” Although traditionally, the hydrophobic drug is loaded into the
core of the aggregate®®, recent studies in oral drug delivery have encapsulated the drug in
the corona of the aggregate so that no further stimulus is required to release the

pharmaceutical cargo.
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Figure 1.4. Different amphiphilic copolymer architectures lead to different micelle
structures by self-assembling. Initial structure of a block copolymer determines the

morphology of a micelle. Adapted from reference®

Recent work has shown that hydrophobic drugs can be partitioned in the
hydrophilic corona of the aggregate for enhanced solubility and supersaturation
maintenance.'”*° In one example, Dalsin et al. showed that by aggregating poly(ethylene-
co-propylene)-b-poly(dimethylacrylamide) (PEP-b-PDMA) amphiphilic block copolymer
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into micelles, significant increase in dissolution performance of probucol, a Class II
pharmaceutic, can be observed. This was achieved because forced aggregation of PDMA
through the block copolymer micellization sustained drug-polymer interactions even when
the formulation was exposed to the aqueous dissolution media. Compared to formulations
prepared with non-aggregated PEP-b-PDMA, the micellized excipient showed almost
complete burst release of the drug and sustained supersaturation for six hours during the

dissolution test at different drug loadings (10, 25, and 50 wt %).

Later, Johnson and coworkers* studied the effect of the polymer hydrophobic end-
group on the phenytoin solubility enhancement using RAFT-polymerized N-
1sopropylacrylamide (NIPAm) excipients. Specifically, this study revealed that the highest
concentration of phenytoin is achieved at 10 wt % loading only when the excipient has
long enough hydrophobic end-group to form micelles in the aqueous media. Later, work
by Ting et al.*! utilized high-throughput screening to identify the ‘ideal’ monomer selection
and copolymer composition to sustain phenytoin supersaturation at 1 mg/mL. This work
applied 2D Nuclear Overhauser Correlation Spectroscopy (NOE) to elucidate specific
polymer-drug interactions between cyclic urea-imide on the drug and the PNIPAm
isopropyl groups of the polymer. Li et al.'® then used these results as a starting point to
systematically study the effect of micelle corona density of PNIPAm-co-DMA-b-PS on the
drug solubility maintenance. The authors demonstrated that when the PNIPAm-co-DMA
copolymer control excipient did not form micelles due to absence of the polystyrene block
poor drug solubility was achieved as a result of absence of nanoaggregates. However, when
polystyrene of various lengths was incorporated into the polymers, 1 mg/mL drug

concentration was sustained at 10 wt % loading, due to the formation of micellar structures.
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Interestingly, NOE and diffusion-ordered spectroscopy (DOSY) confirmed that the drug is
partitioned into a micelle corona. These findings establish a precedent for enhancing drug
solubility without the risk of sacrificing drug bioavailability, as is often the case with the

triggered release associated with micelle core-loaded delivery vehicles.

Prior research has also demonstrated that non-pH-sensitive micelles may enhance
drug solubilization but not necessarily drug absorption.*> As such, when studying transit
times of a radio-labeled marker, Camileri et al. found that stomach emptying time is about
180 minutes and small bowel transit time is about 160 minutes.** Thus, the drug
sequestered in the PMs, may not be released close to its absorption window in the GI tract.
Several excipients that have been designed to increase the oral bioavailability of
hydrophobic compounds exhibit release times that exceed the transit time in the small
intestine.***> This is also true for surfactant micelles, which have been found to impede the
absorption of hydrophobic drugs due to excessive retention in the micellar phase.*® Pierri
and coworkers® studied poly(lactide)-b-poly(ethylene glycol) (PLA-PEG) micelles for
griseofulvin solubility enhancement and noted that stable micelles formation (with 50-70
molar percent of PEG) is important for prolonged drug solubility maintenance; however,
their system did not allow high drug loading and burst release of the cargo. Therefore,
adequately controlling drug release rate can avoid either drug crystallization and phase

separation from the solution or incomplete absorption in the small intestine.

Kim and coworkers*” hypothesized that the physical stability of PMs containing
methacrylic acid moieties may decrease in the intestine, allowing the drug to cross the

intestinal barrier. Correspondingly, loaded drugs may be released faster in the intestine
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rather than in the stomach. Specifically, paclitaxel (PTX) was used as a model drug with a
hydrotropic polymer, PEG-b-(4-(2-vinylbenzyloxy)-N,N-(diethylnicotinamide)) (PEG-b-
VBODENA), doped with the methacrylic acid units to add pH sensitivity to the excipient.
Loading/release profiles were also studied by changing the pH conditions at which the
analyses were conducted. High loading efficiency of PTX was observed at pH <4 and the
polymer-drug complex rapidly dissociated at pH above the pKa of the poly(methacrylic
acid). Authors determined that self-association into well-defined micelles is facilitated by
hydrophobic groups, whereas pH sensitivity is governed by carboxylic groups of the MAA

moieties.

In an earlier report, Sant et al.*® used amphiphilic pH-sensitive block copolymers
composed of PEG (hydrophilic component) and poly(methyl methacrylate)-co-
poly(methacrylic acid) (PMMPMA - hydrophobic, pH responsive component) for
solubility enhancement of indomethacin and fenofibrate (BCS Class II drugs). PMs were
formed at pH values below 4.7, and drugs were incorporated into the assemblies. After the
pH-responsive drug release was confirmed in their in vitro study, the authors conducted in
vivo experiments using fenofibrate-loaded nanoparticles by oral dosing of male Sprague-
Dawley rats. The oral bioavailability of fenofibrate using the PEG-b-PMMPMA excipient
self-assembled into micelles showed a 156% increase versus crystalline drug and 15%
increase compared to commercially available formulation Lipidil MicroR. The results
suggest that these pH-sensitive PMs could efficiently improve the bioavailability of poorly

water-soluble drugs.
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Finally, to further enhance bioavailability of orally delivered pharmaceuticals,
nanocarriers often possess mucoadhesive properties. Mucoadhesion is a complex
phenomenon and can be obtained by building of nonspecific interactions with the intestinal
mucus (ionic, hydrogen bonding, van der Waals*>%) or specific interactions by using
functionalized polymers with either targeting ligands (lectins) or reactive moieties such as
thiols.’'3? For instance, Bromberg et al.’* studied bioadhesive properties of commercial
Pluronic polymers which were grafted onto poly(acrylic acid). The authors then studied
different molecular weights of Pluronic copolymers with various ratios of PPO/PEO
(copolymer of polypropylene oxide and polyethylene oxide). It was revealed that the
highest molecular weight Pluronic copolymer grafted to PAA resulted in gels with
strongest mucoadhesive properties, which make Pluronic-PAA gels a feasible vehicle for

oral drug delivery.

This Chapter has served to introduce research aimed at investigating the use of self-
assembled nanocarriers in the field of oral drug delivery. Because of the large number of
variables, establishing structure-property relationships within each step of drug
administration remains an urgent problem in this area. Figure 1.5 summarizes current

problems that will be addressed in the Thesis using self-assembling block copolymers.
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Figure 1.5. Drug—polymer formulations and their advantages. A: Drug formulations
prepared with polymeric excipients by either simple mixing to obtain a polymer-drug
solution, encapsulating the drug in micro- or nanoparticles, or by synthesizing a covalent
drug—conjugate. B: The different formulations should enhance drug stability in the GI tract
and shield the drug from the acidic pH, GI enzymes, and bile salts. C: Adequate drug
release is required at the targeted site. D: Transport across the intestinal membrane can
occur via the paracellular and/or transcellular pathway through epithelial or M cells.

Adapted from reference

1.4 Applications and limitations of the Caco-2 cell permeability assay

The Caco-2 cell permeability assay utilizes a cell monolayer of the human
adenocarcinoma cell line and is mainly used for high-throughput screening in drug and
excipient discovery programs. These cells, when cultured on a porous membrane,
differentiate to form a confluent monolayer consisting of polarized cells that express

microvilli on the apical side and form tight junctions between neighboring cells.> It has
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been shown that there is a good correlation between drug absorption in human jejunum and
Caco-2 cells, especially for BCS class II drugs.’¢>7 Additionally, having reliable in vitro
test method can save time and cost for pharmaceutical development due to the potential of
the Caco-2 cell assay to enable high-throughput capability>® and general trend towards
stricter regulations of animal testing in preclinical trials.>®

In drug discovery, evaluating the permeability of drug candidates is a crucial step
before proceeding to clinical trials. The most common methods to assess permeability
include: in-silico computation methods, the parallel artificial membrane permeability
assay, cell-based systems, Ussing chamber, and in-situ perfused intestine preparations.*+60-
62 Caco-2 cell monolayers resemble the epithelial membrane of a human GI tract, in terms
of both polarity and presence of enzymes, which explains its popularity in routine
prediction of drug permeability and the fraction of the absorbed dose (fa). The protocol for
the assay has been rigorously described previously.®

Previous work established the utility of the Caco-2 cell permeability assay in the
drug-excipient discovery process after initial formulation and prior to animal testing. Joshi
and coworkers® used the permeability cell assay to formulate liponavir-loaded (leading
component in combined chemotherapy) PLGA nanoparticles to enhance drug permeability.
They found that spherical structures of 142 nm in diameter with liponavir entrapment of
93 % lead to 3.0-fold cell permeability increase relative to just pure drug. After the in vivo
rat studies, they confirmed that their leading formulation leads to 13.9-fold bioavailability
enhancement. The authors concluded that the Caco-2 permeability assay is a useful tool to

scan through multiple formulations in a fast and reproducible manner.
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Li et al.% studied insulin transport across the cellular membrane using the Caco-2
cell assay. The authors established specific lipids (medium chain triglycerides) MCT1 and
MCT2 (Miglyol 812N) that increased trans-epithelial permeability of insulin by enhancing
the paracellular transport. Moreover, their work demonstrated that long-chain triglycerides
do not influence the permeability of insulin, despite the high cellular uptake of the
nanoemulsions. This work demonstrated understanding of what transport mechanisms
influence drug bioavailability, which in turn, allows intelligent excipient design.

Obringer et al.®® studied the suitability of Caco-2 cell assay to predict the oral
absorption of aromatic amine molecules. They studied 14 different molecules for which in
vivo permeability studies were available previously. The authors concluded that their study
confirms that non-animal models can be used as alternatives to the in vivo toxicokinetic
studies as part of the safety assessment of novel pharmaceutical ingredients. This work
allowed drug molecules classification based on their intestinal permeability and can
potentially predict their bioavailability.

The Caco-2 cell assay is a useful tool in evaluating drug permeability and proper
data interpretation can support further more extensive in-vivo investigation. The
translation of information that can be obtained from the Caco-2 cell assay to in vivo
necessitates sophisticated data processing with some modeling approaches in order to avoid
over-simplified data interpretation. The next steps would be to gain more insight on the in
vivo — in vitro correlation of the Caco-2 cell assay in order to speed up drug discovery and

novel API approval in the long run.
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1.5 Thesis outline

Considering the imperative role of excipient development, a novel class of self-
assembling, stimuli-responsive polymers for oral drug delivery was developed. In
pharmaceutical industry, the drug approval process takes longer and costs more, but the
structure-property relationship between polymer-drug interactions that allows drug
solubility enhancement yet to be established. Chapter 2 describes the development of
sugar-derived di-block copolymers that utilize a trehalose H-bonding ability in order to
solubilize BCS Class II drug probucol (Table 1.2). By utilizing either hydrophobic, pH-
responsive, or thermo-responsive blocks in conjunction with trehalose-containing blocks,
the roles of the pH of the dissolution media, solution-state morphology, and the amount of
the H-bonding sites were established. Chapter 3 describes a fundamental investigation of
how solution state assembly of pH-responsive excipients can alter and enhance drug
solubility and in turn, help achieve higher bioavailability. Finally, Chapter 4 extends the
work in Chapter 3 and investigates star polymer excipients and their role in drug solubility
enhancement. This work provides some fundamental knowledge that can be applied to
newly-developed drugs in order to achieve easily administrable dosage and develop more
efficient treatments.

Table 1.2. Properties of the model drugs discussed in this dissertation.

Probucol Phenytoin
HO OH O N._o
Structure N\///
x i
s7 s J

Tm (°C) 125,116 286 (degrades)
log P 8.9 2.2
water solubility (mg/mL) 4.18 - 107 0.032
pK. 10.29 8.33
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Chapter 2

Diblock Terpolymers are Tunable and pH Responsive Vehicles
to Increase Hydrophobic Drug Solubility for Oral

Administration”

*Reproduced in part with permission from Tale, S.; Purchel, A.; Dalsin, M.; Reineke, T.M.

Mol. Pharm., 2017, 14(11), 4121-4127. DOI: 10.1021/acs.molpharmaceut.7b00458
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2.1 Introduction

Oral delivery is the most utilized and convenient method for routine administration
of active pharmaceutical ingredients (APIs) in the solid dose form.’-® This preferred
administration route promotes increased patient compliance and lower costs as systemic
injection routes are avoided. Approximately 40-60% of new drug candidates in the
pharmaceutical pipeline suffer from poor aqueous solubility in the gastrointestinal track
(GI), resulting in reduced bioavailability and low therapeutic effect.”®’! Also, about 70%
of pipeline drug candidates are Biopharmaceutics Classification System (BCS) Class II
compounds, which denote compounds with low aqueous solubility and high permeability
across the Gl tract.”® Synthetic and natural polymers have shown great potential to improve
bioavailability, shelf life, and therapeutic efficacy of BCS class II drugs for oral
administration.”? Various methods exist to disperse APIs in a polymer matrix to form drug-
polymer solid dispersions (e.g., spray drying, hot melt extrusion).!”-’>7¢ Spray drying has
emerged as a convenient technology for the formulation of amorphous solid dispersions,
which are then physically pressed into a tablet for ease in packaging and dosing.”* This
formulation technology is readily scalable and has been utilized commercially in
developing new formulations with various drugs, such as ivacaftor, a drug with a high
tendency to crystallize (melting point 291°C), which can be dispersed in hydroxypropyl
methyl cellulose acetate succinate (HPMCAS).”” Indeed, polymer-drug interactions play
a critical role in dictating dissolution performance of spray dried dispersions (SDDs).”®
Therefore, to fully employ the promise of polymer excipients, it is vital to understand the
fundamental structure-property relationships of drug dissolution with polymer excipients

to fine-tune design parameters for optimizing SDD performance.”
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To date, hydroxypropyl methylcellulose acetate succinate (HPMCAS) is one of the
top performing polymer excipients on the market that effectively inhibits API nucleation,
crystal growth, and maintains high levels of drug supersaturation, which leads to an
increase in drug absorption in the GI track.!>'® HPMCAS solid dispersion formulations are
components of FDA-approved formulations currently on the market. These formulations
include telaprevir (Hepatitis C), vemurafenib (late stage melanoma), and ivacaftor (cystic
fibrosis).”” The use of HPMCAS enhances aqueous drug solubility, improves
bioavailability, and increases therapeutic effect for these drugs.

Understanding the structure-property relationships of API interactions with
excipients is a challenge within this field. For example, the high dispersity (in terms of both
length and chemical substitution) of industrially manufactured HPMCAS offers difficulties
in characterizing its physiochemical properties; thus, examining structure-property
relationships using model polymer systems has allowed understanding of the design
parameters required to create improved formulations.” For example, Dalsin et al.
demonstrated that micelle structures in excipient formulations improve drug dissolution
and supersaturation maintenance when compared to polymer formulations with the same
composition that were not preassembled into micelles.!” Mundargi et al. showed that a di-
block copolymer composed of polylactic acid (PLA) and polyethylene glycol (PEG) (PLA-
PEG) can control the release of zidovudine (AZT).% Ting et al. revealed that polymers
created by chain-growth methods containing pendant chemistries that model HPMCAS can
be tuned to yield outstanding probucol solubility profiles.®! That study demonstrated that
API solubility and super saturation maintenance could be achieved due to their increased
intermolecular hydrogen bonding interactions between the polymers and API. Interactions

33



could be fine-tuned via increasing composition of hydroxy propyl, glucose, and carboxylic
acid functional groups that promoted API H-bonding to the polymer.’! Also, recently
published data by Ting et al. indicates that matching polymer backbone chemical structure
and composition to that found on drugs can dramatically increase drug solubility.”® This
promotes the polymer-drug interactions, crystallization inhibition, high supersaturation
maintenance, and effective oral bioavailability/pharmacokinetics in rat models orally dosed
with phenytoin, a common anticonvulsant.”®

Herein, five well-defined block copolymers have been designed and synthesized to
evaluate the effects of block chemistry and length toward promoting SDD formation and
drug solubility in oral delivery conditions. To examine the how the polymer chemistry
affects drug interactions and supersaturation maintenance, blocks of PEP (hydrophobic),
PNIPAm (exhibits both hydrophilic and hydrophobic character depending on
temperature’®), or PDEAEMA (hydrophilic and pH responsive H-bonding) were each
copolymerized with consistent lengths/composition of a second block (DMA-grad-MAT).
Three polymer variants were created of similar molecular weight (between 28-32 kDa):
PEP-b-P(DMA-grad-MAT), PNIPAm-b-P(DMA-grad-MAT), and PDEAEMA-b-
P(DMA-grad-MAT). To explore molecular weight effects of the hydrophilic block, two
other PNIPAm-b-P(DMA-grad-MAT) variants were created (18, 32, and 48 kDa) with
varying lengths of DMA-grad-MAT block (while maintaining similar composition) for the
purpose of evaluating the effects of H-bonding between the sugar units and a model drug.
A homopolymer of poly(N,N’-dimethylacrylamide) (PDMA) was also prepared as a sixth
polymer (control) variant for drug solubility studies. With these polymers, SDDs were
created to encapsulate probucol, an off-market anti-hyperlipidemic drug, which was
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examined as a model BCS Class II API due to its very low aqueous solubility of 0.042
ug/mL.%? Herein, we demonstrate that the functionality of block polymer excipients can be
tuned to solubilize and maintain supersaturation of probucol at different pH profiles,
offering new design parameters for future excipient design to solubilize drugs in differing
GI tract environments.

