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ABSTRACT: In pharmaceutical oral drug delivery development, about 90% of drugs in the pipeline have poor aqueous solubility
leading to severe challenges with oral bioavailability and translation to effective and safe drug products. Amorphous solid dispersions
(ASDs) have been utilized to enhance the oral bioavailability of poorly soluble active pharmaceutical ingredients (APIs). However, a
limited selection of regulatory-approved polymer excipients exists for the development and further understanding of tailor-made
ASDs. Thus, a significant need exists to better understand how polymers can be designed to interact with specific API moieties.
Here, we demonstrate how an automated combinatorial library approach can be applied to the synthesis and screening of polymer
excipients for the model drug probucol. We synthesized a library of 25 random heteropolymers containing one hydrophilic monomer
(2-hydroxypropyl acrylate (HPA)) and four hydrophobic monomers at varied incorporation. The performance of ASDs made by a
rapid film casting method was evaluated by dissolution using ultra-performance liquid chromatography (UPLC) sampling at various
time points. This combinatorial library and rapid screening strategy enabled us to identify a relationship between polymer
hydrophobicity, monomer hydrophobic side group geometry, and API dissolution performance. Remarkably, the most effective
synthesized polymers displayed slower drug release kinetics compared to industry standard polymer excipients, showing the ability to
modulate the drug release profile. Future coupling of high throughput polymer synthesis, high throughput screening (HTS), and
quantitative modeling would enable specification of designer polymer excipients for specific API functionalities.

KEYWORDS: oral drug delivery, combinatorial polymer synthesis, amorphous solid dispersions, drug precipitation inhibition,
polymer excipients

1. INTRODUCTION low solubility."”'”'" The poor aqueous solubility of the

Among the numerous routes of pharmaceutical drug admin- majority of drug candidates leads to severe challenges with

istration, oral drug delivery is the most prevalent because of its
simplicity and high patient compliance."”” Oral drugs are
classified by the Biopharmaceutics Classification System
(BCS) which categorizes drugs into four groups based on
water solubility and permeability across the intestinal mucosal
barrier."” Bioactive pharmaceuticals are often identified via high

oral bioavailability and translation to an effective oral dosage
form within safe dosage limits.

To address these challenges, amorphous solid dispersion
(ASD) formulation via spray drying or hot melt extrusion is
widely used. ASDs increase aqueous solubility by molecularly

throughput screening (HTS) whereby automated and quanti- Received: December 14, 2020
tative design techniques are employed.*”” HTS will often hone Accepted:  February 4, 2021
in on hydrophobic drug candidates because hydrophobic Published: February 15, 2021

interactions play a major role in drug-receptor binding."*’ In
fact, 40% of oral drugs on the market are poorly soluble (BCS
Class II or IV) while about 90% of those in development have
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Figure 1. Experimental design schematic. Polymers were designed to participate in polar and nonpolar interactions with the model drug probucol. In
these random heteropolymers, a hydrophilic monomer (HPA) was copolymerized with 0—60 mol % of hydrophobic monomers (MA, BA, HA, and
CHA). Automated polymer synthesis was conducted with liquid handling robotics to dispense correct volume of monomer, CTA, and initiator into 96-
well plates. Formulation of polymer/API was assessed by a film casting screening experiment. Further characterization of polymer/API miscibility and
crystallization was completed by using mDSC, XRD, and polarized light microscopy.

dispersing active pharmaceutical ingredients (APIs) in an
amorphous polymer with a high glass transition temperature
(T,).""*~"* Despite the diversity of published work studyin§
polymer structures,">™*° lipid-based delivery systems,”*"”
microencapsulations,” hydrogels,”* and natural polymers,
the vast majority of ASD formulations utilize cellulose-derived
polymers such as hydroxypropyl methylcellulose (HPMC) and
hydroxypropyl methylcellulose acetate succinate
(HPMCAS).””~* By limiting the diversity of available polymer
excipient designs, few commercial options are available for
particularly problematic APIs. Therefore, a need exists in the
oral drug delivery community to better understand how
excipients can be tailor-made for specific APIs. Distinct
structural attributes such as molecular weight, dispersity (D),
and comonomer distribution can impact both the physical
stability and solution performance of ASDs. A systematic
approach toward understanding how polymer attributes impact
ASD performance is needed as well as a robust approach toward
designing tailor-made ASDs.