2.2 Results and Discussion

2.2.1 Synthesis of the diblock terpolymers

Synthesis of trimethylsilyl protected 2-methacrylamidotrehalose (TMS-MAT) (2)
was achieved in six steps according to previously published procedure.®® The
macromolecular chain transfer agent (CTA), PEP-CTA (1a), was synthesized according to
a published procedure by Yin et.al.”” The M, of this macromolecule was determined to be
3.6 kg mol™! by end group analysis using 'H NMR spectroscopy, with a dispersity (D) of
1.06 as measured by size exclusion chromatography using chloroform as the eluent
(calibration with PS standards). The two other macromolecular CTAs, PNIPAm-CTA (1b)
and PDEAEMA-CTA (l1c¢), were synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization wusing 4-Cyano-4-(propylsulfanylthiocarbonyl)
sulfanylpentanoic acid (CPP)3* as the CTA. The M, of PNIPAAm-CTA and PDEAEMA.-
CTA ('"H NMR spectroscopy) were determined to be 5.6 kg mol™' and 8.0 kg mol™
respectively. Further details of the synthesis and characterization of these systems are given

in the Table 2.1, Figures 2.1, and 2.2.
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Table 2.1. Molecular characterization of the homopolymers

[AIBN] : [CTA]:

Time Conv. of

Mh,

Sample [Monomer] (Mol (h) monomer kg/mol* B’
PNIPAm-CTA 0.05:1:50 1.69 6 99% 5.6 1.07
PDEAEMA-CTA 0.05:1:50 1.69 8 87% 8.0 1.15
PDMA 0.05:1:250 1.80 6 93% 23 1.17

“The number average molecular weight of the poly (CTA) as determined by 'H NMR

spectroscopy. °The dispersities of poly (CTA) as determined by SEC using THF as a

mobile phase.

Note: CTA used: 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid.

—

75 70 65 60 55 50

45 40 35 30 25 20 15
f1 (ppm)

Figure 2.1. "H NMR spectrum recorded for PNIPAAm-CTA in CDCls. Copyright © 2017

American Chemical Society.
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Figure 2.2. '"H NMR spectrum recorded for PDEAEMA-CTA in CDCl;. Copyright © 2017

American Chemical Society

Five diblock terpolymers, PEP-b-P(DMA-grad-MAT) (28 kDa), PNIPAm-b-
P(DMA-grad-MAT) (18, 32, and 48 kDa), and PDEAEMA-b-P(DMA-grad-MAT) (31
kDa), were prepared by copolymerizing the macromolecular-CTA (1a, 1b, 1c) with DMA
and TMS-MAT in toluene at 70 °C using AIBN as the initiator. The reported literature

values for the reactivity ratios of TMS-MAT and DMA are r,= 0.09 and r, = 1.62.* These

reactivity ratios indicate that the copolymer had a gradient structure, which consisted of an
initial higher DMA ratio (close to PEP block) that was terminated with a higher content of
MAT. The three variants of PNIPAm-b-P(DMA-grad-MAT) (18, 32, and 48 kDa) were
synthesized to have a consistent molar composition of both the DMA and MAT monomers
(72% DMA and 28% MAT) such that the role of the hydrophilic block length only was

studied. The TMS groups were then deprotected by using HCI in methanol to yield the
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diblock terpolymers. All polymers were purified by precipitation in ether and vacuum
dried at 40 °C for 10 h. Table 1 contains characterization details of the diblock terpolymers
and Figures 2.3 and 2.4 include the "H NMR spectra of purified PNIPAm-b-P(DMA-grad-
MAT) and PDEAEMA-b-P(DMA-grad-MAT) polymers. The PEP derivative was

previously made, characterized, and published by our lab.%

H,0

DMSO ®

55 50 45 40 35 30 25 20 15 1.0 05
f1 (ppm)

Figure 2.3. "H NMR spectrum recorded for PNIPAm-b-P(DMA -grad-MAT) in d6-DMSO.
Copyright © 2017 American Chemical Society.
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Figure 2.4. "H NMR spectrum recorded for PDEAEMA-b-P(DMA -grad-MAT) in CDCls.
Copyright © 2017 American Chemical Society.

2.2.2 Synthesis of the PDMA homopolymer

Synthesis of the PDMA was achieved using a procedure from a previously
published study.!” Commercially available N,N’-dimethylacrylamide was used as a
monomer, 4-Cyano-4-(dodecylsulfanylthiocarbonyl) sulfanylpentanoic acid as a chain
transfer reagent, and AIBN as an initiator. The M, of the PDMA was determined to be 23.0

kDa according to THF-SEC characterization.
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Figure 2.5. Synthesis of the diblock terpolymers. Reagents and Conditions: a) AIBN, 70
°C, Toluene b) 1.25M HCI in methanol.
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Table 2.2. Characterization of the polymers used in this study.

[AIBN] : [Poly-CTA] : Time Conv. of Conv. of M,
Sample® [Mo] D TS,
[DMA] : [TMS-TMAT]* (h) DMA® TMS-MAT* kg/mol’
PEP-b-P(DMA-grad-MAT)
0.05:1:180:20 1.69 10 99% 92% 28 1.23 14
(3.6-24.5-0.1)
EAEMa-b-P(DMA-grad-MAT)
0.05:1:180:20 1.69 19 89% 85% 31 1.33 12
(8-23-0.1)
NIPAm-b-P(DMA-grad-MAT)
0.05:1:130:10 1.69 6 95% 85% 18 1.16 12
(6.1-12.4-0.28)
NIPAm-b-P(DMA-grad-MAT)
0.05:1:180:20 1.69 12 99% 99% 32 1.21 15
(5.6-26.4-0.31)
NIPAm-b-P(DMA-grad-MAT)
0.05:1:420:35 1.69 20 98% 85% 48 1.22 16
(6.1-42.1-0.28)
PDMA (23.0 kDa) 0.05:1:250 1.80 6 93 % N/A 23 1.17 11

“The first value in parentheses indicates the number average molecular weight of either
PEP, PNIPAm, or PDEAEMA in kg/mole and the second number indicates the number
average molecular weight of the PDMA/PMAT block in kg/mole. The third number
indicates the molar fractions of MAT (trehalose) in the block of the terpolymers. “Initial
composition of the AIBN (initiator), poly(CTA), and monomers in the feed. “Conversion
of DMA and TMS-MAT as monitored by 'H NMR spectroscopy. “Number average
molecular weight of the diblock terpolymers after deprotection of the TMS groups.
¢Polydispersity of the diblock terpolymers before the removal of the trimethylsilyl
protecting groups./Glass transition temperature of polymers reported as the second heating

with a 5 °C/min heating rate.
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2.2.3 Solid dispersions preparation and solid-state characterization

All samples were spray dried using a Bend Research lab scale Mini Spray Drier
from THF : MeOH (15:2, v/v). Because this study was completed using block copolymers,
it was important to increase the polymer solubility and decrease the formation of large
aggregates, since aggregation has previously demonstrated to affect dissolution profiles.”>
Dynamic light scattering characterization for all systems prior to spray drying is shown in
Figure 2.10. All polymer samples show some degree of aggregation, which changes
depending on the hydrophobicity of the PNIPAm, PDEAEMA, or PEP blocks. The effect
of the aggregation of analogous polymers was evaluated in a previous study'” and it was
shown that preformed micelles increase dissolution performance due to sustained drug-
polymer interactions when exposed to the dissolution media. In general, the physical
stability of the SDDs is a critical component for thermodynamic stability of the drug
molecules.®® The drug should be molecularly dispersed in the polymer matrix yielding an
amorphous mixture. A physically-stable and amorphous SDD formulation leads to
increased aqueous solubility of the drug, improved bioavailability (potentially leading to
decreased costs and side effects).’¢ Scanning electron microscopy (SEM), powder X-ray
diffraction (PXRD), and modulated differential scanning calorimetry (MDSC) were used
for solid-state characterization of the obtained spray dried dispersions. Selected data is
presented in Figures 2.6 and 2.7 and Tables 2.3 and 2.4. Based on the experimental results,
at least 95 wt % of probucol is in an amorphous state in all spray dried dispersions.
Probucol-polymer interactions appear to increase with the increased amount of H-bonding
sites in the polymer, and from these characterization data the drug is molecularly dispersed
in the polymer matrix.
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Figure 2.6. Powder XRD patterns of crystalline probucol comparing SDDs with A) PEP-
b-P(DMA-grad-MAT), B), B’), B’) PNIPAm-b-P(DMA-grad-MAT) (18, 32, 48 kDa,
respectively), C) PDEAEMA-b-P(DMA-grad-MAT), and D) PDMA as the matrices at 25
weight percent. SEM image is of the SDD created by spraying a THF:MeOH (15:2)
solution of probucol with PEP-b-P(DMA-grad-MAT). Copyright © 2017 American

Chemical Society.
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Figure 2.7. MDSC thermograms of total heat flow from SDDs containing 50 weight percent

of probucol A) PEP-b-P(DMA-grad-MAT), B) PNIPAm-b-P(DMA-grad-MAT) — 32 kDa,

B)’ — PNIPAm-b-P(DMA-grad-MAT) — 18 kDa, B)’” — PNIPAm-b-P(DMA-grad-MAT)

— 48 kDa, and C) PDEAEMA-b-P(DMA-grad-MAT). Copyright © 2017 American

Chemical Society.
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Table 2.3. Comparison of the weight fraction of monomers and drugs in the SDDs and the

percent of probucol crystallinity.

| SDD weight fraction Probucol % PBC
Sample
P PEP PNIPAm | PDEAEMA [ PDMA | PMAT | loading | Crystallinity
PEP-b-P(DMA-grad-MAT) 0.06 0 0 0.31 0.13 0.50 42.1
PNIPAm-b-P(DMA-grad-MAT) —
0 0.16 0 0.24 0.10 0.50 25.7
18 kDa
PNIPAm-b-P(DMA-grad-MAT) —
0 0.09 0 0.29 0.12 0.50 35.8
32 kDa
PNIPAm-b-P(DMA-grad-MAT) —
0 0.07 0 0.31 0.12 0.50 34.0
48 kDa
PDEAEMA-b-P(DMA-grad-MAT) 0 0 0.13 0.26 0.11 0.50 0

Table 2.4. MDSC analysis of SDDs with probucol.

) I e Enthal I Enthal Ta Enthal Ta Enthal : PBCI
Probucol Loading SDD :(°0) a(’C) o Ug) 2(°C) o 08 o o 08 o oy (U0) ?.m
linity
PEP-b-P(DMA-grad-MAT) 106.4
PNIPAm-b-P(DMA-grad-MAT) —
104.2
18 kDa
PNIPAm-b-P(DMA-grad-MAT) —
127.6
10wt % 32kDa
PNIPAm-b-P(DMA-grad-MAT) -
141.1
48kDa
PDEAEMA-b-P(DMA-grad-
150.2
MAT)
PEP-b-P(DMA-grad-MAT) 105.1 - - - - 107.1 5.2 - - 14.1
PNIPAm-b-P(DMA-grad-MAT) —
102.8 743 3.8 101.1 23 106.3 53 - - 93
18 kDa
PNIPAm-b-P(DMA-grad-MAT) —
116.6 802 2.6 - - 107.6 48 - - 12.9
25wt % 32kDa
PNIPAm-b-P(DMA-grad-MAT) —
118.8 80.4 32 - - 108.1 5.9 - - 142
48kDa
PDEAEMA-b-P(DMA-grad-
269
MAT)
PEP-b-P(DMA-grad-MAT) 1043 568 159 - - 1079 289 1203 146 421
PNIPAm-b-P(DMA-grad-MAT) -
103.7 782 34 101.3 13 1142 153 1234 21 284
18 kDa
PNIPAm-b-P(DMA-grad-MAT) —
1059 749 53 98.2 2.1 1124 184 1211 12 358
50wt % 32kDa
PNIPAm-b-P(DMA-grad-MAT) -
1122 731 57 983 24 1132 243 - - 40.2
48kDa
PDEAEMA-b-P(DMA-grad-
111.1
MAT)
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2.2.4 Drug dissolution testing

Next, we studied how well the SDDs achieve and maintain the in vitro dissolution
performance of probucol. Ideally, a dispersion of the drug and polymer should be able to
maintain supersaturation levels of drug and inhibit crystal nucleation in the GI tract.
Simulated intestinal fluid was added to the dissolution media to test in vitro performance
of all the SDDs. Figure 2.8 shows the dissolution profiles of all the SDD formulations and
AFFINISOL™ 912G labeled as HPMCAS in Figure 2.8 (positive control) at 10 and 25
weight percent of probucol loading. The SDD with PNIPAm-5-P(DMA-grad-MAT) (32
kDa) showed an excellent fast release profile with probucol in aqueous solution and
maintained drug supersaturation for 360 min (6 h). We attributed the excellent performance
of PNIPAm-b-P(DMA-grad-MAT) (32 kDa) to its ability to dissolve rapidly in aqueous
solution, release probucol in the dissolution media, and inhibit crystal nucleation by
potentially binding to the drug through both H-bonding and hydrophobic interactions. The
PEP-b-P(DMA-grad-MAT) did not dissolve fully in the dissolution media and resulted in
a poor solubilization/release profile of probucol. Due to the insolubility of the polymer
matrix, the drug may be trapped and remain undissolved with the polymer in the dissolution
media. The PDEAEMA-H-P(DMA-grad-MAT) polymer also did not fully dissolve during
dissolution at pH 6.5 and revealed a poor drug solubilization/release profile at this pH.

DEAEMA is a pH responsive component of this system and it is well documented
in the literature that DEAEMA becomes protonated in aqueous solution upon lowering of
the pH, which could significantly affect solubility of the SDD. Therefore, we conducted
dissolution tests of this SDD at a lower pH of 5.1 and 3.1, respectively, which improves
solubility of the excipient. At pH 5.1, this SDD was still insoluble and no significant change
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in the dissolution profile was found. Interestingly, at pH 3.1, the SDD formulations with
PDEAEMA-b-P(DMA-grad-MAT) exhibited a timed release of probucol to 1000 png/mL
and maintained full drug supersaturation for 6 h. This result points to the high importance
of excipient solubility at differing pH profile to tune/promote drug supersaturation and
inhibiting crystal growth.

To understand the effect of the DMA-grad-MAT block on drug dissolution profiles,
three solid dispersions were created with the PNIPAm-based excipients and compared with
AFFINISOL™ 912G as well as with a PDMA control polymer at two different drug
loadings of 10 and 25 wt % (Figure 2.9). The difference in the amount of H-bonding units
in these block copolymers manifested itself in the amount of the drug available in the
dissolution media. At 10 wt % drug loading, all of the excipients yielded immediate
probucol release and solubility maintenance between 80-100% drug. The copolymer
containing the short DMA-grad-MAT block length of 12.4 kDa yielded a slightly lower
solubility performance than the analogs with a longer DMA-grad-MAT block lengths. This
may be attributed to the importance of this hydrophilic block in overall SDD solubility and
promoting both H-bonding and with the drug and dissolution media. The PNIPAm
polymers containing the longer blocks of (DMA-grad-MAT) (26.4 and 41.2 kDa) showed
similarly high levels of drug supersaturation (at or close to a 100%). At 25% drug loading,
the difference between the analogs was even more dramatic. The polymer containing the
shortest DMA-grad-MAT block revealed poor performance (~50% of the drug was
released) while the longer block lengths facilitated full solubility of probucol in a similar
manner to the 10% drug formulations. Therefore, increasing the content of the DMA-grad-

MAT block in the NIPAm-containing terpolymers appears to impact performance at lower
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molecular weights and higher drug loading percentages. This indicates that the neutral
hydrophilic block may play a role in both drug binding and aiding drug-polymer SDD
solubility in the solution, where further inclusion of an alternative block such as PNIPAm
adds additional drug-polymer affinity and solubility maintenance. To further support this
concept, a control polymer containing only PDMA was formulated with probucol and
examined. Indeed, at low drug loading (10%), the SDD formulation offered a similar
performance to the lowest molecular weight of the PNIPAm-b-P(DMA-grad-MAT)
system. However, at 25% probucol loading, the performance was very poor leading to
minimal drug solubility. This observation suggests that increasing both the amount of H-
bonding sites (to bind the drug) and the overall polymer matrix solubility in the dissolution
media (with the addition of trehalose) are both important factors to promote solubility and

supersaturation maintenance of drugs.
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Figure 2.8. Dissolution data of the SDDs with 10 and 25 weight percent of probucol.
PNIPAm-b-P(DMA-grad-MAT) — 32 kDa showed excellent rapid initial dissolution and
supersaturation maintenance profile for probucol at pH 6.5. PDEAEMA-b-P(DMA-grad-
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MAT) showed a controlled release profile for probucol at pH 3.1. The target concentration
of probucol was 1000 pg/mL (denoting 100% drug solubility) whereas the aqueous
solubility of crystalline probucol (without an excipient) is very poor (0.042 ug/mL). Data
points denote the mean of two dissolution experiments and error bars denote the range of

measured data (N=2). Copyright © 2017 American Chemical Society.
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Figure 2.9. Dissolution data of the SDDs with three differing DMA-grad-MAT lengths
with 10 and 25 weight percent of probucol and controls. The target concentration of
probucol was 1000 pg/mL (denoting 100% drug solubility) whereas the aqueous solubility
of crystalline probucol (without an excipient) is very poor (0.042 ug/mL). Data points
denote the mean of two dissolution experiments and error bars denote the range of

measured data (N=2). Copyright © 2017 American Chemical Society.
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Figure 2.10. Area under the curve (AUC) as calculated at 360 min from the dissolution
data of SDDs with 10, 25, and 50 weight percent probucol (PRB) loading. The calculated
AUC is the average of two trials and error bars denote the range of measured data (N=2).
The data for the homopolymer of PDMA with probucol SDD was obtained from previously
published work.!” Copyright © 2017 American Chemical Society.

The area under the curve (AUC360min) 1S the area under the drug concentration —
time profile curves over the period of a 6 h dissolution test and represents the solubility
maintenance of the excipient system for a particular drug. The AUCss0max 1s the theoretical
maximum area under the drug concentration time profile over the period of a 6 h dissolution
test, where 3.6 x 10° pg'min/mL denotes 100% drug solubility and supersaturation
maintenance over the period of six hours. Incorporating a higher drug loading percentage
in a SDD formulation is desirable; however, there is a fine interplay between higher drug

loading, and the increased tendency of the drug to crystallize. With HPMCAS, the targeted
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probucol solubility concentration was achieved (up to 25 weight percent of drug loading,
Figure 2.10 and Table 2.5). At 50 weight percent drug loading, only 64% of the targeted
drug concentration was soluble, which was likely due to the lower amount of polymer
excipient available to aid solubility (and thus prevent crystallization) of the hydrophobic
drug molecules. The SDD of PEP-H-P(DMA-grad-MAT) exhibited poor solubility
enhancement at all drug loading levels. Similar to HPMCAS, the SDDs of PNIPAm-b-
P(DMA-grad-MAT) at higher molecular weights was able to achieve the targeted drug
solubility concentration (100% soluble) up to 25 weight percent of drug loading. However,
this polymer matrix achieved less than 20% of the targeted drug concentration at 50 weight
percent of drug loading. The SDD of the homopolymer PDMA control achieved 83% of
targeted drug concentration at 10 weight percent of loading but failed to perform at 25 and
50 weight percent of drug loading. This results indicates the hydrophilic block containing
N,N’-dimethylacrylamide may play a lesser role in drug binding and solubility
maintenance. These results indicated that the PNIPAm component of PNIPAm-b-P(DMA-
grad-MAT) is the primary contributer to achieving the targeted drug concentrations at 25
weight percent of drug loading. A secondary contributor appears to also involve the
hydrophilic P(DMA-grad-MAT) block that aids solubility of the whole formulation and
also appears to contribute to drug binding. The SDD of PDEAEMA-b-P(DMA-grad-MAT)
failed to show any significant increase in AUCs60min at pH 6.5 and 5.1. Interestingly, at a
lower pH of 3.1, the SDD formulation was able to achieve almost 90% of the targeted
probucol concentration at all drug loadings (10, 25, and 50 weight percent). With this pH-
responsive excipient, the AUCseomin Value gradually increased by decreasing the pH of the
dissolution media with 10, 25, and 50 weight percent of drug loading. This is likely due to
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a high fraction of amines being protonated along the PDEAEMA backbone, which
increases polymer solubility, H-bonding sites for drug binding, and could possibly even
facilitate cation-pi interaction with the drug.?” Therefore, this particular SDD, at a lower
pH, outperformed HPMCAS by demonstrating 1.5 times increase in AUC3somin value at
the highest drug loading percent tested (50 wt. %). This denotes that PDEAEMA structures
may be useful motifs for facilitating triggered drug dissolution/solubility maintenance for
targeted release in acidic pH environments (stomach) while shielding from drug release at
more neutral pH values (intestines).

Table 2.5. Calculated area under the curve (AUC) for solubilization of probucol and all

polymer excipient SDD formulations at 10, 25 and 50 weight percent drug loading.

owt% 25wt % 50wt %
AUCsﬁomin/ AUCSGOmin AUCSSOmin
POIYmer AUCsGOmin AUC AUC360min / AUC360min /

(ng/mL) (ug;m;‘ (hg/mL)  AUCseomax | (HE/ML)  AUCsgoma

(pg/mL) (pg/mL)
HPMCAS-6.5 3.4x10° 0.97 3.3x10° 0.92 2.3x10° 0.64
PEP-b-P(DMA-grad-MAT) -6.5 4.8x 104 0.13 6.7 x 104 0.19 4.2x104 0.12
PNIPAmM-b-P(DMA-grad-MAT) - 6.5 (18kDa) 3.1x10° 0.84 1.6x 10° 0.43 9.8x 104 0.26
PNIPAm-b-P(DMA-grad-MAT) -6.5 (32 kDa) 3.7 x 103 ~1.0 3.7 x 103 ~1.0 6.6 x 104 0.18
PNIPAM-b-P(DMA-grad-MAT) -6.5 (48 kDa) 3.7x10° ~1.0 3.6x 103 0.97 7.2x10* 0.19
PDEAEMA-b-P(DMA-grad-MAT) —6.5 3.9x 102 0 5.1x 103 0.01 2.3x10* 0.06
PDEAEMA-b-P(DMA-grad-MAT) —5.1 4.2 x 10?2 0 1.2 x 10* 0.03 2.4x10* 0.07
PDEAEMA-b-P(DMA-grad-MAT) —3.1 2.9x10° 0.81 3.1x10° 0.86 3.2x10° 0.89
PDMA-6.5 3.0x 106 0.83 2.9x 104 0.08 1.1x10% 0.03

2.3 Conclusion

In summary, we have synthesized five well-defined architectures of diblock
polymers PEP-b-P(DMA-grad-MAT), PNIPAm-b-P(DMA-grad-MAT) at three
molecular weights, and PDEAEMA-b-P(DMA-grad-MAT) and formulated SDDs of these

materials with probucol. Our results clearly indicate that the solubility of the polymer
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matrices in the dissolution media and an increase in hydrogen bonding sites in the polymer
matrices are critical to decrease probucol crystallization, increase drug solubility (i.e., the
AUC360min value), and achieve supersaturation concentration of hydrophobic drugs in the
dissolution media. Our study gives new insight into the field of excipient design by
demonstrating the importance of monomer selection and polymer composition to fine-tune
drug release and maintain solubility of a highly hydrophobic API. The development of
tunable high performance excipients and efforts to understand the structure-activity
relationships may help decrease the current high attrition rate of drugs in the
pharmaceutical development pipeline.

2.4 Materials and Methods

2.4.1 Materials

All chemicals were used as received (reagent grade) unless otherwise noted. All
solvents utilized were HPLC or analytical grade. Anhydrous D-trehalose (99%, Acros
Organics), iodine (Aldrich, >99.8%), triphenylphosphine (Aldrich, 99%), acetic anhydride
(99.6%, Fisher), dry pyridine (99.8%, Sigma Aldrich), sodium azide (Aldrich, >99.5%),
Pd/C (Aldrich), sodium methoxide (Aldrich, 95%), sodium chloride (Fisher), silica gel
(Sorbent technologies, porosity 60A size 40-60pum), chlorotrimethylsilane TMSCI (Fisher,
98%), triethylamine (TEA) (Acros Organics, 99.7%), and HCI 1.25M in methanol (Fluka),
2,2’-Azobis(2-methylpropionitrile) (AIBN, Aldrich, 98%) were used as received. Freshly
distilled methacryloyl chloride (Acros, 95%) was wused for synthesis. N,N-
Dimethylacrylamide (DMA) (Aldrich, 99+%) was purified by passage through activated
basic alumina columns to remove trace amounts of inhibitors. The monomers N-

isopropylacrylamide (NIPAAm) (Aldrich, >99%), 2-(diethylamino)ethylmethacrylate
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(DEAEMA) (Aldrich, 99%), and 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid (Aldrich, 98%) were used as received. Sec-butyllithium (1.4 M in cyclohexane,
Aldrich), 1,3-isoprene (Aldrich, 99%), and ethylene oxide (Aldrich, 99.5+%) were
degassed with three freeze-pump-thaw cycles followed by removing trace amounts of
acidic impurities by multiple treatments with n-butyllithium (2.5 M in hexanes, Aldrich)
for 1 hour each and n-butylmagnesium chloride (2.0 M in diethyl ether, Aldrich) for 4 hours
each, respectively. Toluene (Sigma-Aldrich, HPLC grade, 99.9+%), and dichloromethane
(Sigma-Aldrich, anhydrous, 99.8+%), and tetrahydrofuran (THF, Sigma-Aldrich, HPLC
grade, 99.9+%, inhibitor free) were purified via an MBRAUN solvent purification system.
Probucol (PBC) was purchased from Sigma-Aldrich (Milwaukee, WI) and used without
further purification. HPMCAS (AFFINISOL™ 912G, The Dow Chemical Company) was
used as received with degree of substitution (DS) as follows: DS of succinate 0.28, DS of
acetate 0.57, DS of methoxy, and 1.94 DS hydroxypropyl 0.25. Fasted simulated intestinal
fluid powder (FaSSIF) was purchased from Biorelevant (Surrey, UK). Phosphate buffered
saline (PBS) was prepared that consisted of 82 mM sodium chloride (Fisher, >99.0%), 20
mM sodium phosphate dibasic heptahydrate (Fisher, 98%), and 47 mM potassium
phosphate monobasic (J.T. Baker, >99.0%)).
2.4.2 Polymer synthesis

The synthesis of trimethylsilyl protected 2-methacrylamidotrehalose (TMS-MAT)
was synthesized as previously described by our group.'> The 'H NMR was in agreement
with previously published spectral data.'? The diblock terpolymer PEP-P(DMA-grad-
MAT) was synthesized using a combination of anionic and reversible addition
fragmentation chain transfer (RAFT) copolymerizations as previously published.? The
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PEP-b-P(DMA-grad-MAT) was characterized by 'H NMR and size exclusion
chromatography (SEC). The analysis and characterization data were also in agreement with
the previously published data.”? The synthesis of the diblock terpolymers PNIPAAm-b-
P(DMA-grad-MAT) (18, 32, and 48 kDa) (Figure 2.3, 'H NMR) and PDEAEMA-b-
P(DMA-grad-MAT) (Figure 2.4, "H NMR) was achieved via polymerization from of the
macromolecular chain transfer agents (CTA), PNIPAAm-CTA and PDEAEMA-CTA,
respectively. For example, a 25 mL round conical flask was charged with PNIPAAmM-CTA
(0.6 g, 0.1 mmol), DMA (1.8 g, 18 mmol), TMS-MAT (1.8 g, 2 mmol), AIBN (0.8 mg,
0.0005 mmol), and 1,4-dioxane (10 mL). The reaction mixture was degassed for 1 h by
bubbling nitrogen through the solution and adding the flask to a preheated oil bath at 70 °C
for 12 h. Both polymers were purified by precipitation in diethyl ether twice and dried in a
vacuum oven for 24 h at 45 °C. Detailed characterization information is reported in Table
2.1 and Figure 2.4, which shows SEC chromatograms for PNIPAAm-b-P(DMA-grad-
MAT) and PDEAEMA-b-P(DMA-grad-MAT). PNIPAAm-CTA (Figure 2.1, '"H NMR)
and PDEAEMA-CTA (Figure 2.2, "H NMR) were obtained by RAFT polymerization using
a small molecule trithiocarbonate-based CTA, 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid in 1,4-dioxane using AIBN as an initiator at 70 °C. For example, a
50 mL round conical flask was charged with NIPAAm (5 g, 45 mmol), 357 mg of CTA
(357 mg, 0.88 mmol), Azobisisobutyronitrile (AIBN) (7.2 mg, 0.044 mmol), and 1, 4-
dioxane (22 mL, 1.69 M). The reaction mixture was degassed for 45 min by bubbling
nitrogen through the solution. The reaction flask was then added to a preheated oil bath at
70 °C for 6 h. The PNIPAAm-CTA was isolated by precipitation into pentane and purified
by dialysis against water to remove trace amounts of impurities such as monomers and
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solvent. PDEAEMA-CTA was purified by precipitation into diethyl ether twice. Detailed
characterization information is reported in Table S1. The yields for PNIPAAm-CTA and
PDEAEMA-CTA were 87% and 72%, respectively. The macromolecular-CTAs were
dried in a vacuum oven for 48 h at 40 °C before utilization to synthesize diblock
terpolymers. For PNIPAAm-containing diblock terpolymers, three reactions were setup
where feed ratio of monomers to macro-CTA was varied along with the time of the
reaction. For instance, for PNIPAAm-b-P(DMA-grad-MAT) — 18 kDa synthesis, 250 mg
of PNIPAAm macro-CTA (0.0409 mmol), 527 mg of N,N-dimethylacrylamide (5.33
mmol) and 357 mg of TMS-MAT (0.409 mmol) were mixed together in 4 mL of toluene,
degassed with nitrogen for 30 minutes and placed in an oil bath at 70 °C for 18 hours. After,
polymer was precipitated in 200 mL of diethyl ether, redissolved in methanol and treated
with 5 mL of HCI/MeOH solution overnight. Solution was dialyzed in water to obtain pure
product (yield was 88%). To obtain two other PNIPAAm-based diblock terpolymers (32
and 48 kDa), a ratio of CTA to monomers was changed to 1 : 180 : 20 (PNIPAAm : DMA
: TMS-MAT) and 1: 420 : 35 (PNIPAAm : DMA : TMS-MAT) respectively and reaction
time was increased to 32 or 48 hours (yields were 78% and 85% respectively).
Poly(N,N-dimethyl acrylamide) (PDMA) was synthesized using 4-Cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanylpentanoic acid as a chain transfer agent. For this
synthesis, N,N-dimethylacrylamide (DMA, 2.00 g, 20.2 mmol) was added to 12 mL of 1,4-
dioxane in a 25 nL flask with 4-Cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic
acid (32.6 mg, 0.0808 mmol) and AIBN (0.663 mg, 0.00404 mmol). The mixture was
capped with a septum and degassed with nitrogen flow for 30 minutes while being
submerged in water/ice bath. After, the reaction was placed in a preheated block at 70 °C
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for 6 hours. When the reaction was completed, the flask was opened to air and cooled using
loquid nitrogen. The mixture was precipitated in pentane and polymer was dried in a
vacuum overnight (yield was 92%).
2.4.3 Methods
2.4.3.1 Size exclusion chromatography (SEC) method

SEC measurements were carried out on an Agilent 1260 Infinity liquid
chromatograph equipped with a Waters Styragel guard column and three Waters Styragel
columns (HR6, HR4, and HR1; 100-10,000,000 g/mol) to provide effective separation for
molecular weight determination. The detectors used were an Agilent 1260 VWD UV-vis
detector, a Wyatt Dawn Heleos II light-scattering detector, and a Wyatt Optilab T-rEX
refractive-index detector. Tetrahydrofuran was used as the mobile phase at 1.0 mL/min at
25 °C.
2.4.3.2 Spray drying

Spray drying was performed on a Bend Research Mini Spray Drier under the
following conditions: inlet temperature of 68 °C, nitrogen flow rate of 12.8 SLPM, and a
0.65 mL/min syringe flow rate. The SDDs were collected on a 4” Whatman filter. Unless
otherwise noted, the total solute content spray dried was always one weight percent.
Solutions were sprayed from a THF:MeOH mixture (15:2, v/v). All diblock terpolymers
were completely soluble in a THF:MeOH mixture prior to spray drying. The SDD
composition is reported as the weight percent (wt %) drug in the dispersion. For example,
30 mg of probucol and 270 mg of polymer were dissolved in 29.7 g of THF:MeOH mixture

to make 10 wt% probucol with (PEP-b-P(DMA-grad-MAT)). Three different
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compositions were used for the polymer/drug dispersions: 10, 25, and 50 wt % probucol
relative to polymer.
2.4.3.3 Dynamic light scattering (DLS)

A Brookhaven Instrument system was used for DLS measurements. It includes a
Mini L-30 laser source (A = 637 nm), a BI-APD avalanche photodiode detector, and a BI-
9000AT digital correlator, all aligned on a BI-200SM goniometer with a decaline thermo
regulating bath. All samples were filtered using 0.45 um Teflon syringe filters. For
measurements, polymers were dissolved in THF: MeOH (15:2, v/v) mixture until a 1 wt %
concentration was reached. For each sample, the second-order scattering intensity
correlation function (g2(7)) was measured at a 90 degree angle and converted using the
regularized positive exponential sum* (REPES) algorithm. The size distribution of
aggregates is shown in the Figure 2.11. All polymer samples show some degree of
aggregation, which changes depending on the hydrophobicity of the PNIPAm,

PDEAEMA, or PEP blocks.
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Figure 2.11. REPES analysis of data obtained from intensity correlation function at a 90°
angle for the solutions in THF:MeOH (15:2, v/v) of a) PNIPAm-b-P(MAT-grad-DMA) —
32 kDa, b) PDEAEMA-b-P(MAT-grad-DMA), c) PEP-b-P(MAT-co-DMA), and d)
PNIPAm-b-P(MAT-grad-DMA) — 18 kDa. Polymer concentration is at 1 wt %. Copyright
© 2017 American Chemical Society.

2.4.3.4 Powder X-ray diffraction (PXRD)

PXRD experiments were carried out on a Bruker- AXS (Siemens) D5005
diffractometer. Samples (50 mg) were packed into standard 0.5 mm deep glass holders with
zero background. The x-ray source (KCua, A = 1.54 A) was operated at a voltage of 45 kV
and a current of 40 mA. Data for each sample was collected from 5° to 40° on the 26 scale

over approximately 30 minutes at a scan step of 1 seconds and a step size of 0.02°/s.
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2.4.3.5 Differential scanning calorimetry (DSC)

Modulated differential scanning calorimetry (MDSC) was used to determine the
thermal features of the SDDs and was conducted on a TA-Instruments Discovery DSC
equipped with an autosampler. Samples from 5—10 mg were placed in T-zero aluminum
pans and sealed with a hermetic lid. MDSC analysis was performed with a nitrogen flow
rate of 50.00 mL/min and a heating rate of 1 °C/min from 0 to 180 °C. The temperature
was modulated at +2 °C with a period of 40 s. The first heating scans are reported. For
polymer only samples (not spray dried), the temperature was not modulated, but was
ramped between -50 °C and 180 °C at a rate of 10 °C/min. The second heating scans are
reported for those samples. For all samples, TA TRIOS software version 2.2 was used to
analyze Tg values and enthalpic components.
2.4.3.6 Scanning electron microscopy (SEM)

A Hitachi S-900 microscope was used, and samples were sputtered with
gold/palladium for 30 s at 40 kV on a Denton DV-502A high vacuum deposition system to
provide a conductive coating for analysis. SEM was used to obtain particle size and
information about morphology data from the SDDs.

All spray dried dispersions with probucol revealed wrinkled, collapsed sphere
morphologies according to SEM, which is indicative of the large surface area of the SDD
powders that encapsulate the amorphous drug to aid dissolution and supersaturation

maintenance.
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Figure 2.12. SEM images of the SDDs created by spraying a THF:MeOH (15:2) solution
of probucol with (a) PEP-b-P(DMA-grad-MAT), (b) PNIPAAm-b-P(DMA-grad-MAT) —
32 kDa, (c) PDEAEMA-b-P(DMA-grad-MAT), (d) PNIPAAm-b-P(DMA-grad-MAT) —
18 kDa, and (¢) PNIPAAm-b-P(DMA-grad-MAT) — 48 kDa as the polymer excipients at
25 weight percent of drug loading. The scale bars indicate 1 um. Copyright © 2017

American Chemical Society.