Synthetic polymers are uniquely equipped to meet this need
as structural parameters such as degree of polymerization (DP),
monomer composition, architecture (e.g., linear vs star-shaped),
and functionalization can be controlled.”*™*” Traditional
controlled living radical polymerization (CLRP) techniques
such as reversible addition—fragmentation chain-transfer
(RAFT) polymerization and atom transfer radical polymer-
ization (ATRP) suffer from the requirement to provide inert
reaction conditions by degassing.’”*" Practically, this has
prevented the synthesis of large and precisely designed
combinatorial polymer libraries. Consequently, these labor-
intensive techniques have delayed full exploration of polymer
structural traits and ultimately excipient design parameters for
specific API moieties. >~ '%*~*

Recently, oxygen-tolerant techniques have been developed by
our group and others to carry out efficient polymerizations in 96-

25—-28
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well plates. This includes enzyme-assisted initiators for
continuous activator regeneration (ICAR) ATRP,* enzyme-
assisted RAFT (Enz-RAFT),"**” and photoinduced electron
transfer-RAFT (PET-RAFT).** Numerous publications have
utilized PET-RAFT in particular to synthesize polymers in
DMSO at low volume.”” ™' We have previously used PET-
RAFT to undertake structure—function testing of polymer
designs from combinatorial libraries.”®* This ability to conduct
polymerizations at the benchtop has enabled robotic automa-
tion of Enz-RAFT and PET-RAFT with a user-friendly interface,
time and labor savings, and experimental reproducibility.>®
Reineke, Hillmyer, and others have previously explored
various polymer chemistries for designing ASDs of model drugs
such as probucol and phenytoin, also employing an automated
synthesis and rapid screening process.' " ~*%** Our goal was to
further improve upon this throughput capability by exhibiting
the utility of an automated air-tolerant polymer synthesis
approach that can be conducted directly in 96-well plates. Here,
we demonstrate that an automated combinatorial polymer
synthesis approach can be combined with high throughput ASD
excipient screening to reveal the effect of polymer design
parameters on API dissolution performance (Figure 1).
Specifically, we investigated the effect of copolymer amphiphi-
licity (side group length and mole ratio) and geometric shape
(linear vs cyclic) of hydrophobic side groups on the dissolution
enhancement of model API probucol (BCS Class II). We
synthesized random heteropolymers containing a hydrophilic
monomer 2-hydroxypropyl acrylate (HPA) and hydrophobic
monomers at varied incorporation (0—60 mol %) including
methyl acrylate (MA), butyl acrylate (BA), hexyl acrylate (HA),
and cyclohexyl acrylate (CHA). HPA was selected to potentially
engage in hydrogen bonding with the API while MA, BA, HA,
and CHA were selected to tune hydrophobicity. The effect of
hydrophobic monomer side chain geometry was investigated by
evaluating the performance of polymers with linear hexyl side
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chains to polymers with a cyclohexyl side chain (CHA) at a
range of mole ratios. A combinatorial library of 25 polymers was
synthesized in 96-well plates via automated PET-RAFT using a
Hamilton Microlab STARlet liquid handling robot. Initial
characterization was completed by gel permeation chromatog-
raphy (GPC) and modulated differential scanning calorimetry
(mDSC) to quantify molecular weight, D, and glass-transition
temperature (T,). ASD screening was utilized to rapidly assess
this polymer library toward enhancement of dissolution
performance of the hydrophobic model API probucol. For
comparison, industry standard polymers HPMCAS, HPMC,
and vinylpyrrolidone—vinyl acetate copolymer (PVP/VA) were
also investigated for probucol supersaturation. The ASD screen
included preparation of solvent-cast polymer/drug mixtures,
reconstitution in biorelevant media, and quantification of
dissolved probucol concentration at various time points by
ultra-performance liquid chromatography (UPLC). Physical
characterization of solvent-cast polymer/drug was performed by
mDSC, transmission X-ray diffraction (XRD), and polarized
light microscopy to verify the amorphous or crystalline nature of
the API and miscibility of the polymers with API. By taking
advantage of automated open-air PET-RAFT via the adaptation
of liquid handling robotics, we can synthesize a large
combinatorial library of polymer excipients for oral drug
delivery formulations directly in 96-well plates and therefore
identify insightful polymer structure—activity relationships.

2. EXPERIMENTAL SECTION

2.1. Materials. Monomers HPA, MA, BA, HA, and CHA were
purchased from Polysciences, VWR, Sigma-Aldrich, and Fisher
Scientific, respectively. The chain transfer agent (CTA) 4-cyano-4-
[ (dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid was purchased
from Sigma-Aldrich while the initiator ZnTPP was from Tokyo
Chemical Industry Co., Ltd. Prior to handling, all monomers were
deinhibited by pipetting over a column of inhibitor removal beads
(Sigma-Aldrich). Monomer aliquots were made at 2 M, CTA aliquots at
50 mM, and zinc tetraphenylporphyrin (ZnTPP) aliquots at 2 mM in
DMSO. The industry standard polymers used as controls were
HPMCAS, HPMC, and the vinylpyrrolidone—vinyl acetate copolymer
(PVP/VA). Three water-soluble grades of HPMCAS (Shin-Etsu
AQOAT) were utilized: LF, MF, and HF. HPMC (Shin-Etsu
PHARMACOAT) 603 grade was also used. PVP/VA was sourced
from BASF. Probucol was purchased from Combi-Blocks (98% purity).

2.2. Automated PET-RAFT. One milliliter aliquots of all
monomers, CTA, and ZnTPP were loaded into the Hamilton Microlab
STARlet automated liquid handling robot along with a 96-well
polypropylene plate.”® Homopolymers and random heteropolymers
were synthesized at a fixed DP of 200 (monomer:CTA ratio of 200:1)
while the CTA:ZnTPP ratio was fixed at 100:1. The polymer
composition was such that there was a hydrophilic monomer (HPA)
along with varied incorporation of hydrophobic monomer (0—60 mol
%). For the purpose of synthesizing a large quantity of polymer, reaction
volumes were prepared in triplicate. Once solutions were transferred
into their respective wells of the 96-well plate, the plate was sealed with
film (VWR), and the polymerization was initiated by irradiation with a
560 nm LED light for 6 h.

2.3. Polymer Purification and Preparation. For purification of
polymers, Zeba spin desalting plates (Thermo Fisher Scientific) were
manually loaded with Sephadex G-25 superfine resin which has a
molecular weight cutoff (MWCO) of S kDa. The resin was stored in
DMSO for 6 h to swell prior to use. The protocol which includes wash
steps, sample loading volumes, and centrifugation rate was consistent
with a previous study from our group.”* Purified polymers were diluted
3X in DMSO and then an additional 3X in ultrapure water. Diluted
polymers were then dialyzed by using Spectra/Por regenerated
cellulose prewetted dialysis tubing (Repligen) with a MWCO of 1
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kDa. Dialysis was completed after 12 h, at which point polymers were
lyophilized in 15 mL centrifuge tubes.

2.4. Gel Permeation Chromatography (GPC). Once synthe-
sized, polymers were characterized by GPC to obtain molar mass and
dispersity (D). Polymers were diluted to 2 mg/mL in DMF and filtered
by using 0.45 um PTEFE filters. We used an Agilent 1200 Series system
equipped with UV and differential refractive index (RI) detectors with a
DMF/LiBr mobile phase. Two organic size-exclusion Phenomenex
Phenogel columns (10* and 10* A) were used for molecular weight
analysis by correlating to the measured RI response of poly(ethylene
oxide) (PEO) standards in DMF without correction.

2.5. Film Casting Screen. A stock solution of probucol was
prepared at 6.67 mg/mL in acetone and added to solid preweighed out
polymers such that polymer concentration was 26.67 mg/mL (20%
drug loading). Individual polymer/drug solutions were agitated by
vortexing, and then 125 pL was dropped into round-bottom glass vials.
After leaving overnight and allowing acetone to fully evaporate, we
observed films of polymer/drug. One milliliter of 0.5% fasted state
simulated intestinal fluid (FaSSIF) in PBS (pH 6.5) was added to each
vial such that the target drug concentration was 834 yg/mL. Vials were
constantly agitated at a rate of 500 rpm at 26 °C. At various sampling
time points (15, 30, 90, 210, and 330 min), 100 L was obtained from
each vial by using multichannel pipettes and added to filter plates
(Waters Corporation). To remove any precipitates, filter plates were
centrifuged at 4100 rpm for 8 min. Filtrate was then diluted 3X in buffer
(40:40:20 MeOH:MeCN:H,0O with 0.1% w/v phenol internal
standard) and sealed in deep-well 96-well plates.