2.4.3.7 In-vitro dissolution test

Dissolution testing was performed on each SDD formulation and the crystalline
drug to determine the concentration of drug in the dissolution media and maintenance of
supersaturation. The dissolution medium consisted of phosphate buffer saline (82 mM
sodium chloride, 20 mM sodium phosphate dibasic, 47 mM potassium phosphate

monobasic) supplemented with 0.5 wt% FaSSIF. The medium was adjusted to pH 6.5 with
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NaOH. An appropriate amount of SDD or crystalline drug was weighed and added into 2.0
mL microcentrifuge tubes to yield a final total drug concentration of 1000 mg/mL (if all
material is fully dissolved). For example: At 10 wt % of drug loading, we took 18.0 mg of
SDD consisting of 1.8 mg of drug and 16.2 mg of polymer and diluted the SDD with 1.8
mL of PBS buffer (containing FaSSIF) solution for dissolution testing. All samples were
analyzed in duplicate (n = 2). The first step in dissolution testing involved vortexing the
samples for 1 min in 1.8 mL of PBS+FaSSIF medium and then placing the sample into an
isothermal aluminum heating block held at 37°C. At each time point (4, 10, 20, 40, 90,
180, and 360 min), tubes were removed from the heating blocks and centrifuged at 13,000
rpm, 37 °C for 1 min to remove undissolved drug from dissolved drug, and then a 50 uL.
aliquot of the supernatant was transferred to an HPLC vial. The samples were again
vortexed for 30 s and held at 37 °C until the next time point. The supernatant in the HPLC
vials was then diluted with 250 pL. of methanol and analyzed for drug via HPLC.
2.4.3.8 Reverse phase HPLC

Drug concentration in each aliquot was determined by reverse phase HPLC. The
HPLC consisted of a reversed-phase EC-C18 column (Poroshell 120, 4.6 x 50 mm, 2.7 um,
Agilent, USA). A mobile phase of 96:4 (v/v) acetonitrile:water was used for probucol
detection with a flow rate of 1.0 mL/min at 30 °C. A 10 pL aliquot of sample was injected,
and the column effluent was detected at 241 nm with a UV detector (1260 Infinity Multiple
Wavelength Detector, Agilent). The probucol concentration in the samples was determined

using a calibration curve of 0.1-500 pg/mL concentrations.
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Chapter 3

Aggregated Solution State Morphology of Poly(acrylic acid)-
Poly(styrene) Block Copolymers Improves Drug
Supersaturation Maintenance and Cell Membrane

Permeation”

*This manuscript was submitted to Molecular Pharmaceutics: Purchel, A.; Boyle, W.;
Reineke, T.M. Mol. Pharm., 2019, xx(Xx), XXXX-XXXX.
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3.1 introduction

According to the US Food and Drug Administration (FDA), while there are more
than one hundred diffsserent routes of drug administration,® oral drug delivery is preferred
due to its non-invasive mode of administration, which promotes compliance during
prolonged therapies. While advances in high-throughput screening have increased the
number of new drugs that reach the formulation stage, the approval rate of new drug
platforms is disproportionately low due to issues associated with achieving drug solubility
and supersaturation maintenance in the gastrointestinal (GI) tract.® Therefore, it is
imperative to develop delivery vehicles that can enhance the GI tract solubility and oral
bioavailability of lipophilic and/or rapid crystallizing drugs.

The preparation of amorphous solid dispersions, a blend of polymer excipient(s)
and active pharmaceutical ingredient (API), has been identified as a method to improve
solubility and bioavailability of hydrophobic drugs.?>%° To prepare SDDs, spray drying,
which is scalable and circumvents the thermal degradation of the polymer and drug that
may occur during melt extrusion. During spray drying, atomization of a drug/polymer
solution yields a polymer matrix in which the drug is stabilized in a thermodynamically
unstable amorphous state.®¢ By maintaining a metastable amorphous state via a SDD, drug
molecules do not need to overcome the disfavored crystal lattice energetic barrier typically
needed to achieve dissolution.?!-2

Drugs that are lipophilic or have a high crystal lattice energy can become
bottlenecked in the pharmaceutical production pipeline and there are few marketed
excipients able to effectively achieve supersaturation via an amorphous SDD. For example,

hydroxypropyl methyl cellulose acetate succinate (HPMCAS), a cellulose derivative and
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renewable biopolymer, is a currently marketed polymer excipient for SDD. While
HPMCAS has been shown to attain burst release of therapeutics with high crystal lattice
energies, maintaining supersaturation for GI tract relevant residence times is often
problematic.'®”*?3 Additionally, due to its bulk manufacturing process, HPMCAS is
heterogeneous in terms of its chemical composition, making it difficult to discern the
mechanism of drug solubilization.

Because the efficacy of a SDD is contingent on drug/polymer matrix interactions
and solution state behavior, selection of an appropriate excipient is essential. Thus,
fundamental investigations of the mechanism by which polymer matrices mediate drug
dissolution are needed so that informed design approaches can be employed to develop the
next generation of excipients. Recently, it has been shown that assembly of the polymer
excipient into nanoaggregates or micelle-like structures in aqueous solution can aid in drug
solubilization maintenance. In 2013, Dalsin et al. showed that a dramatic increase in
dissolution performance of probucol and phenytoin, a Biopharmaceutical Classification
System (BSC) Class II pharmaceutics, can be attained by forming polymeric micelle-like
structures (50 to 100 nm) in solution prior formulation by spray drying.!” Additionally, Li
et al. demonstrated that the BCS Class II drug phenytoin is partitioned into the micelle
corona of a poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide)-b-polystyrene
(PND-b-PS) block copolymer excipient!® and thus can be stabilized in the amorphous state
for longer time periods. Johnson et al. also reported that oligomeric NIPAM-based
excipients with a Ci2-Cis hydrophobic alkyl end group self-assemble into micellar

structures and increase the aqueous solubility of phenytoin.'”
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Poly(acrylic acid) (PAA), a biocompatible and hydrophilic polymer with multiple
hydrogen bonding (H-bonding) sites, has been utilized in numerous biological and
pharmaceutical applications.”*®® PAA is of interest in SDDs, as it is commercially
available and approved by the FDA for human consumption.®” Moreover, PAA is used
extensively in drug delivery applications due to its ability to respond to a range of pH
environments within the human body (pH = 1-7),%® which allows for the preparation of pH-
responsive drug carriers.”””” For example, by encapsulating the drug inside a shell-
crosslinked PAA-based micelle!® or inorganic nanoparticles gated by PAA pores,'?!
controlled release can be achieved upon pH alteration. Eudragit®, a methacrylic acid-based
polymer used for enteric coating and colon-targeted drug delivery, also relies on pH
responsive properties.!?? Additionally, PAA hydrogels show promise as tunable systems
for osmotic-pressure mediated drug release, which is demonstrated by the controlled
diffusion of water soluble drugs in or out of PAA polymeric networks.4793103-105
Furthermore, PAA variants have been used as drug carriers in combination with surfactants
that provide further solubility enhancement of challenging formulations.'%

Based on the known role of nanoaggregation in drug supersaturation maintenance
and the widespread use of PAA in drug delivery applications, we sought to investigate the
role of PS-b-PA A-based SDDs in the aqueous dissolution of probucol, a BCS Class II drug.
In this study, we were interested in probing the effect that polymer molecular weight and
the physical aggregation behavior of the excipient in solution have on in vitro drug
dissolution. To do so, we synthesized PS-b-PAA excipients with various molecular weights
and monomer compositions: PSeo-b-PAA 15, PSoo-b-PAAsgo, PS3s-b-PAA220, and PS3s-b-
PAA320 (degrees of polymerization of each block are included as subscripts). PAA
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homopolymers (PAA20, PAAgs, PAA226, and PAA392) were synthesized as controls to probe
the role of PAA-molecular weight on solubility enhancement.!’” Based on precedent
provided by the Eisenberg group,'®!'!! the synthesized variants allowed us to target
specific behaviors, such as polymer solubility, formation of micelles, and pH
responsiveness. SDDs formulated with block polymers were spray dried in the presence of
both selective (MeOH) and non-selective solvents (MeOH/THF) to produce aggregated
and non-aggregated excipient matrices, respectively.

This study reveals that the solution state assembly of the drug-excipient prior to
spray drying (pre-formulation aggregation) is induced by solvent selection and PS-b-PAA
composition, which both play a role in promoting and maintaining supersaturation of
probucol. Additionally, this work demonstrates the importance of dissolution pH in
modulating drug release from PAA-based excipient platforms, while also showing that
permeability through a cellular membrane in vifro is not hindered by the nanostructured
excipient. Indeed, the ability to control drug dissolution and bioavailability via the
physiochemical parameters of SDDs can be extended to a variety of small molecule drugs
with solubility and oral bioavailability challenges.

3.2 Results and Discussion

3.2.1 Polymer synthesis

To understand the role of polymer molecular weight, chemical composition, and
solution state structure on drug dissolution, four amphiphilic block copolymers and four
homopolymers were synthesized. PAA, which has wide application in the biomedical
field,"'>'!> was chosen as the hydrophilic component. PS was selected as the hydrophobic

constituent due to its relatively high glass transition temperature, which is important for
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formation of stable aggregates that can withstand increased temperatures of spray
drying.!'® Additionally, both PAA and PS are derived from commercially available
monomers and it should be noted that PAA has been FDA approved for human
consumption.

First, we assessed the impact of polymer composition, namely polymer block
lengths, on drug solubility enhancement. We utilized RAFT polymerization?? to synthesize
eight polymer excipient analogs in a controlled manner (Scheme 1). To study the effect of
hydrophilic and hydrophobic block length on drug dissolution, the degree of
polymerization of the poly(acrylic acid) and styrene blocks ranged from 15 to 320 and 38
to 90, respectively. These molecular weights allowed us to systematically probe a large
variable space in terms of polymer composition and molecular weight, which has been
shown to impact drug solubility and maintenance of supersaturation.'”” The chosen design
was based on our need to target certain polymer behaviors such as solubility and ability to
aggregate at specific concentration (since orally administered formulations have a limited
space in how much polymer can be used and at what concentration in the GI tract).
Additionally, PAA homopolymer controls were synthesized as excipients that do not
exhibit aggregation behavior to clearly elucidate the role of aggregation. Tert-butyl-
protected acrylic acid was used as the initial monomer for all polymer syntheses, which
allowed for facile SEC and NMR characterization of the target block copolymers due to its
solubility in a wide variety of organic solvents. After successful polymer characterization
by the aforementioned techniques, the tert-butyl group was cleaved via hydrolysis with

trifluoroacetic acid!!” to obtain the target PAA excipients.

72



(a)

0
N )S(s s 0 0
HO “CiaHos S.__S. /—© S.__S.
oj/\o js( HOWmY CioHzs 7 HO m n Y CioHas
- s . s - - . s
)V Acetonitrile, 70 °C 07 "o Acetonitrile, 80 °C

(6]
CF3COOH HO - nSYS\Cnst
DCM Ho o s
0
o)

S._S.
j\ HOH T CigHas HO STS\C H CF-COOH Q 5. .8
12M25 3 N

o S m I HOWmT CiaHas

)V Acetonitrile, 70 °C oo DCM o“on °

A

Scheme 1. (a) Synthetic scheme for the block copolymers (n, m — degrees of
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polymerization of acrylic acid and styrene respectively, n = 90 or 38, m = 15, 80, 220,
or 320). (b) Synthetic scheme for the homopolymers (p = degree of polymerization of
acrylic acid), where p = 20, 96, 226, or 392.

Table 3.1. Polymer Characterization Data.

a b ¢ d e Tg
Polymer N, PAA (mol %) PAA (wt %) M D f
q©)
PS, -b-PAA 105 10.3 9.8 11 1.05 96
PS, -b-PAA 170 38.1 28.8 20 1.03 95
PS -b-PAA 260 80.0 48.8 33 1.17 59
PS_-b-PAA_ 360 85.4 50.1 46 1.08 60
PAA | 20 100 100 2.6 1.06 65
PAA 90 100 100 12 1.09 68
PAA 220 100 100 30 1.09 68
PAA_ 290 100 100 50 1.10 66
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“Degree of polymerization. ®Mole fraction of PAA in the polymer. ‘Weight fraction of the
PAA block. {Number average molecular weight of the polymers as measured on a SEC
before polymer deprotection. *Dispersity as measured on a SEC using THF as the eluent at
30 °C using RI and light scattering detectors. ‘Reported as the second heating with a 2.5

°C/min heating rate.

3.2.2 Polymer solution-state properties in organic solvents

PAA homopolymers are soluble in methanol and do not form aggregates in this
solvent. All four block copolymers (PSoo-b-PAA1s, PSoo-b-PAAgo, PS3s-b-PAA220, and
PS33-b-PA A3z0) were screened for solubility and solution-mediated assembly/aggregation
in organic solvents suitable for spray drying using dynamic light scattering (DLS) at 1 wt
% polymer concentration. Specifically, we selected THF/MeOH (1:1, v/v) and methanol
as spray drying solvents due to their ability to promote two disparate physical states of the
amorphous solid dispersion: soluble or aggregated, respectively. The non-selective
THF/MeOH (1:1, v/v) solvent system dissolves both blocks of the four PS-b-PAA
polymers homogeneously. Dynamic light scattering analysis (Figure 3.1) shows the range
of particle sizes in solution ranged from 1.4 + 0.5 to 2.2 + 0.4 nm, which can be attributed
to free polymer chains in the solution'”. A visual representation of the prepared polymer
solutions is shown in Figure 3.2 (a). In methanol, which selectively dissolves only the PAA
block, DLS reveals micelle-like aggregates of the PS-b-PAA block polymers. The longest
polymer, PS3g-b-PAA320, gives a bimodal size distribution and the hydrodynamic radius of
the major particle contributing to the scattering intensity was measured to be 25 = 1 nm,

118

which is indicative of micelle formation."'® The second mode of the particle size

distribution resulted from a hydrodynamic radius of 4.3 &+ 0.6 nm, which may be the result
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of the single chains of the PAA-b-PS , similar to the results of Eisneberg et al.''® Similarly,
the PS3s-b-PA A2 polymer, which differs from PS3g-b-PAA320 only in the length of the
PAA block, also afforded a bimodal size distribution in methanol. The main contributors
to the scattering intensity of the PS3s-b-PA Az system were particles with a hydrodynamic
radius of 13 £ 1 nm while minor contributors were 80 £+ 1 nm, which may be attributed to
the formation of large compound micelles.!'® This type of micelle is common among block
copolymers that form glassy cores in solutions at high concentration (more than 0.5
wt%).!!"” The PSop-b-PAAsy polymer also formed well-defined aggregates in methanol
solution albeit with a smaller hydrodynamic radius of 6.8 £ 0.7 nm. The Ry of the
aggregates formed by PSoo-b-PAA», the remaining block polymer, were not able to be
accurately measured due to solution turbidity. However, optical turbidity measurements
conducted at the same concentration used for DLS analyses (1 wt %) confirmed
aggregation of PSoo-b-PAA»o. Overall, aggregates were formed in organic solvent suitable

for spray drying at a relatively high concentration of the polymers.
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Figure 3.1. Hydrodynamic radii of PS-PAA block copolymers in methanol (selective
solvent) or in methanol-THF mixture (1:1, v/v, nonselective solvent. All solutions were
composed of 1 wt % polymer in solvent. Hydrodynamic radii were calculated by fitting the
correlation functions using either cumulant or double exponential expansions. Linear
regressions of I' vs ¢?> were performed for five angles (30°, 45°, 60°, 75°, 90°). Hashed
colored bars represent the major contributing (larger particle concentration) hydrodynamic
radius in the sample, and solid colored bars represent the lesser contributing second mode.
* — poor solubility of this sample did not allow for the determination of a high quality
correlation function. Errors bars denote the standard deviation of the linear regression (3

replicates).
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(a) MeOH/THF (b) MeOH

Figure 3.2. (a) Image of a 1 wt % solution of PS3s-b-PAA3z2 polymer in a methanol-THF
mixture (1:1, v/v) showing no laser light scattering indicating a homogeneous solution. The
cartoon represents soluble unimers in solution. (b) Image of a 1 wt % solution of PS3s-b-
PAA3> polymer in methanol showing scattering of laser light denoting the aggregates. The
cartoon represents the aggregation of the polymer chains into micelle-like structures, which
leads to close packing of hydrophilic tails and provides a reservoir of binding sites for the

drug molecule to promote solubility.

3.2.3 Solid-state properties of the spray dried dispersions

After the polymers were dispersed or dissolved in the respective pure methanol or
a THF:methanol solvent systems, probucol was added such that the drug was 25 wt % of
the dry component mass. This weight percent was chosen based on previous studies as
higher than 10 wt % drug loading percentages are usually desired by the pharmaceutical
industry and our previous studies with probucol revealed lower solubility enhancement at
25 wit%.8%12% The drug-polymer mixtures were then spray dried and the solid-state
properties of each resultant dispersion evaluated using PXRD, MDSC, and SEM. This suite

of analytical techniques enabled us to evaluate the homogeneity of the mixture and the
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crystallinity of the API in the spray dried dispersion, which is pertinent information for
both dissolution performance and shelf life stability.4!-121-122

The PXRD, a common tool to determine the presence of a crystalline drug in
amorphous solid dispersions showed strong diffraction peaks for unprocessed probucol ,
which indicates crystallinity (and thus poor solubility).””!23After spray drying probucol
with the synthesized polymeric excipients at 25 wt % drug loading in the selective and
nonselective solvents, PXRD patterns showed no presence of scattering peaks, which
suggests that less than 5% of crystalline probucol was present in the amorphous dispersion

(Figure 3.3).