2.6. Ultra-Performance Liquid Chromatography (UPLC).
UPLC was completed on a Waters ACQUITY H-Class system which
enabled direct loading of covered deep well 96-well plates from the film
casting screen. We employed the Waters ACQUITY UPLC BEH C18
column (2.1 X 30 mm, 1.7 ym pore size) which was maintained at 40
°C. With a flow rate of 0.8 mL/min and injection volume of 1 yL, two
mobile phases were used (A was H,0/0.1% TFA, and B was
acetonitrile/0.1% TFA). In our method, initial conditions were 90%
solvent A, shifting to 10% solvent A at 1 min, held at 10% solvent A until
1.8 min, shifted to 90% solvent A at 2.1 min, and held at 90% solvent A
until 2.5 min. The Waters ACQUITY UV detector collected data at 254
nm.
2.7. Modulated Differential Scanning Calorimetry (mDSC).
Three groups of samples were run by mDSC on a TA Discovery DSC
with slightly different methods: polymers, solvent-cast polymer/drug,
and probucol. Each individual polymer was weighed out to about 5 mg
and loaded into Tzero hermetically sealed pans with Tzero lids (TA
Instruments). The mDSC system was equilibrated to —50 °C and
maintained at this temperature for S min. A temperature ramp of 2 °C/
min (0.5 °C amplitude and 60 s period) was started until the system
reached 200 °C, at which point a temperature ramp of —20 °C/min was
applied until the system reached —50 °C. The second heat cycle was
analyzed to quantify T, of polymers. For polymer/drug films, 100 uL of
polymer/drug mixture in acetone was pipetted into the same DSC pans
(30 pL maximum at a time) and given time overnight to completely
evaporate. After the instrument equilibrated at —50 °C, a temperature
ramp of 2 °C/min (0.5 °C amplitude and 60 s period) was applied until
the system was at 155 °C. A temperature ramp of —20 °C/min was
applied until the system was equilibrated back to —50 °C. An additional
temperature ramp up to 155 °C was then administered. For probucol,
about 5 mg of API was weighed out into DSC pans. From —50 °C, the
temperature was ramped up at 2 °C/min to 150 °C, at which point a
sudden temperature decrease to —50 °C was applied and held for 5 min.
The ramp up of temperature to 150 °C was increased for a second heat
cycle.

2.8. Transmission X-ray Diffraction (XRD). A total of 100 uL (20
uL pipetted at a time) of polymer/drug mixture in acetone was dropped
into each well of a 96-well Kapton tape plate. These wells were left
overnight before analysis to ensure full evaporation of acetone. X-ray
analysis was conducted on samples in 96-well plates with a Bruker D8
Discover using Cu Ka radiation (1.54 A; 50 kV X 1000 mA) with a
Vantec 500 area detector via transmission mode for 150 s. The 2D
patterns were integrated from 4.0° to 38.0° 26.

https://dx.doi.org/10.1021/acsapm.0c01376
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Figure 2. Schematic of polymers and model AP (A) Structures of all random heteropolymers that contained hydrophilic monomer HPA (group a)
with hydrophobic monomers MA, BA, HA, and CHA (group b) incorporated at 0—60 mol %. (B) Structure of model API probucol. Note that the log P
values of monomers and probucol are included above the structures.

Table 1. Characterization Data for All Synthesized Polymers

polymer log P T, (°C)* MWypeor (Da) MW_pc (Da)” Pepc’ MWy (Da) hydrophobic mol incorporation (%)

HPA 0.64 23 26028 19601 1.16 22854 0
HPA-MA 10% 0.64 23 25147 18048 1.18 15924 12.7
HPA-MA 20% 0.64 22 24266 16451 1.14 17886 25.9
HPA-MA 30% 0.63 22 23385 16110 1.14 15276 39.3
HPA-MA 40% 0.63 21 22504 14356 1.16 13892 45.3
HPA-MA 50% 0.63 20 21623 12969 1.14 17252 54.8
HPA-MA 60% 0.63 19 20742 12302 1.08 13960 63.7
HPA-BA 10% 0.80 18 25989 18730 1.15 15551 10.6
HPA-BA 20% 0.96 12 25949 18090 1.19 15517 25.0
HPA-BA 30% 1.12 6 25910 16864 1.15 12977 30.2
HPA-BA 40% 1.28 0 25870 16630 1.17 15030 40.9
HPA-BA 50% 1.44 -8 25831 16759 1.20 14954 50.2
HPA-BA 60% 1.60 -17 25792 14633 1.10 14145 59.5
HPA-HA 10% 0.89 15 26549 18993 1.17 18731 16.1
HPA-HA 20% 1.14 7 27070 18311 1.18 16558 27.4
HPA-HA 30% 1.39 -1 27592 17607 1.16 19800 35.9
HPA-HA 40% 1.64 -9 28113 16878 1.14 17426 47.4
HPA-HA 50% 1.89 -19 28634 13740 1.16 13673 58.5
HPA-HA 60% 2.13 27 29155 - -4 -4 —
HPA-CHA 10% 0.87 24 26790 17579 1.26 15754 15.6
HPA-CHA 20% 1.11 25 27552 18999 1.18 19107 16.4
HPA-CHA 30% 1.34 27 28313 17374 1.17 22949 38.9
HPA-CHA 40% 1.57 27 29075 16061 1.16 22243 49.4
HPA-CHA 50% 1.81 29 29837 15408 1.16 18851 583
HPA-CHA 60% 2.04 30 30599 12541 1.19 25418 67.9

“Determined by the second heat cycle by mDSC. “Determined by GPC with DMF/LiBr as the mobile phase. “Quantified by 'H NMR end-group
analysis. “Did not polymerize.

2.9. Polarized Light Microscopy. A total of 100 uL (20 L at a glass microscope slides which were left on the benchtop until the
time) of polymer/drug mixture in acetone was dropped onto individual acetone completely evaporated. A ZEISS microscope equipped with an
1528 https://dx.doi.org/10.1021/acsapm.0c01376
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Figure 3. Dissolution plots demonstrating the effect of hydrophobic monomer incorporation. Plots contain hydrophilic monomer HPA along with
10—60 mol % of hydrophobic monomers (A) MA, (B) CHA, (C) BA, and (D) HA. As shown, the API was also film casted in the same manner but
without polymer excipient. Drug release was quantified by UPLC and obtained by comparison to API standard injections (final concentration of 834
pug/mL). Film casting was completed in triplicate, and the error bars represent the standard error.

AxioVision 4 stage was utilized to collect polarized light microscopy
images. For the images collected, a SX magnification was used and a 200
pum scale bar was selected. No further corrections or image processing
was completed.

3. RESULTS AND DISCUSSION

First, we rationally designed a polymer library of random
heteropolymers to serve as excipients for the model drug
probucol (Figure 2). The octanol—water partition coefficient
(log P) is a measure of hydrophobicity such that the log P of
10.57 for probucol indicates that it has poor aqueous solubility.
Furthermore, probucol has a low measured solubility of 4.0 ug/
mL in FaSSIF (pH 6.5) and is regarded as a slow crystallizer with
a melting temperature (T,,) of 125 °C. There is evidence to
suggest that hydrogen-bonding interactions involving hydroxyl
groups contribute to probucol crystallization.'” Therefore, we
selected HPA as the hydrophilic monomer since it contains a
hydroxyl side group. Because probucol is poorly soluble, we
tuned polymer hydrophobicity by selecting the comonomers
MA, BA, HA, and CHA.