Relative Intensity

Figure 3.3. PXRD patterns (A) for SDDs with probucol loading of 25 wt % comparing (i)
crystalline probucol, (ii) PSeo-b-PAAgy spray dried from methanol, (iii) PSoo-b-PAAso
spray dried from THF/MeOH (1:1, v/v), (iv) PS3s-b-PA A2 spray dried from methanol,
(v) PS3s-b-PA Axyp spray dried from THF/MeOH (1:1, v/v), (vi) PS3g-b-PA A3z spray dried
from methanol, (vii) PS3s-b-PAA3z2 spray dried from THF/MeOH (1:1, v/v) and SEM
image (B) of the SDD created by spraying a THF/MeOH (1:1) solution of probucol with
PS3s-b-PA Azo.
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The spray dried dispersions can be visualized via scanning electron microscopy to
visualize the morphology of the particles.?!:!° The particle size affects surface area which,
in turn, can influence dissolution performance. As seen in Figure 3.11, all of the spray dried
dispersions were made up of spherical particles of heterogeneous size that ranged from 0.1
to 1.0 um with a consistent morphology across all samples tested. This result is in line with
previous studies!®!24125 which showed that particle morphology is mainly dependent on
conditions that are used for spray drying such as nebulizer temperature and solution flow
rate.

3.2.4 Aqueous solution behavior of the spray dried polymer/drug dispersions

To evaluate drug solubility enhancement (and thus crystallization inhibition), we
performed dissolution testing in simulated intestinal fluid under non-sink conditions
(volume of the solution during dissolution test is lower than the volume of the saturated
solution) at the physiological pH of the small intestine (pH = 6.5). In addition, dissolution
performance was monitored through a pH transition from 1.2 to 6.5, which mimics the
physiological conditions encountered through progression within the GI tract.'>¢ The
solubilized API concentration, defined as the amount of drug content that remained in
solution following centrifugation at 13,000 rpm for one minute, was measured using
HPLC. The soluble API content measured during dissolution analyses consisted of
dissolved drug including free drug molecules, polymer-drug assemblies, and drug
molecules encapsulated inside polymer and bile salt micelles. Figure 3.4 shows dissolution
curves for 25 wt % probucol-loaded SDDs at pH=6.5. For the pH transition dissolution test
(Figure 3.5), PBS buffer at pH 1.2 was prepared initially and, after 90 minutes of
dissolution, 18 puL of 50 wt % NaOH solution was added to increase the sample pH to 7.0.
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Poor probucol solubility was initially noted for all block copolymers that were spray dried
from the nonselective solvent (THF:methanol), which promotes free polymer chains in
solution. This is attributed to the lack of free chain excipient solubility in the dissolution
media as well as to the lower exposure of poly(acrylic acid) moieties to aqueous solution,
which is discussed below. In contrast, the block copolymer formulations spray dried from
methanol (selective solvent that promotes excipient aggregation) showed dramatic
enhancement in probucol solubility. As shown in Figures 3.4 and 3.5, in most cases, the
homopolymers showed higher solubility enhancement than the analogous block polymer
systems with a similar length PAA block). However, one particular block polymer
formulation, PSoo-b-PAAsgo, which was spray dried from methanol, showed higher
solubility enhancement compared to the analogous homopolymer-based SDD (PAAos). We
believe this is due to the additive effect of the major parameters of the system that affect
drug solubility maintenance. This includes polymer-drug interaction (H-bonding, non-
polar interactions, etc.), polymer behavior in the solution (formation of nanoparticles), and
polymer solubility in the dissolution media (that can be tailored either by adjusting block

length in the block copolymer or tailored hydrophobicity as was shown by Ting et. al.*!
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Figure 3.4. Dissolution data at pH=6.5 for the SDDs formed with the block polymers and
analogous homopolymer excipients formed at 25 wt % probucol. A) PS33-b-PAA320 and
PAA390, B) PS3s-b-PAA20 and PAA2zs, C) PSoo-b-PAAgo and PAAgs, D) PSoo-D-PAA 5
and PAA». Blue lines denote block copolymers spray dried from MeOH, red lines denote
block copolymer spray dried from THF/MeOH, and green lines denote homopolymers

spray dried from MeOH. Error bars denote the range of the measured data (n=2).
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Figure 3.5. Dissolution data when the pH value of the dissolution media is changed from
1.2 to 7.0 (90 minutes time point) for the SDDs formed with the block polymers and
analogous homopolymer excipients formed at 25 wt % probucol. A) PS33-b-PAA320 and
PAA390, B) PS3s-b-PAA20 and PAA2zs, C) PSoo-b-PAAgo and PAAgs, D) PSoo-D-PAA 5
and PAA». Blue lines denote block copolymers spray dried from MeOH, red lines denote
block copolymer spray dried from THF/MeOH, and green lines denote homopolymers
spray dried from MeOH. Error bars denote the range of the measured data (n=2).

The pH responsiveness of the PAA-containing block copolymers provides a
potential opportunity to control drug release and protection from the caustic environment
of the stomach.'?” When the pH of the dissolution media was acidic (pH=1.2), the drug was

not soluble over the initial 90 minutes. After the pH was changed to 7.0, the drug became
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more solubilized and maintained supersaturated concentrations for more than four hours.
This is crucial for applications where drug solubility in the stomach needs to be minimal.
In contrast, the PAA homopolymer excipients are fully soluble in the aqueous dissolution
media at both studied pH values. Here, PS3s-b-PAA3z2 excipient achieves around 200
pug/mL probucol concentration at pH=6.5, but in a more acidic environment (pH=1.2)
almost none of the probucol is soluble until pH is increased to 7.0. The analogous
homopolymer control allows probucol to achieve 970 ug/mL but does not exhibit such
dramatic pH dependence. PS3s-b-PA A2z excipient maintains probucol at 750 pg/mL if
spray dried from MeOH and 400 pg/mL if spray dried from THF/MeOH at pH 6.5; and in
both cases, a change in probucol solubility was observed for over two orders of magnitude
when the pH changes from 1.2 to 7.0. Similar behavior was observed for PSoo-b-PAAso
and PSoo-b-PAA 5 excipients where a strong pH effect was found on probucol solubility.
Overall, excipients that form aggregates in the solution (block copolymers spay dried from
MeOH) allow higher probucol solubility compared to block copolymers that were spray
dried from MeOH/THF mixture. A dependence of probucol solubility as a function of
block copolymer molecular weight was found despite there not being a dramatic correlation
to the homopolymer molecular weight.

Interestingly, during the in vitro dissolution tests it was noted that some dissolution
vials contained more precipitate than others, especially in the dissolution vials that
contained PS3g-b-PAA320, PS3s-b-PAA220, PSoo-b-PAAsgo, and PSoo-b-PAA15s SDDs that
were spray dried from MeOH/THF as polymer unimers. This effect was attributed to
overall polymeric excipient solubility in the dissolution media as it is know that polymer
solubility is affected by polymer molecular composition and chain length.> Precipitate was
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absent for homopolymer formulations as the poly(acrylic acid) analogs were fully soluble
in aqueous media. Block copolymer excipient solubility was determined by recovering as
a function of time where content of dissolution vials was freeze-dried and mass of the
content was recorded. Because dissolution media is a complex system (PBS buffer,
simulated intestinal powder, etc.), blank solutions with no spray dried dispersions were
freeze-dried as well, and then the mass difference between dissolution vials (with SDDs
and without SDDs) was determined and attributed to the mass of the dissolved polymer.
The homopolymers were found to be fully soluble under the dissolution test conditions.
This result explains the small variability of probucol solubility when spray dried with PAA
homopolymers from 970 pg/mL for PA A3z to 820 pg/mL for PAA220, PAAgs, and PAA2o.
Figure 3.6 shows the general solubility of each block copolymer sample as well as the
dissolution test results of the corresponding spray dried dispersions with 25 wt % probucol.
This result shows that the higher the solubility of the polymeric excipient (either spray
dried from MeOH or THF/MeOH mixture), the higher the concentration of probucol in
solution. This result supports the conclusion that drug solubility behavior is predominantly

driven by the excipient solubility in the simulated intestinal fluid.
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Figure 3.6. Polymer solubility data using SDDs with 25 wt % probucol at pH=6.5 and
dissolution profiles (inset plots, y-axis is drug concentration, pg/mL and x-axis is time in
minutes) for the same samples (see Figures 3.4 and 3.5) to demonstrate correlation between
formulation performance and excipient solubility. Blue bars denote SDDs prepared in
methanol (nonselective solvent) and red bars denote SDDs prepared in THF/methanol

(selective solvent). Error bars denote the range of the measured data (n=2).

3.2.5. In Vitro Caco-2 cell assay permeation studies.

In order to relate dissolution performance to the bioavailability of probucol in the
prepared spray dried dispersions, an immortalized line of heterogeneous human epithelial
colorectal adenocarcinoma cells, Caco-2, was utilized to form a model membrane. When
cultured under specific conditions, Caco-2 cells resemble enterocytes, which line the small
intestine and are the site at which drug absorption predominantly occurs.> For this study,
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Caco-2 permeation assays were performed as described previously, in which drug
concentration on both sides of a Caco-2 cell layer was measured.®* Due to the low solubility
of probucol in the assay media, pure drug permeation could not be measured, even when a
dimethyl sulfoxide (DMSO) co-solvent was added. Thus, only SDDs with probucol and
the best performing polymer excipients (PSoo-b-PAAgo spray dried from both solvents,
MeOH and THF/MeOH, and PAA¢) were examined for this study. Due to the
aforementioned low solubility of probucol in assay media, PA A9¢ homopolymer was added
to the receiving well to ensure that the permeated probucol stayed in solution until it was
quantified via HPLC.

In this study, commercially available excipient HPMCAS (Affinisol™) was used
as a control as its effect on probucol solubility was extensively studied previously.!6:120:128
It should be noted the presence of polymer excipient is not necessarily expected to
significantly enhance the permeability of probucol. However, an increase in solubility is
expected to lead to a higher permeation coefticient due to more drug available to permeate
(or if the drug is bound too tightly to the excipient, it could inhibit permeation). As shown
in Table 3.2, the results indicate that the presence of a polymer excipient, which promotes
polymer-drug interactions, does not prevent transport of the drug across Caco-2 cultured
membranes. Interestingly, the permeation coefficient for the PSoo-b-PAAso excipient was
found to be 8.4-10° cm/sec when the SDD was prepared in MeOH/THF and 2.9-10% cm/sec
when the SDD was prepared in MeOH, showing that promoting a specific aggregated
structure prior to spray drying can have a significant effect on both supersaturation
maintenance and permeation. This is particularly attractive for oral drug delivery

application because even though H-bonding with excipient enhances drug solubility, it
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does not hinder its cellular permeability and thus bioavailability.!'?

Interestingly, the
homopolymer model, PAAos, showed probucol permeation at 1.7-10° cm/sec. As a control,
a commercially used excipient, HPMCAS, was included in the Caco-2 cell assay as well.
HPMCAS has been studied as a control and modeled by our group in several studies.*!-81:120
Permeability assays also revealed that the polymer excipients do not affect intracellular
junctions in the membranes, as indicated by transepithelial electrical resistance (TEER)
measurements. Differentiated Caco-2 cells should maintain TEER value in a range of 600-
1000 Ohm-cm?. Values that are below 400 Ohm-cm? indicate that intracellular tight
junctions were compromised and values above 2000 Ohm-cm? are indicative of cell
multilayer formation. In a previous study, Bergstrom et al. studied how surfactants can
enhance hydrophobic drug solubility and bioavailability. It was found that micellization in
solution due to surfactant presence can enhance drug solubility and cell permeability.
However, they also demonstrated that surfactants strongly affect intracellular tight
junctions in Caco-2 cell membranes as measured by the change in trans-epithelial
resistance.'?” Overall, it was determined that the PAA-containing block copolymer (PSoo-

b-PAAg spray dried from methanol or MeOH/THF) offers higher performance compared

to the HPMCAS or poly(acrylic acid) homopolymer (PA Aos).
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Table 3.2. Caco-2 cell permeability assay performed using four samples: (1) PAAgs spray
dried with 25 wt % probucol, (2) PSoo-b-PAAsgo spray dried from methanol with 25 wt %
probucol, (3) PSoo-b-PAAso spray dried from THF/MeOH with 25 wt % probucol, and (4)
HPMCAS with 25 wt % probucol.

Sample 1 2 3 4
Polymer PAA% PSQ()-b-PAAg() PSQ()-b-PAAg() HPMCAS
Probucol loading,
25 25 25 25
wt %
Solvent used for
Methanol Methanol THF/MeOH Methanol
spray drying
Permeation
coefficient (Papp), 1.7 2.9 8.4 2.6
10° cm-sec™!
Papp standard
+0.6 +0.5 +0.9 +0.7

€rror

3.3 Conclusion

We synthesized eight different polymers for this study, including four block
copolymers of polystyrene and PAA of varying block lengths and four PAA
homopolymers. These polymers were spray dried with the BCS Class II drug probucol
using different solvents that either induced formation of aggregates in block copolymers
(methanol, selective towards poly(acrylic acid) block) or suppressed aggregation
(MeOH/THF mixture). We observed that block copolymers spray dried from the solution
with preformed aggregates have greater probucol solubility enhancement compared to

those spray dried with a non-selective solvent with free polymer chains. It is hypothesized
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that this behavior is predominantly excipient-driven due to limited polymer solubility in
the simulated intestinal fluid. The pH responsiveness of PAA-containing block copolymers
allowed for the determination of the efficiency of drug storage and release upon a pH
change from acidic (fasted stomach pH, 1.2) to neutral (small intestine pH, 6.5) pH values.
Finally, the Caco-2 cell assay was used to determine the drug permeability coefficient of
the block copolymer excipient PSoo-b-PAAgo, which was spray dried in a MeOH/THF
mixture in the form of a free polymer chain with 25 wt % of probucol. This formulation
showed a four-fold increase in drug permeation relative to the commercially available
excipients. This is likely due to limited polymer solubility in the dissolution media, which
may drive polymer-drug assemblies towards the cellular membrane. Because BCS Class 11
drug permeability is influenced by a myriad of different factors, we were able to show that
by varying different parameters of the polymeric excipient (monomer composition,
solution state behavior, etc.) we could achieve superior performance and enhance probucol
bioavailability. This study reveals that utilizing preaggregated polymer excipients for
formulating drug-containing spray dried dispersions plays an important role in solubilizing
and maintaining supersaturated concentration of the active pharmaceutical ingredients
while being a simple and controlled platform for oral drug delivery.

3.4 Materials and Methods

3.4.1 Materials

All chemicals were reagent grade and used without further purification unless
otherwise noted. All solvents were HPLC or analytical grade. Styrene (99%, ACROS
Organics) and fert-butyl acrylate (98%, Sigma-Aldrich) were purified by passing them

through activated basic alumina (80-200 Mesh, Fisher Scientific) columns. 2,2’-Azobis(2-
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methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was stored in a freezer at —20 °C and
used as received without any further purification. Probucol (PBC), phenytoin (PTN), and
danazol (DNZ) were obtained from Sigma-Aldrich (Milwaukee, WI)Acetonitrile (Fisher
Scientific) and trifluoroacetic acid (ACROS Organics) were used as received. Fasted
simulated intestinal fluid powder (FaSSIF) was purchased from Biorelevant (Surrey, UK).
Phosphate buffered saline (PBS) consisted of 82 mM sodium chloride (99%, Fisher
Scientific), 20 mM sodium phosphate dibasic heptahydrate (98%, Fisher Scientific), and
47 mM potassium phosphate monobasic (99%, J.T. Baker).

3.4.2 Polymer synthesis

These procedures are presented for one of each type of polymers that were
synthesized. See the Supporting Information for specific reaction modifications to achieve
different polymer molecular weights.

Poly(tert-butyl  acrylate)  Macro-chain  Transfer — Agent  (CTA). 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (CTA) (0.246 g, 0.674 mmol),
AIBN (0.0172 g, 0.105 mmol), and tert-butyl acrylate (10.0 g, 78.1 mmol) were added into
a 50 mL round-bottom flask with acetonitrile, followed by three freeze-vacuum-thaw
cycles. The flask was immersed into an oil bath at 70 °C and stirred. After eight hours, the
flask was cooled to room temperature and opened to air. The polymer was dissolved in 25
mL of tetrahydrofuran (THF) and precipitated into a methanol/water 1:1 mixture (1 L). The
1solated polymer was re-dissolved in THF and precipitated twice more, to afford a yellow
viscous product, which was dried in vacuum. Detailed characterization is presented in the

supporting information document (M, = 12 kg/mol, & = 1.09, yield = 85%).
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Polystyrene-b-Poly(tert-butyl) Acrylate. Styrene (8.00 mL, 54.2 mmol), poly(tert-
butyl acrylate) macro-CTA (500. mg, 0.125 mmol), and AIBN (6.56 mg, 0.0400 mmol)
were combined in a Schlenk flask. Toluene (10 mL) was then added and mixture was
purged with nitrogen gas for one hour while submerged in an ice bath. The reaction solution
was placed into a 70 °C oil bath and stirred for 25 hours. The reaction was quenched by
exposing to atmosphere, while cooling to room temperature. The crude polymer was
concentrated in vacuo, dissolved in 20 mL of THF, and precipitated twice into 1 L of
methanol/water (1:1, v/v) mixture. The filtered polymer was dried in a vacuum oven,
yielding a yellow glassy sample (M, =20 kg/mol, D = 1.03, overall yield = 43%).

Hydrolysis of Polystyrene-b-poly(tert-butyl) Acrylate. Polystyrene-b-poly(tert-
butyl) acrylate block copolymer (1.87 g, 0.0621 mmol) was dissolved in 5.5 mL of
dichloromethane (DCM) in a 25 mL round-bottom flask equipped with a stir bar. Excess
trifluoroacetic acid was then added dropwise (3.10 mL, 18.2 mmol) and the solution stirred
for 24 hours at room temperature. The suspension was filtered and the resulting solid
dissolved in DMF and dialyzed (ethanol-water mixture (1:1, v/v); then water). The aqueous
solution was freeze-dried, yielding a yellow powder (yield = 98%). (polymer
characterization results are shown in Table 3.1).