Random heteropolymers with a DP of ~200 were first
synthesized by automated PET-RAFT whereby all reagent
additions were completed in a 96-well plate by using the
Hamilton Microlab STARlet liquid handling robot.> Once
synthesized, these polymers were characterized by GPC and
mDSC to obtain the molecular weight, D, and T, (Table 1). The
GPC chromatograms and corresponding signal-to-noise in-
formation are available in Figure S2 and Table S1 of the
Supporting Information. Polymers are named with the hydro-
philic (HPA) and hydrophobic (MA, BA, HA, or CHA)
monomers along with a percentage that represents feed mol % of
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hydrophobic monomer. An example polymer structure includ-
ing CTA is shown in Figure S1. The molecular weight reported is
the weight-average molecular weight (M,,) based on calibration
with PEO standards, while T, values that are reported were
obtained by analyzing the second heat cycle of DSC. The second
heat cycle T, was measured to remove effects from residual or
absorbed moisture content during storage to enable assessment
of polymers’ inherent T, without significant effect from thermal
history or variable moisture content. We achieved controlled
polymerization as D < 1.26 in all polymers. We further list
calculated log P of the respective monomer compositions. This
was done in the same way as a previous publication in which we
calculated the weighted average of two monomer log P values
based on mol % of each monomer.>” Lastly, the number-average
molecular weight and hydrophobic monomer incorporation are
included as determined by 'H NMR end-group analysis (see
section SS and Figures S12—S15 in the Supporting Informa-
tion).

We then assessed the ability of polymers to achieve
supersaturation of the hydrophobic API probucol via a rapid
film casting ASD screening experiment. The 25 polymers along
with standard polymer excipients (PVP/VA and HPMCAS)
were mixed with drug in acetone at 20 wt % drug loading. Once
the solvent was fully evaporated, each film was dissolved in
FaSSIF and sampled at various time points (15, 45, 90, 210, and
330 min) to determine drug release by UPLC. An overview of
results is presented for each of the hydrophobic repeating unit
groups (Figure 3). We observe that MA- and CHA-based
copolymers do not exhibit an enhanced effect on API dissolution
relative to the HPA homopolymer (Figure 3A,B). However,
incorporation of BA and HA into the polymer backbone enabled
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supersaturation of probucol to a greater extent than HPA
homopolymer, achieving a drug release of about 15% in FaSSIF
(Figure 3C,D). These results demonstrate that an optimal level
of hydrophobicity in terms of alkyl side chain length and mol %
incorporation of hydrophobic monomer is necessary to improve
solubility of API. Further UPLC data, including standard curves
of probucol and representative injections can be found in
Figures S3—S5.

To further understand these trends, we compared synthesized
polymers and included conventional polymers in the exper-
imental design (Figure 4). Hydrophobicity cannot be the only
driving factor as the presence of CHA monomer, which has a
similar log P as HA and an equal number of carbon atoms on the
side chain as HA (Figure 2), did not boost API dissolution
significantly at the various mol % levels investigated in this study
(Figure 3B). A comparison of dissolution performance of
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copolymers containing equivalent percentages of HA and CHA,
two monomers that have similar hydrophobicity but varied
geometry, is shown (Figure 4A). When comparing the two
groups of copolymers, HA copolymers lead to a statistically
significant improvement in dissolution performance of probucol
over CHA copolymers from 10 to 50 mol % hydrophobic
monomer. At 60 mol % hydrophobic monomer, both display a
minimal effect. We then compared the performance of the two
highest performing random heteropolymers (HPA-30% BA and
HPA-20% HA) synthesized in this study to the conventional
polymers: PVP/VA and HPMCAS-MF (Figure 4B). Compared
to PVP/VA and HPMCAS-MF, the synthesized polyacrylate
copolymers have slower drug release kinetics and can achieve a
comparable level of drug supersaturation as PVP/VA and
HPMCAS-MF polymers by the 330 min time point.
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Transmission XRD analysis was performed for all polymer/
drug films after solvent evaporation to assess the amorphous to
crystalline form conversion of probucol after the formation of
film casted ASDs and prior to initiation of dissolution analysis
(Figure S). For all groups of hydrophobic monomers that were
incorporated into the copolymer, the amorphous to crystalline
form conversion of probucol prior to dissolution analysis was
not observed via transmission XRD.

mDSC was performed for each film casted polymer/drug
mixture after 48 h of ambient storage. We have highlighted the
DSC reversing heat flow thermograms of some key synthesized
polymer excipients (HPA homopolymer, HPA-30% BA, HPA-
20% HA, HPA-30% MA, and HPA-30% CHA) along with the
respective T, values calculated from the second heat cycle
(Figure 6). These film casted samples demonstrated a single T,
region and melting endotherms showing the amorphous to
crystalline form conversion of probucol over 48 h of ambient
storage (Figure 6A). Also, no recrystallization exotherms were
observed in the total heat flow thermogram during the first heat
cycle (Figure 6B). To reduce any potential solvent effects, a
second heat cycle was completed with the reversing heat flow
(Figure 6C) and total heat flow (Figure 6D) as shown. Cooling
cycle or second heat cycle thermograms did not show
recrystallization exotherms or subsequent melting endotherms,
indicating the drug did not recrystallize during the cooling cycle.
Moreover, a single narrow T, was observed in all cases during the
second heat cycle and in the majority of cases in the first heat
cycle in DSC, indicating miscibility of probucol in these
polymers (Figures S8—S10). However, further analysis would be
needed to ascertain nanoscale level miscibility. Additional
mDSC thermograms for polymers and polymer/probucol films
are included in Figures S8—S10 along with second heat cycle T,
values for polymer/probucol films in Table S2.
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To further assess any amorphous to crystalline form
conversion of probucol prior to dissolution characterization,

Figure 7. Polarized light microscopy contrasting crystalline API
probucol to amorphous polymer/drug formulations. (A) Probucol
was prepared in acetone and diluted into PBS (2 vol % acetone) and
subsequently film casted onto a glass slide. Polymer/drug mixtures
prepared in acetone and film casted directly include (B) HPA
homopolymer, (C) HPA-30% BA, and (D) HPA-20% HA with 20 wt
% probucol. The scale bar represents 200 ym.

we obtained polarized light microscopy images of polymer—
drug films casted separately onto individual glass slides (Figure
7). Glass slides were used to reduce background noise. The API
probucol was prepared by initially dissolving in acetone and
diluting into PBS (2 vol % acetone) (Figure 7A). We also
collected images of API formulated with HPA homopolymer
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(Figure 7B), HPA-30% BA (Figure 7C), and HPA-20% HA
(Figure 7D). All samples were given time to evaporate fully and
were immediately imaged. The bright spots observed in Figures
7B—D are background associated with the slides.

On the basis of these characteristics of probucol, we designed
random heteropolymers containing a hydrophilic monomer
(HPA) with hydroxyl groups to enable hydrogen-bonding
interactions with probucol that can mitigate precipitation of
probucol from amorphous (in ASD) to crystalline form in
solution. To explore the impact of hydrophobicity or
amphiphilic balance of a polymer on solubility enhancement
of probucol, we systematically varied the copolymer hydro-
phobicity through incorporation of alkyl side groups with
varying length (methyl, butyl, and hexyl) and mol % to
potentially interact with the API via hydrophobic interac-
tions.'”"” Furthermore, copolymers with 0—60 mol % of
cyclohexyl side groups were synthesized to explore the role of
polymer side group geometry on probucol supersaturation in
ASDs. We hypothesize that the side group geometry at some
hydrophobicity level (in terms of the number of carbon atoms)
can impact polymer chain flexibility and steric hindrance which
can play a role in polymer—drug interactions in solution and
solid state. This approach can be utilized to conduct a high
throughput screening of large polymer libraries to identify high-
performing polymer excipients and recognize structure—
function relationships.

These selected hydrophobic monomers are structurally
diverse in that MA, BA, and HA contain side group alkyl chains
that are one, four, and six carbons in length, respectively, while
CHA contains a cyclohexyl side group. These monomers were
also selected because they have a wide range of log P as MA has a
log P similar to HPA (log P = 0.62), and HA exhibits the greatest
hydrophobicity of the five monomers (log P = 3.14). Previous
work suggests that golymer solubility can become an issue at
about log P > 1.00,” so we designed random heteropolymers of
HPA containing 0—60 mol % hydrophobic monomer. The
weighted log P values of these synthesized random hetero-
polymers range from 0.64 to 2.13, encompassing the expected
polymer solubility.