Synthesis of Poly(acrylic acid) Homopolymer. Tert-butyl acrylate (tBuA) (2.00 g,
15.6 mol), AIBN (2.57 mg, 0.0157 mmol), and 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid (CTA, 57.1 mg, 0.156 mmol) were added to a 50 mL round-bottom
flask and dissolved in dry acetonitrile (15 mL). Following three cycles of freeze-vacuum-
thaw, the flask was submerged 70 °C oil bath and stirred. After four hours, the
polymerization was terminated by concomitantly opening the reaction to air and cooling to
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room temperature. Acetonitrile was removed under reduced pressure and the crude product
re-dissolved in THF (5 mL) and precipitated twice into 1 L of methanol/water (1:1, v/v)
mixture. The resulting solid was filtered and the solvent removed via vacuum oven,

yielding a yellow powder (yield = 90%). (polymer characterization results are shown in

Table 3.1).
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Figure 3.7. NMR spectra of the poly(acrylic acid)-b-polystyrene diblock copolymer before
(brown) and after (blue) deprotection with trifluoroacetic acid from poly(tert-butyl
acrylate)-b-polystyrene block copolymer. NMR shows complete disappearance of tert-

butyl protecting group. NMR was recorded in deuterated methanol.
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Figure 3.8. 3C-NMR spectra of the poly(acrylic acid)-b-polystyrene diblock copolymer
before (bottom) and after (top) deprotection with trifluoroacetic acid from poly(tert-butyl
acrylate)-b-polystyrene block copolymer. NMR shows complete disappearance of tert-
butyl protecting group as well as a shift in carbonyl carbon peak from 174 to 178 ppm.

NMR spectra were recorded in either deuterated chloroform or deuterated methanol.
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Figure 3.9. NMR spectra (top) and SEC chromatograms (bottom) of the synthesized
diblock copolymers and homopolymers. Both techniques were used to determine
molecular weight of the diblock copolymers and were in agreement with each other (no

more than 10% difference).
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3.4.3 Methods
3.4.3.1 'H-NMR Spectroscopy

Polymer chemical compositions and molecular weights were determined using 'H
NMR spectroscopy. 'H NMR spectra were collected using a Bruker Avance 111 HD 500
spectrometer (equipped with a 5 mm Prodigy TCI cryoprobe with z-axis gradients at 22 °C
using a 10 second relaxation delay and at least 16 transients).
3.4.3.2. Size exclusion chromatography (SEC) method

To determine polymer molecular weights and dispersities, SEC experiments were
completed on an Agilent 1260 Infinity high performance liquid chromatography instrument
equipped with a Waters Styragel guard column and three Waters Styragel columns (HR®6,
HR4, and HR1) with pore sizes suitable for analysis of materials with number-average
molecular weights ranging from 100 to 10,000,000 g/mol. Tetrahydrofuran was used as a
mobile phase with a flowrate of 1.0 mL/min at 25 °C. The SEC instrument was connected
to a Wyatt Dawn Heleos II multiangle laser light scattering (MALS) detector at a laser
wavelength of 663.6 nm (18 angles) and to a Wyatt Optilab T-rEX refractive index detector
operating at 658.0 nm. The dn/dc value used for poly(tert-butyl acrylate) polymers was
0.043 mL/g.!*° The dn/dc for each block copolymers was measured using a Wyatt Optilab
T-rEX detector in batch mode.
3.4.3.3 Dynamic light scattering

After solution preparation and dialysis of unimers and aggregates of all block
copolymer samples, DLS measurements were collected. For DLS measurements, a
Brookhaven Instrument system was used, which contains a mini L-30 laser source (A =637
nm), BI-APD avalanche photodiode detector, and BI-9000AT digital correlator, all aligned
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on a BI-200SM goniometer with a decaline thermos regulating bath. For measurements,
each polymer was dissolved in either MeOH or a MeOH/THF mixture until a 1 wt %
concentration was reached and all samples filtered. Using the second-order scattering
intensity correlation function (g2(¢)), each sample was measured at five different angles
(30°, 60°, 90°, 120°, and 150°) and converted'” to the first-order correlation function (gi(¢))
by applying Siegert relation® ga(f) = 1 + |gi(¢)|. 1*' The first-order correlation functions
were then fit with the double exponential expansions for samples with bimodal distribution
of particle sizes or with cumulant expansions for solutions with aggregates of one size. The
translational diffusion coefficient was determined from linear fit for function I'(q?), which
was used to calculate hydrodynamic radii (R;) of aggregates by applying the Stokes —
Einstein relationship. '32 The results are shown in the Figure 3.1.
3.4.3.4 Spray drying

Spray drying was conducted with a Bend Research Mini Spray Dryer (Bend, OR).
Polymer and drug solutions (1 wt %) at various drug loading (10 and 25 wt % relative to
the dry mass of the polymer) in either MeOH or MeOH/THF mixture (1:1, v/v) were
prepared. The solutions were dissolved overnight to ensure drug homogenous distribution
and were then transferred to a 20 mL syringe for spray drying under the following
conditions: solution feed rate = 0.65 mL/min, inlet temperature = 72 °C, nitrogen flow rate
= 12.8 L/min. The prepared spray dried dispersions (SDDs) were collected from a 1.5”
Whatman filter paper and stored in a vacuum desiccator at room temperature.
3.4.3.5 Powder X-ray diffraction (PXRD)

PXRD characterization was carried out on a Bruker-AXS D5005 diffractometer
with copper x-ray source (KCuo, A=1.54 A), which operates at a 45 kV voltage and 40 mA
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current. Approximately 500 mg of SDD was packed onto a standard glass holder with zero
background. Data for each SDD, as well as pure crystalline drugs, were recorded at 26
angles ranging from 5° to 40° at a scan step = 0.5 s and a step size = 0.02°/s. The results

are shown in the Figure 3.2.
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Figure 3.10. PXRD patterns for SDDs with probucol loadings of 10 and 25 wt % comparing
(a) crystalline probucol, (b) PSeo-b-PAAgo spray dried from methanol, (c) PSoo-b-PAAso
spray dried from THF/MeOH (1:1, v/v), (d) PS3s-b-PA A0 spray dried from methanol, (e)
PS33-b-PA Ao spray dried from THF/MeOH (1:1, v/v), (f) PS3s-b-PAA3z2¢ spray dried from
methanol, (g) PS3s-b-PA A3y spray dried from THF/MeOH (1:1, v/v).

3.4.3.6 Thermal analysis

To characterize the thermal properties of the SDDs, modulated differential
scanning calorimetry (MDSC) equipped with an auto-sampler was utilized. Each sample
(2-5 mg) was placed in a T-zero aluminum pan. MDSC analysis was performed at a heating
rate of 5 °C/min from -80 to 180 °C and the temperature was modulated £2 °C with a period

of 40 s. The first heating scans are reported due to subsequent drug crystallization after
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reaching its melting temperature. For the polymer only samples, the temperature was not
modulated, but ramped from -80 to 180 °C at a rate of 5 °C/min. The second heating scans
are reported in the case of the polymer-only samples. For all of the samples, TA TRIOS
software was used to determine 7 values and enthalpies of transitions (AH). The results
are shown in the Table 3.1.
3.4.3.7 Scanning electron microscopy (SEM)

SEM was conducted using a Hitachi S-4700 cold filed emission gun microscope.
SDDs were placed on the SEM studs and sputter-coated with gold/palladium alloy for 30
seconds using a Denton DV-502A High Vacuum deposition system at 40 kV. Images were
taken at an accelerating voltage of 3.0 kV and 10 pA current using a backscattering detector
with Autrata modified YAG (yttrium aluminum garnet, cerium doped) crystal. The results

are shown in Figure 3.2 and Figure 3.11.
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Figure 3.11. SEM images for 25 wt % probucol sprayed with block copolymers from two
different solvent systems: (a) MeOH, and (b) THF/MeOH (1:1, v/v). All scale bars are
equal to 5 um

3.4.3.8 In-vitro dissolution test

Testing at pH 6.5 (Small Intestinal Environment Model). Dissolution testing media,
containing PBS buffer and 0.5 wt % of the FaSSIF powder (3 mM sodium taurocholate,
0.2 mM lecithin, 34.8 mM sodium hydroxide, 68.62 mM sodium chloride and 19.12 mM
maleic acid), was prepared. The pH of the dissolution media was 6.5, which matches that
of the inside of the fasted small intestine. Dissolution testing was performed on SDDs as
well as on pure crystalline drug. Each sample was weighed into a 2.0 mL Teflon

microcentrifuge tube. The tests were performed with 1.00 mg/mL drug concentration when
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fully dissolved (18 mg for 10 wt % SDD, 7.2 mg for 25 wt % SDD, and 3.6 mg of 50 wt
% SDD). The media (1.8 mL) was preheated to 37 °C, added to a vial, and vortexed for 1
min. Samples were transferred into an aluminum heating block and kept at 37 °C. Data
points were collected at 4, 10, 20, 90, 180, and 360 min, after which each sample was
centrifuged at 13,000 rpm for 1 min to remove all undissolved particles. A 50 uL aliquot
was then transferred into an HPLC vial and diluted with 250 pLL of methanol. Dissolution
vials were then vortexed for 1 min and placed back into the aluminum heating block. Drug
concentration was determined via HPLC and the results are shown in Figure 3.4 and Figure
3.5.

Testing at pH 1.2 (Stomach Environment Model). Further dissolution experiments
were performed at a pH of 1.2 to match the environment of a fasted stomach. These
experiments were conducted using a protocol similar to the analyses at pH = 6.5. However,
the initial pH of the PBS buffer was adjusted with hydrochloric acid (HCI) to achieve a pH
value of 1.2.133 At time points of 10, 20, 30 and 90 min, dissolution vials were centrifuged
at 13,000 rpm for 1 min and a 50 pL aliquot was taken from each vial. These aliquots were
then diluted with 250 pLL of MeOH and analyzed via HPLC. The parent dissolution samples
were then vortexed for 1 min and placed back into the aluminum heating block. After the
90 min data point was taken (approximate time of the drug residence in stomach!3*), 18 pL
of sodium hydroxide solution (50 %, w/w) was added to the dissolution media to return the
pH to 6.5. The vials were then vortexed for 1 min, placed into the aluminum heating block
for 3 min, centrifuged for 1 min, and 50 pL of the solution was transferred into the HPLC
vial and diluted with 250 pL of methanol. Additional sample data points were collected at
180 and 360 min. The results are shown in the Table 3.1.
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3.4.3.9 Reverse phase HPLC

Drug concentrations were determined by HPLC after supersaturation, in vitro
dissolution testing, and Caco-2 permeability cell assay (vide infra). A diluted
supersaturation, dissolution or Caco-2 permeability cell assay aliquot (10 pL) in methanol
was injected into an Agilent 1100 HPLC system equipped with a reversed-phase XDB-C18
column (Eclipse, 4.6 x 150 mm, 5.0 p, Agilent) connected to a diode array UV-Vis detector
(1100 DAD, Agilent) at a wavelength of 254 nm. The eluent, consisting of an
acetonitrile/water mixture (96/4 % v/v for probucol), was passed through the column at 1.0
mL/min and 30 °C. Each drug (10 pL) in acetonitrile was injected onto the column and its
concentration determined from the measured elution chromatogram via a linear calibration
curve that was separately determined for each respective drug. The area under the
dissolution curve (AUC360 min) from 0 to 360 minutes was calculated for each dissolution
plot.
3.4.3.10 In-vitro drug transport

Caco-2 Cell Culture. Immortalized Caco-2 cells were obtained from Sigma Aldrich
(St. Luis, MO). All cells were passaged between 35 to 41 times prior to use in the drug
permeation studies. Cells were cultured in 75 c¢m? flasks obtained from Corning
(Cambridge, MA). After cultivation, cells were resuspended in Dulbecco’s modified
Eagle’s medium (DMEM) at a concentration of 0.6 x 10° cells/mL and seeded on cell
support filters pre-wetted with ~ 0.1 mL medium in 12-well cell culture clusters. Cells were
seeded at densities of 2.6 x 10° cells/cm? by dispensing 0.5 mL of the resuspended cell
solution on each filter. A basolateral chamber was filled with 1.5 mL DMEM solution. The
plate support was incubated at 37 °C and 10% CO: for 6 hours. After incubation, the apical
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medium was removed and replaced with 0.5 mL of fresh media to remove non-adherent
cells. Cells were maintained every two days by aspirating medium from the basolateral
side and then from apical side of all filters of the plate followed by addition of fresh DMEM
medium. This was repeated for 28 days, by which point the cells differentiated with respect
to expression of transport proteins and brush border hydrolases. Cells for permeation
studies were grown in Transwell cell culture chambers (Sigma-Aldrich, St. Louis, MO, 24
mm diameter, 3.0 pm pore size, 4.71 cm? growth area). The integrity of the tight junction
between the cells was evaluated by using mannitol as a paracellular marker and by
measuring transepithelial electrical resistance (TER). For donor solutions, three spray dried
dispersions were used: PSoo-b-PAAgo with 25 wt % probucol, HPMCAS with 25 wt %
probucol, and PA Ags with 25 wt % probucol. Phosphate buffer (10 mL) solution was mixed
with ~ 2 mg of spray dried dispersions to achieve approximately 100 uM drug
concentration and the resulting solution was incubated at 37 °C. Filter supports were
washed with phosphate buffer solution and transferred to a new 12-well cluster containing
Hank’s buffered salt solution (HBSS, 1.5 mL per well) followed by addition of HBSS (0.5
mL) to the apical side. Filters were incubated for 20 minutes at 37 °C and TER values
measured for each cluster.

In vitro Drug Permeation Studies. Transport experiments were performed between
day 24 and 28 post-cell seeding (300,000 cells per well) as described by Hubatsch et al.®?
Drug permeation from apical to basolateral sites was measured in Hank’s balanced salt
solution (HBSS) buffer and in the presence of 1.8 mg/mL PAA in the receiving chamber.
Initial solutions of SDDs in HBSS buffer contained ~100 uM drug concentration. SDD
solutions (600 puL) were placed in donor wells and 100 pL aliquots taken at the beginning
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and at the end of the assay; additionally, six aliquots of 600 uL. were withdrawn from the
receiving well every ten minutes. All drug concentrations were determined using HPLC.
Mannitol permeability was evaluated after the completion of the Caco-2 cell assay and it
remained unchanged before performing the assay and following the procedure for the drug
transport experiment.

The apparent permeability coefficient (Papp, cm/s) was determined by measuring
the amount of drug transported across the membrane as a function of time and was
calculated according to the following equation (1):

Papp = (dQ/d1)(1/(4Co)), (D)

In Equation 1, dQ/dt is the steady-state flux of the drug (umol/s), 4 is the surface
area of the membrane (¢cm?), and Cp is the concentration in the donor chamber (uM).

Time points were collected every ten minutes to ensure sink conditions, in which
the concentration in the basolateral site did not exceed 10% of the drug concentration in
the apical site. A sample Papp calculation is shown in the Supporting Information.
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Chapter 4

Star Architectures of Polymeric Excipients and Their Effect on

Drug Supersaturation Maintenance
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4.1 introduction

Star polymers represent a class of macromolecules where linear polymer ’arms’
radiate from a central branching point (core). This type of structure can be further classified
based on number of arms, their chemical composition, distribution around the core, core
chemical makeup and molecular nature.'3> The key examples of the star architectures
include block copolymer, crosslinked-core, miktoarm, and end-functionalized star
polymers as shown in Figure 4.1.136-13°

Star polymers have been explored previously in the realm of drug delivery.'40!41
They possess a distinct advantage as drug delivery agents as they provide multiple
functionalities with controlled composition within one molecule. For instance, star
polymers have been used to encapsulate poorly water-soluble drugs such as nimodipine
and achieve higher efficacy in prevention and treatment of delayed ischemic neurological

disorders.'#?

In this work, authors used A>B type miktoarm star polymer (see Figure 4.1)
made of polyethylene glycol and polycaprolactone that could assemble into spherical
micelles. Drug nimodipine was loaded into the micelles at a feed weight ratio of 5.0 %.
Aqueous solubility of the drug increased ~200 fold via micelle encapsulation and in vitro
release from micelles occurred at much slower rate than from its solution. Additionally,
star polymers can be used as a way to increase molecular weight of the polymer where it
leads to increased efficacy without sacrificing polymer solubility which tends to happen to
high M, polymers. In the case of doxorubicin delivery, poly(N-(2-
hydroxypropyl)methacrylamide) (pHPMA) was attached via dithiol bonds to the NH»-

terminated dendrimer by Etrych et al. Some of the pendant hydroxypropyl groups were

replaced with hydrazide groups in order to conjugate the drug via hydrazone linkage using
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drug’s carboxyl group. Star-shaped pHPMA — doxorubicin assembly has shown enhanced
accumulation in tumors especially when higher molecular weight stars are used to
formulate polymer-drug conjugates.'*® Additionally, the conjugates showed improved
tumor accumulation and superior antitumor activity compared to the linear pHPMA-
doxorubicin conjugates. This was due to higher molar mass (which allowed lots of drug
molecules being conjugated onto one polymer) and higher solubility of the star polymer.
Zhang et al.'*® investigated novel cyclodextrin-containing star polymers that were
synthesized by atom transfer radical polymerization (ATRP) using the arm-first approach.
A crosslinked core was produced via copolymerization of a mixture of mono- and multi-
methacrylate substituted cyclodextrins and 2-(dimethylamino) ethyl methacrylate initiated
by a poly(ethylene glycol) macroinitiator. Cyclodextrins that are distributed along the star
polymer arms can interact with the hydrophobic drugs and form guest-host complexes that
lead to stars self-assembly into nanostructures. Using these type of delivery vehicles
authors showed that preformed nanoparticles could release their payload in response to a
pH change.'** In summary, star polymers represent a type of interesting macromolecule
due to their high molecular weight, good solubility and low viscosity comparable to linear

or branched polymers with relatively low molecular weight.
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Figure 4.1. Illustration of various types of star polymers classified by (A) composition and
sequence distribution of the arm polymer, (B) difference in arm species, (C) core structure,
and (D) functional placement. Adapted from reference'#>.
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Star-shaped architectures are achieved via controlled polymerization techniques
and three main strategies are used: core-first, arm-first, and grafting-to.'*> In the core-first
approach star polymer arms are grown divergently from a pre-synthesized multifunctional
core. For the synthesis of well-defined structures, the initiation efficiency and reactivity of
the core functional groups should be equivalent.'*® Additionally, the rate of polymerization
initiation should be much higher than the propagation and almost no termination events
should occur. This is typically achieved via controlled/living polymerization techniques
such that star polymers with a high level of control over functionality, structure, and
composition are obtained.'*” The biggest advantage of this method is that the reactions are
high yield and relatively facile purification since star polymers can be easily isolated from
the crude monomer mixture. However, the major limitation of this approach is that a
relatively low number of arms (3-8) can be achieved when compared to the number of arms
that 1s commonly present in the stars prepared via arm-first route. Additionally, arms of
these star polymers cannot be directly characterized and require the use of indirect
techniques such as end-group analysis or cleaving the polymer structures from the core and
measuring molecular weight.'4?

Alternatively, arm-first star polymers can be formed by crosslinking or reacting
linear polymers together in a convergent fashion around a central core. This convergent
approach is usually completed by free radical or some other coupling chemistry.!#%!3° For
instance, Gao et al. utilized diacrylate in ATRP polymerization to create highly-crosslinked
core functionalized with Br groups as a result of ATRP polymerization. Then,
monoacrylates can be added to grow ‘arms’ and form star polymers. Li and coworkers
optimized the arm-first approach!>? and were able to prepare 3,6, and 12-arm star polymers
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using copper (I)-catalyzed azide-alkyne cycloaddition reaction and clicking
poly(caprolactone) arms onto alkynylated dendrimer core. One of the main advantages of
this approach is that star-star intermolecular coupling is minimized compared to the core-
first approach.!®!

With the grafting to approach, researchers achieve the highest structural control
over each component of the star polymer because arms and core are prepared separately
and can be thoroughly characterized. Then, arms are attached to the core using a variety of

coupling reactions. Haddelton and coworkers'>?

utilized this approach to achieve star
polymers of high structural complexity, using a core with two sets of functional groups. By
functionalizing six cyclodextrin OH groups with thiols, two orthogonal functionalities
were created for thiol-ene click and for ring opening polymerizations. Also, as it was shown
by Bender et al.'>3, large metal cations can be used to form star polymers. Authors prepared
mikto-arm star polymers using europium chloride (EuCls) as a core and PLA as one type
of arms and bipyridine-functionalized poly(e-caprolactone) as another arm. This polymer
showed unique phase behavior where it formed nanoscale assemblies with labile block
junctions.

Herein, the synthesis of six well-defined star polymers using RAFT polymerization
and a core-first approach is presented. Multi-substituted benzenes are used as cores and
multi-functional CTAs are obtained via Steglich esterification. With this approach, the
trithiocarbonate functionality of the RAFT CTA remains at the periphery of the star

polymer after the polymerization. This allows potential inflexibility of end-group

modification and provides an additional characterization tool — NMR end-group analysis.
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Star polymer potential application in the solubilization of poorly water-soluble will be

discussed.
4.2 Results and Discussion

4.2.1 Synthesis of the chain transfer agent

It was shown previously that high drug solubility is achieved when excipient
provides H-bonding sites and forms aggregates in the solution.!”-!840.78.120 Branched
polymers like star polymers can provide a reservoir for the drug in the solution without the
need of having a hydrophobic chain end in order to induce polymer aggregation. Thus, we
hypothesize that star polymers may allow higher drug loadings and longer stability of the
drug in the amorphous state due to their tunability and controlled polymer segregation
around the central core. In order to prepare star polymers, RAFT polymerization was used
with the core-first approach, where the R-group of the CTA was attached to the core. This
allowed precise control of the number of arms per each star polymer. A trithiocarbonate
CTA was used due to its hydrolytic stability which will be necessary for further polymer
deprotection. Additionally, a C3 R-group was chosen instead of a more commonly used Ci2
group for decreased hydrophobicity and to promote aqueous solubility of the final
polymers in water. A one-pot synthetic procedure for the CTA is shown in the Scheme 4.1.
The final product has a carboxylic acid functionality that will be used for coupling to di-,
tri-, and tetrahydroxy-substituted benzenes for formation of the core structures. The NMR
spectrum shown in the Figure 4.2 shows the presence of the functional groups at 1.03 ppm
and at 3.29 ppm that can be used for end-group analysis of the final star polymers. The

152

procedure was adapted from the reference.'>* Tert-butyl acrylate was used as a monomer
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due to its solubility in organic solvents and a possibility to deprotect it under mild

conditions to form the desired poly(acrylic acid) (PAA) arms.

Acetone S
_~_SH 4+ s=Cc=s + - >
BTXCOOH room temp. \/\S)J\SXCOOH
Scheme 4.1. Reaction scheme for the CTA synthesis.
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Figure 4.2. 'H NMR spectrum of the 2-methyl-2-(((propylthio)carbonothioyl)thio)
propanoic acid recorded in CDCls.

Monitoring of the polymerization kinetics was conducted with tert-butyl acrylate

using variable temperature NMR. Thus, efficiency of the new CTA agents was evaluated,
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and the results are shown in Figure 4.3. The kinetics experiment indicate that the reaction
follows first-order kinetics (with the linear fit R? = 0.998) and confirms the RAFT

mechanism of the tert-butyl acrylate polymerization.
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Figure 4.3. (A) Monomer conversion as a function of time, recorded using variable
temperature NMR. Alpha-vinyl hydrogen on the monomer was used for the concentration
determination. (B) Plot of the natural logarithm of the inverse instantaneous monomer
concentration as a function of time to confirm the first order kinetics law. Reaction

conducted in CD3CN, 400 MHz.

After the starting CTA was synthesized and its reactivity was tested, carboxyl end-
group was coupled via DCC coupling (Steglich esterification'3?) to the hydroxy-substituted

benzenes to form multi-functional CTAs for star polymer synthesis.

4.2.2 Synthesis of the multi-functional CTAs
To synthesize the star polymers, three multi-functional chain transfer agents were
synthesized using N,N’-dicyclohexylcarbodiimide (DCC) coupling reactions with 1,4-

dyhydroxybenzene, 1,3,5-trihydroxy benzene, and 1,2,4,5-tetrahydroxy benzene. Multi-
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substituted benzenes act as the cores structures for the star polymers. This approach was
chosen to keep all polymer end-groups the same (i.e. benzene core in the center and the Cs
end-group at the periphery of the stars) as it was shown previously that end-group
functionality affects drug dissolution.!” Scheme 4.2 shows the synthesis of the
multifunctional CTAs used in this study. It is important to note that 1,2,4,5-
tetrahydroxybenzene is not commercially available due to its air sensitivity and thus, had

to be prepared from 2,5-dyhydroxy benzoquinone.
o (o]
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Scheme 4.2. Synthetic schemes for (A) di-functional CTA, (B) tri-functional CTA, and (C)
tetra-functional CTA synthesis using coupling reactions. These CTAs structures allow
consistency with the core and end-groups and are not sterically hindered to prevent RAFT

polymerization of the tert-butyl acrylate monomer.

For a typical reaction, a hydroxy-substituted benzene was reacted with the 2-
methyl-2-(((propylthio)carbonothioyl)thio) propanoic acid for 24 hours and the final

product was purified by column chromatography. Yields for the multi-functional CTA
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syntheses were relatively low (20-37 %) likely due to low nucleophilicity of the hydroxy-
group attached to the aromatic benzene ring.'>*

A typical NMR spectrum of the tri-functional CTA is shown in the Figure 4.4. The
phenyl CH group was found at 6.82 ppm, thionyl CH> group at 3.33 ppm, and methyl group
at 1.04 ppm and these resonances were used for the end-group analysis as well as the means

for confirming the number of arms in each star polymer.
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Figure 4.4. '"H-NMR spectrum of the tri-functional CTA in CDCl;.

4.2.3 Synthesis of the star polymers
All of the star polymers were synthesized using a tert-butyl acrylate monomer. This
allowed synthesis of the poly(tert-butyl acrylate) stars that are well-soluble in most organic

solvents and can be easily characterized using SEC and NMR techniques. After
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polymerization,, the tert-butyl groups were cleaved and the final poly(acrylic acid) stars
obtained. Two sets of star polymers (3 star polymers in each set) were synthesized. In one
set, the degree of polymerization of theacrylic acid was kept the same. This meant that the
more arms the star has, the shorter the arms would be. Therefore, tbe effect of the number
of arms on drug solubility enhancement was evaluated while all other variables were kept
the same (such as degree of polymerization). In the second set of star polymers, the length
of each arm was kept kept constant, where molecular weight increased for each polymer
as a function of arm length.

For a typical star polymer synthesis, the synthetic steps were as follows: Multi-
functional CTA, tert-butyl acrylate, and azobisisobutyronitrile (AIBN) were added to the
round-bottom flask with acetonitrile. The mixture was purged with nitrogen gas for one
hour. After, the reaction mixture was sealed and submerged in an oil bath at 70 °C for six
hours. When reaction was finished, the mixture was precipitated in a methanol/water
mixture (1:1, v/v) and dried in vacuum. At this stage, the polymers were characterized
using NMR (Figure 4.5) and SEC. After the sample was dried and characterized, tert-butyl
protecting groups were removed by reacting with trifluoroacetic acid in DCM for 48 hours.
The final product was dialyzed in water for three days and freeze dried to obtain a final
product. The NMR spectra showed complete removal of tert-butyl protecting groups for

all samples
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Figure 4.5. Representative NMR spectra (of the three-arm star polymer) before (A) and
after (B) tert-butyl group deprotection. Spectrum (A) was recorded in CDCI3 and (B) was
recorded in MeOD. End-group analysis demonstrated that polymer architecture stays intact

upon deprotection.
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As shown in Figure 4.5, integral ratios between end-groups on the star periphery
and end-groups in the core can elucidate degree of polymerization as well as the number
of arms for each polymer. For instance, in Figure 4.5 (A), the peak area ratio of d/b =296/6.
Given that this is a three-arms star polymer, the degree of polymerization of each arm is
99 repeat units. The integral ratio between peaks b/a is shownas 6/3. This ratio is indicative
that a three-arm star polymer was prepared. Table 4.1 contains all of the characterization
information for the prepared star polymers.

Table 4.1. Molecular weight and dispersity data of the star polymers used in this study.

Polymer  Architecture M,®,kDa M,"”,kDa M,",kDa D® RUp er(c)
polymer
[P(AA)118]1 Homopolymer 8.4 8.6 10.5 1.22 118
[P(AA)s2]2 Diblock 7.9 7.9 8.4 1.07 104
[P(AA)33]3 Three-arm 8.9 9.0 9.3 1.03 114
[P(AA)97]3 Three-arm 21.3 21 21.8 1.04 301
[P(AA)2s]4 Four-arm 8.4 8.2 8.9 1.09 100
[P(AA)97]4 Four-arm 26.4 28 30 1.07 388

In the first column, a number next to parenthesis indicates the number of repeat units per
arm of the star polymer and a number next to brackets indicates number of arms in the
given star polymer “Molecular weight was determined using NMR end-group analysis.
"Determined using SEC coupled with multi-angle light scattering detector.
4.2.3 Solid dispersions preparation with BCS Class II drug probucol

All samples were spray dried using a Bend Research lab scale Mini Spray Drier

from MeOH. Different drug loadings were used to prepare SDDs: 25 wt % and 50 wt %;

afterwards, DSC was used to evaluate their stability. In general, the physical stability of
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the SDDs is a critical component for thermodynamic stability of the drug molecules.® The
drug should be molecularly dispersed in the polymer matrix yielding an amorphous
mixture. A physically-stable and amorphous SDD formulation leads to increased aqueous
solubility of the drug, improved bioavailability (potentially leading to decreased costs and
side effects). Probucol-polymer interactions appear to increase with the increased number
of H-bonding sites in the polymer, and from the characterization data, the drug is
molecularly dispersed in the polymer matrix (Table 4.2).
4.2.4 Drug dissolution testing

Next, how well the SDDs achieve and maintain the in vitro dissolution performance
of probucol was studied. Ideally, a dispersion of the drug and polymer should be able to
maintain supersaturation levels of drug and inhibit crystal nucleation in the GI tract.
Simulated intestinal fluid was added to the dissolution media to test in vitro performance
of all the SDDs. Figure 4.6 shows the dissolution profiles of all the SDD formulations at
25 wt % probucol loading and Figure 4.7 shows the dissolution profiles of SDDs at 50 wt

% probucol loading.
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Figure 4.6. Dissolution data of the SDDs prepared at 25 wt % of probucol. The target
concentration of probucol was 1000 pg/mL (denoting 100% drug solubility) whereas the
aqueous solubility of crystalline probucol (without an excipient) is very poor (0.042
pg/mL). Data points denote the mean of three dissolution experiments and error bars denote

the standard deviation of the measured data (N=3).
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Figure 4.7. Dissolution data of the SDDs at 50 weight percent of probucol. The target
concentration of probucol was 1000 pg/mL (denoting 100% drug solubility) whereas the
aqueous solubility of crystalline probucol (without an excipient) is very poor (0.042
pug/mL). Data points denote the mean of three dissolution experiments and error bars denote

the standard deviation of measured data (N=3).
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The SDDs with the PAA polymers and 25 wt % drug loading (except the
[(PAA)100]4 excipient) showed an excellent release and solubility profile with probucol in
aqueous solution and maintained drug supersaturation for 360 min (6 h). We attributed the
performance of the PAA stars to their ability to dissolve rapidly in aqueous solution, release
probucol in the dissolution media, and inhibit crystal nucleation by potentially binding to
the drug through both H-bonding and hydrophobic interactions. The [(PAA)i00]4 four arm
star did not dissolve fully because of its high molecular weight (Mw = 28 kDa) in the
dissolution media and resulted in a lower solubilization/release profile of probucol. Due to
the insolubility of the polymer matrix, the drug may be trapped and remain undissolved
with the polymer in the dissolution media.

To further understand the role of the star polymer architecture, SDDs with 50 wt %
of the drug were prepared. At this drug loading, the polymer concentration in the solution
is low (~1 mg/mL) relative to other drug loadings. Therefore, even high molecular weight
polymers tend to be soluble in aqueous media at such low concentrations. By making sure
that the polymer excipient is fully soluble during the dissolution test, the effects of polymer
architecture on the drug solubility enhancement can be inferred.

Two sets of polymeric excipients were tested at 50 wt % drug loading — the polymer
and star varients with the same molecular weight and the polymer and star varients with
the same degree of polymerization of each arm (Figure 4.7). All dissolution data were
compared to the linear polymers (the homopolymer and the “deblock™ polymerized with
the two PAA blocks). The linear polymers ([(PAA)116]1 and [(PAA)s1]2, controls) had the
lowest solubility profile compared to other star polymers. The three-arm excipients
[(PAA)33]3 and the four-arm excipient [(PAA)2s]4 both allowed higher probucol solubility
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maintenance leading to a conclusion that the polymer branching may the volume of space
within the polymer where the drug can be partitioned into. This is further supported by
literature where branched polymers are used as excipients for enhancing drug
solubility.!3>13 When star polymers of higher molecular weight were used ([(PAA)100]3,
My, = 21 kDa and [(PAA)i00]s, Mw = 28 kDa), even higher amount of probucol was
maintained in the solution for up to six hours. This is indicative of not only the excipient
branching being important in the drug solubility maintenance, but also the excipient
molecular weight as well. To further improve solubility maintenance, highly-branched and
of high molecular weight (while still maintaining solubility) may create a polymer-rich

phase for the drug to partition into.
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Figure 4.8. Area under the curve (AUC) as calculated at 360 min from the dissolution data
of SDDs with 10, 25, and 50 weight percent probucol (PRB) loading. The calculated AUC
is the average of three trials and error bars denote the standard deviation of measured data

(N=3).
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The area under the curve (AUC360min) 1s the area under the drug concentration —
time profile curves over the period of a 6 h dissolution test and represents the solubility
maintenance of the excipient system for a drug. The AUC360max 1 the theoretical maximum
area under the drug concentration time profile over the period of a 6 h dissolution test,
where 3.6 x 10° ug-min/mL denotes 100% drug solubility and supersaturation maintenance
over the period of six hours. Incorporating a higher drug loading percentage in an SDD
formulation is desirable; however, there is a fine interplay between higher drug loading,
and the increased tendency of the drug to crystallize. Therefore, in Figure 4.8, the AUC
supports the trends observed with star polymers: branching and increased molecular weight
enhance drug solubility if the excipient full solubility is maintained.

Table 4.2. Percent of probucol crystallinity in SDDs formulated with 50 wt % of the drug
(as determined by the DSC) and AUC36omin value for each of the formulations.

Polymer % Crystallinity AUC, 10*
[P(AA)s], 49 1.540.1
[P(AA)s:]2 59 2.0+0.1
[P(AA)s]3 46 3.740.2
[P(AA)o7]3 44 3.840.1
[P(AA)2s]4 48 27402
[P(AA)o7]4 52 4.640.2

Finally, data in the Table 4.2 suggests that all formulations have relatively the same
probucol crystallinity in each sample as determined by the DSC measurements (error of

DSC crystallinity measurement is £7%'37). Therefore, we concluded that star polymers are
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more effective at inhibiting crystal growth when the nucleation sites are already present in

the solution.
4.3 Conclusion

In summary, we have synthesized two sets of well-defined architectures of the
PAA-based star polymers and formulated SDDs of these materials with probucol. Our
results clearly indicate that the solubility of the polymer matrices in the dissolution media
and an increase in hydrogen bonding sites in the polymer matrices are critical to decrease
probucol crystallization, increase drug solubility (i.e., the AUCseomin value), and achieve
supersaturation concentration of hydrophobic drugs in the dissolution media. Our study
gives new insight into the field of excipient design by demonstrating the importance of
polymer architecture to maintain drug solubility of a highly hydrophobic API. The
development of tunable high-performance excipients and efforts to understand the
structure-activity relationships may help decrease the current high attrition rate of drugs in
the pharmaceutical development pipeline.

4.4 Materials and Methods

4.4.1 Materials

All chemicals were reagent grade and used without further purification unless
otherwise noted. All solvents were HPLC or analytical grade. Styrene (99%, ACROS
Organics) and fert-butyl acrylate (98%, Sigma-Aldrich) were purified by passing them
through activated basic alumina (80-200 Mesh, Fisher Scientific) columns. 2,2’-Azobis(2-
methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was stored in a freezer at —20 °C and

used as received without any further purification. Probucol (PBC), was obtained from
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Sigma-Aldrich (Milwaukee, WI), acetonitrile (Fisher Scientific) and trifluoroacetic acid
(ACROS Organics) were used as received. N,N’-dicyclohexylcarbodiimide (DCC, 99%,
Sigma-Aldrich), 4-(dimethylamino)pyridine (DMAP, 99%, Sigma-Aldrich), 1-
propanethiol (99%, Sigma-Aldrich), carbon disulfide (Sigma-Aldrich), and 2-bromo-2-
methylpropioni acid (98%, Sigma-Aldrich) were used as received without any firther
purification. Fasted simulated intestinal fluid powder (FaSSIF) was purchased from
Biorelevant (Surrey, UK). Phosphate buffered saline (PBS) consisted of 82 mM sodium
chloride (99%, Fisher Scientific), 20 mM sodium phosphate dibasic heptahydrate (98%,
Fisher Scientific), and 47 mM potassium phosphate monobasic (99%, J.T. Baker).
4.4.2 Polymer synthesis

2-methyl-2-(((propylthio)carbonothioyl)thio)propanoic acid chain transfer agent
synthesis. Potassium phosphate tribasic (1.1 equiv.) was dissolved in acetone and purged
with nitrogen for 5 minutes. Propane thiol (1.1 equiv.) was added, and the flask was purged
for 10 additional minutes. Carbon disulfide (3 equiv.) was added and stirred for 20 minutes,
then 2-bromoisobutyric acid (1 equiv.) was added. After 22 hours, the reaction was
stopped, was vacuum filtered to remove precipitated potassium bromide, and concentrated
with a rotary evaporator to remove acetone. The reaction mixture was washed with 300 mL
of 1 M hydrochloric acid, extracted with 250 mL of dichloromethane, dried with sodium
sulfate, filtered, and concentrated. The reaction mixture was separated by flash column
chromatography on silica gel with 3:2 hexane : ethyl acetate and concentrated to obtain a
yellow oil (1) with 32% yield. "H NMR (500 MHz, Chloroform-d) § 5.32 (d, J = 1.5 Hz,

OH), 4.15 (qd, J = 7.1, 1.6 Hz, OH), 3.33 — 3.26 (m, 2H), 2.07 (d, J = 1.5 Hz, OH), 1.80 —

131



1.68 (m, 8H), 1.28 (td, J=7.1, 1.6 Hz, 1H), 1.03 (td, J = 7.4, 1.6 Hz, 3H). '3C NMR (126
MHz, Chloroform-d) & 220.88, 177.97, 55.53, 38.86, 25.23, 21.40, 13.51.

Difunctional CTA synthesis. 1,4-dihydroxyquinone (1 equiv.), N,N’-dimethyl
aminopyridine (0.2 equiv.), and 2-methyl-2-(((propylthio)carbonothioyl)thio)propanoic
acid (4 equiv.) were dissolved in dichloromethane and purged with nitrogen for 10 minutes
before adding dicyclohexyl carbodiimide (DCC, 1.5 equiv.). After 16 hours, the reaction
was stopped and concentrated. The reaction mixture was separated with flash column
chromatography on silica gel with 1:1 hexanes : ethyl acetate and concentrated to obtain
an orange waxy solid with 43% yield. "H NMR (400 MHz, Chloroform-d) & 6.62 (s, 4H),
3.33 (t, J = 7.3 Hz, 4H), 1.83 (s, 12H), 1.75 (q, J = 6.4 Hz, 4H), 1.04 (s, 6H). *C NMR
(126 MHz, Chloroform-d) & 222.42, 173.28, 67.76, 61.01, 55.98, 38.86, 25.40, 21.44,
13.47.

Trifunctional CTA synthesis. 1,3,5-trihydroxybenzene (1 equiv.), N,N’-dimethyl
aminopyridine (0.2 equiv.), and 2-methyl-2-(((propylthio)carbonothioyl)thio)propanoic
acid (6 equiv.) were dissolved in dichloromethane and purged with nitrogen for 15 minutes
before adding DCC (1.5 equiv.). After 20 hours, the reaction was stopped and concentrated.
The reaction mixture was separated with flash column chromatography on silica gel with
1:1 hexanes : ethyl acetate and concentrated to obtain an orange waxy solid with 43% yield.
"H NMR (400 MHz, Chloroform-d) & 6.82 (s, 3H), 3.33 (t, /= 7.3 Hz, 6H), 1.83 (s, 18H),
1.75 (q, J = 6.4 Hz, 6H), 1.04 (s, 9H). '3C NMR (126 MHz, Chloroform-d) § 222.42,
173.28, 67.76, 61.01, 55.98, 38.86, 25.40, 21.44, 13.47.

1,2,4,5-tetrahydroxybenzene synthesis. To a mixture of 4.00 g of 2,5-
dihydroxyquinone (28.6 mmol) and 10.16 g (85.6 mmol) of tin powder (<150 ym) 100 mL
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of concentration hydrochloric acid was added (36 %) in a 1 L flask. The flask was purged
with nitrogen and the mixture was stirred for 18 hours. The next day, the mixture was
refluxed for 30 minutes and filtered under nitrogen atmosphere. After filtration, solution
was sealed in a vial under N> atmosphere and cooled down to 0 °C. Recrystallized product
was filtered and dried in vacuum. Yield was 36 %. '"H NMR (400 MHz, MeOD) & 6.36 (s,
2H). 3C NMR (126 MHz, MeOD) § 137.3, 104.0.

Poly(tert-butyl acrylate) three-arm star polymer synthesis. The tri-functional CTA
(0.246 g, 0.674 mmol), AIBN (0.0172 g, 0.105 mmol), and tert-butyl acrylate (10.0 g, 78.1
mmol) were added into a 50 mL round-bottom flask with acetonitrile, followed by three
freeze-vacuum-thaw cycles. The flask was immersed into an oil bath at 70 °C and stirred.
After four hours, the flask was cooled to room temperature and opened to air. The polymer
was dissolved in 25 mL of tetrahydrofuran (THF) and precipitated into a methanol/water
1:1 mixture (1 L). The isolated polymer was re-dissolved in THF and precipitated twice
more, to afford a yellow viscous product, which was dried in vacuum (M, = 8.9 kg/mol, D
= 1.09, yield = 85%). 'H NMR (400 MHz, Chloroform-d) & 6.83 (s, 3H), 3.34 (bs, 6H),
2.25 (bs, 296H), 1.25 — 1.6 (bs), 1.02 (s, 9H).

Deprotection of the poly(tert-butyl acrylate) three-arm star polymer. Poly(tert-
butyl acrylate) three-arm star polymer (1.87 g, 0.0621 mmol) was dissolved in 5.5 mL of
dichloromethane (DCM) in a 25 mL round-bottom flask equipped with a stir bar. Excess
trifluoroacetic acid was then added dropwise (3.10 mL, 18.2 mmol) and the solution stirred
for 24 hours at room temperature. The suspension was filtered and the resulting solid

dissolved in DMF and dialyzed (ethanol-water mixture (1:1, v/v); then water). The aqueous
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solution was freeze-dried, yielding a yellowish powder (yield = 98%). (polymer
characterization results are shown in Table 4.1).
4.4.3 Methods
4.4.3.1 Size exclusion chromatography (SEC) method

SEC measurements were carried out on an Agilent 1260 Infinity liquid
chromatograph equipped with a Waters Styragel guard column and three Waters Styragel
columns (HR6, HR4, and HR1; 100-10,000,000 g/mol) to provide effective separation for
molecular weight determination. The detectors used were an Agilent 1260 VWD UV-vis
detector, a Wyatt Dawn Heleos II light-scattering detector, and a Wyatt Optilab T-rEX
refractive-index detector. Tetrahydrofuran was used as the mobile phase at 1.0 mL/min at
25 °C.
4.4.3.2 Spray drying

Spray drying was performed on a Bend Research Mini Spray Drier under the
following conditions: inlet temperature of 68 °C, nitrogen flow rate of 12.8 SLPM, and a
0.65 mL/min syringe flow rate. The SDDs were collected on a 4” Whatman filter. Unless
otherwise noted, the total solute content spray dried was always one weight percent.
Solutions were sprayed from a THF:MeOH mixture (15:2, v/v). All diblock terpolymers
were completely soluble in a THF:MeOH mixture prior to spray drying. The SDD
composition is reported as the weight percent (wt %) drug in the dispersion. For example,
30 mg of probucol and 270 mg of polymer were dissolved in 29.7 g of THF:MeOH mixture
to make 10 wt% probucol with (PEP-b-P(DMA-grad-MAT)). Three different
compositions were used for the polymer/drug dispersions: 10, 25, and 50 wt % probucol
relative to polymer.
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4.4.3.3 Differential scanning calorimetry (DSC)

Modulated differential scanning calorimetry (MDSC) was used to determine the
thermal features of the SDDs and was conducted on a TA-Instruments Discovery DSC
equipped with an autosampler. Samples from 5—10 mg were placed in T-zero aluminum
pans and sealed with a hermetic lid. MDSC analysis was performed with a nitrogen flow
rate of 50.00 mL/min and a heating rate of 1 °C/min from 0 to 180 °C. The temperature
was modulated at +2 °C with a period of 40 s. The first heating scans are reported. For
polymer only samples (not spray dried), the temperature was not modulated, but was
ramped between -50 °C and 180 °C at a rate of 10 °C/min. The second heating scans are
reported for those samples. For all samples, TA TRIOS software version 2.2 was used to
analyze Tg values and enthalpic components.
4.4.3.4 In-vitro dissolution test

Dissolution testing was performed on each SDD formulation and the crystalline
drug to determine the concentration of drug in the dissolution media and maintenance of
supersaturation. The dissolution medium consisted of phosphate buffer saline (82 mM
sodium chloride, 20 mM sodium phosphate dibasic, 47 mM potassium phosphate
monobasic) supplemented with 0.5 wt% FaSSIF. The medium was adjusted to pH 6.5 with
NaOH. An appropriate amount of SDD or crystalline drug was weighed and added into 2.0
mL microcentrifuge tubes to yield a final total drug concentration of 1000 mg/mL (if all
material is fully dissolved). For example: At 10 wt % of drug loading, we took 18.0 mg of
SDD consisting of 1.8 mg of drug and 16.2 mg of polymer and diluted the SDD with 1.8
mL of PBS buffer (containing FaSSIF) solution for dissolution testing. All samples were
analyzed in duplicate (n = 2). The first step in dissolution testing involved vortexing the
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samples for 1 min in 1.8 mL of PBS+FaSSIF medium and then placing the sample into an
isothermal aluminum heating block held at 37°C. At each time point (4, 10, 20, 40, 90,
180, and 360 min), tubes were removed from the heating blocks and centrifuged at 13,000
rpm, 37 °C for 1 min to remove undissolved drug from dissolved drug, and then a 50 uL.
aliquot of the supernatant was transferred to an HPLC vial. The samples were again
vortexed for 30 s and held at 37 °C until the next time point. The supernatant in the HPLC
vials was then diluted with 250 pL. of methanol and analyzed for drug via HPLC.
4.4.3.5 Reverse phase HPLC

Drug concentration in each aliquot was determined by reverse phase HPLC. The
HPLC consisted of a reversed-phase EC-C18 column (Poroshell 120, 4.6 x 50 mm, 2.7 um,
Agilent, USA). A mobile phase of 96:4 (v/v) acetonitrile:water was used for probucol
detection with a flow rate of 1.0 mL/min at 30 °C. A 10 pL aliquot of sample was injected,
and the column effluent was detected at 241 nm with a UV detector (1260 Infinity Multiple
Wavelength Detector, Agilent). The probucol concentration in the samples was determined

using a calibration curve of 0.1-500 pg/mL concentrations.
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Summary and Outlook
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5.1 Dissertation summary

Nowadays most of the pharmaceutical ingredients are coming into the innovation
pipeline with poor water solubility. Thus, development of excipients is playing a crucial
role in improving the solubility of poorly water-soluble compounds. The field is rapidly
expanding and there had been promising progress in establishing structure-property
relationships between drugs solubility enhancement and polymer microstructure/chemical
functionality. The work presented here emphasized the role of non-covalent interactions
like H-bonding but could significantly benefit from further investigation of electrostatic
interaction that can address poor aqueous solubility of several important drug classes that
exist either in cationic or anionic forms when are present in the medium of small intestine.
In this dissertation, considering the imperative role of excipient development in the
pharmaceutical industry, a novel class of self-assembling, stimuli-responsive polymeric
excipients was described for the applications in the oral drug delivery. Chapter 1 gave an
overview to this important field and Chapter 2 describes the synthesis of five well-defined
architectures of diblock terpolymers PEP-H-P(DMA-grad-MAT), PNIPAm-b-P(DMA-
grad-MAT) of three different molecular weights, and PDEAEMA-b-P(DMA-grad-MAT).
All of the copolymers formulated as SDDs with probucol. The results demonstrate that the
solubility of the polymer matrices in the dissolution media and increase in H-bonding sites
in the polymer matrices are critical for lowering probucol crystallinity and for increasing
its solubility. The aforementioned polymers allow orders of magnitude higher than
equilibrium drug concentration maintenance for up to 6 hours. This project gives new

insight into the field of excipient design by demonstrating the importance of monomer
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selection and polymer composition to fine-tune drug release and maintain its solubility over
prolonged periods of time in the simulated environment of the human GI tract.

Chapter 3 describes synthesis of eight different polymers, including four diblock
copolymers of polystyrene and poly(acrylic acid) of varying block lengths and four
poly(acrylic acid) homopolymers. Block copolymers are amphiphilic and can be
formulated with the drug in a form of aggregates or in a form of unimers. We observed that
block copolymers that were preaggregated have higher probucol solubility enhancement
compared to those spray dried from the non-selective solvent in a form of free polymer
chains. This behavior is predominantly excipient-driven due to limited polymer solubility
in the simulated intestinal fluid. The pH responsiveness of poly(acrylic acid)-containing
block copolymers allowed for the determination of the efficiency of drug sequestration in
the aggregate corona and release upon pH change from 1.2 (stomach pH) to 6.5 (small
intestine pH). Finally, the Caco-2 cell assay was used to determine the drug permeability
coefficient for selected polymers and it was shown that there is a four-fold increase in drug
permeability for the PSoo-b-PA Asgo excipient relative to the commercially-available control.
This project revealed that utilizing preaggregated polymer excipients for formulating drug-
containing spray dried dispersions plays an important role in solubilizing and maintaining
supersaturated concentrations of certain drugs while being a simple and controlled platform
for oral drug delivery.

Chapter 4 further investigates the role of polymer architecture and molar mass on
drug solubility enhancement. Six poly(acrylic acid)-based star polymers were synthesized
with varying number of arms and number of PAA repeat units for each arm. Because end-
groups and star cores were kept consistent, this project gave an insight on the role of
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polymer architecture such as varied number of arms of the star. It was revealed that higher
number of arms enhances drug solubility especially at higher drug loadings (50 wt %),
which is a desirable outcome for the pharmaceutical industry. This agrees with some
previous research that suggests branched structures tend to increase drug solubility relative
to linear excipients.

Overall, this work collectively demonstrates that the development of tunable high-
performing excipients and efforts to understand the structure-activity relationships may
help decrease the current high attrition rate of drugs in the pharmaceutical development
pipeline.

5.2 Future directions

To further explore types of interactions that exist in a complex polymer-drug-
solution system, synthesis of the drugs structural analogues should be conducted next.
Previous study conducted in our group by Ting et al.”® demonstrated presence of H-bonding
and hydrophobic interaction between the excipient and the drug phenytoin. Phenytoin
belongs to a class of compounds called hydantoins. By modifying hydantoin core with
various H-bonding and hydrophobic functional groups we can further elucidate the role of
each type of interactions between the drug and the polymer in solution. Figure 5.1 shows
phenytoin drug analogues that can be used with NIPAm-co-DMA excipient as well as some
commercially available excipients (Kollidon®, HPMCAS). For the synthesis, a versatile
and green reaction between di-substituted ureas and 1,2-diketones will be used. This will
enable us to prepare a library of phenytoin analogues by using starting materials with
different substituents. First part of the project will study the effect of H-bonding and

hydrophobic interactions between the drug analogues and the polymers. For this, nitrogens
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on glycolurea ring will be substituted with methyl groups to ‘block’ their ability to
hydrogen bond and phenyl groups will be replaced with tert-butyl and methyl groups.
Second part of the project will determine the role of steric properties of the drug molecule:
phenyl groups will be replaced with di-tertbutyl phenyl groups and then with methyl
groups. We hypothesize that this systematic study will help determine specific role of each
functional group on the drug molecule as well as the role of the pendant groups along the

polymer backbone.

(0]
Q 0 NaOH RO
OV S vt

0 H H Grinding, Solvent-Free R‘HN_R4
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HN 1 P2 — ]
B) & HNH (C) R!, R2 =H, Ph, Me, t-Bu,
Ph o)
R3 = H, Ph, Me, t-Bu

R4 =H, Ph, Mg, t-Bu

Figure 5.1. (A) Proposed synthesis method for the synthesis of hydantoins (phenytoin’s
analogues), (B) Structure of the model drug phenytoin, and (C) Different substituents that

will be used around hydantoin core.

Proposed structures will further our understanding of the role of non-covalent
interactions between poorly water-soluble drug and a polymer. A variety of techniques that
were described in this work (NOESY, DOSY, differential scanning calorimetry, IR
spectroscopy) can help pinpoint the binding sites, as well as new characterization methods

can be introduced. For instance, isothermal titration calorimetry should be sensitive enough
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to measure the enthalpy of polymer-drug electrostatic interaction. Finally, due to biological
activity of charged polymers, their role in bioavailability enhancement as well as
mucoadhesive properties can be investigated. This can potentially lead to the expansion of
the library of drugs to include BCS Class IV drugs that are known for their poor solubility

as well as poor intestinal permeability.
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