In these controlled polymerizations (P < 1.26), molecular
weights quantified by GPC trended lower compared to
theoretical molecular weights while agreeing with molecular
weights determined by NMR (Table 1). If greater conversion is
required, the polymerization time can likely be increased along
with further characterization of reactivity ratios.”> HPA
homopolymer was observed to have a T, of 23 °C while
random heteropolymers containing MA, BA, HA, and CHA had
T, ranges of about 19 to 23, —17 to 18, —9 to 15, and 24 to 30
°C, respectively. CHA incorporation likely resulted in the
greatest T, range because CHA has high rigidity, steric
hindrance, and dimensional stability compared to the other
hydrophobic monomers which have flexible alkyl side chains.*®
It is also appropriate that the length of the alkyl side chain for
approximately equal molecular weight polymers is inversely
proportional to T, Incorporation of monomers with longer alkyl
chains (e.g, HA) results in a higher free volume which
corresponds to decreased T,.””** A major aspect of the synthesis
workflow was purification of small molecule impurities (ZnTPP
and monomers) which was completed by using desalting plates
loaded with size-exclusion resin. Our group has previously
validated this technique for removal of ZnTPP, demonstrating a
removal efficiency of about 84% in one purification step and 96%
in three purification steps. Depending on sensitivity, biological
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studies may require at least three purification steps or
purification by precipitation which was shown to remove all
measurable ZnTPP.

Other interesting trends were observed with regard to API
dissolution performance. BA- and HA-based copolymers
demonstrated a gradual increase in probucol supersaturation
up to an optimal mol % of hydrophobic comonomer followed by
a substantial drop in dissolution performance of probucol as
further mol % of hydrophobic BA and HA comonomers were
incorporated (Figure 3). In these two copolymer series, the
highest improvement in probucol dissolution was achieved at 30
mol % of hydrophobic comonomer in BA-based copolymers and
20 mol % of hydrophobic comonomer in HA-based copolymers
(Figure 3C,D). As BA and HA incorporation increased, the
detected API concentrations shift in a stepwise fashion similar to
a bell curve. When comparing the estimated log P values of the
HPA-30% BA and HPA-20% HA polymers that best achieved
probucol supersaturation, we found that the weighted average
monomer log P values are nearly identical at 1.12 and 1.14,
respectively (Table 1).

In comparison to these two high-performing copolymer
compositions in this study, the estimated log P values for
copolymers with methyl side groups were all substantially lower
than BA and HA series copolymers. Even a high mol % (60 mol
%) of the shorter methyl alkyl group in the copolymer did not
lead to any significant improvement in dissolution of probucol.
This observation is aligned with estimated log P values that
appear similar across the MA copolymer series. The role of
hydrophobicity in solution performance of ASDs has been
investigated earlier, but the systematic investigation in this study
shows that longer alkyl side groups at a lower mol % in
copolymers can be most effective in enhancing the aqueous
solubility and potentially the oral bioavailability of hydrophobic
drugs similar to probucol. Our results on HA and BA
copolymers show the minor changes in copolymer composition
can have a tremendous impact on polymer performance as a shift
from an optimal mol % of 20 mol % HA and 30 mol % BA led to
substantial reduction in probucol dissolution. This substantiates
both shortcomings and opportunities related to customizing
conventional polymers such as HPMCAS which can have a wide
range of functional group substitution within the polymer grade.
Random heteropolymer hydrophobicity likely plays a key role in
formulating probucol due to a balance of hydrophobic and
hydrogen-bonding interactions between polymer and APL'*"”

Interestingly, even though both HA and CHA monomers
have the same number of carbon atoms in the side group and
similar log P values, there is a dramatic difference in solution
performance of copolymers based on these repeating units
toward probucol dissolution enhancement (Figure 4A). This
supports that, in addition to hydrophobicity, hydrophobic side
chain geometry plays a crucial role in attaining supersaturation
of probucol as long, flexible alkyl side chains performed best.
The steric hindrance due to bulky CHA side groups as compared
to linear HA side groups can increase the polymer chain rigidity
(also evident by higher T, of CHA-based copolymers) and
hinder the copolymer—drug interaction or nanoaggregate
formation ability in solution. Additionally, at 60 mol %
hydrophobic monomer, both random heteropolymers result in
minimal formulation capability, indicating that 10—50 mol % of
HA may represent an optimal hydrophobicity range (0.89 < log
P < 1.89). To further explore the effect of side chain geometry,
other hydrophobic monomers could potentially be utilized such
as phenyl acrylate.
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The two highest performing synthesized polymers (HPA-30%
BA and HPA-20% HA) were then compared to industry
standard polymers (Figure 4B). These standard polymer
excipients (HPMCAS-MF and PVP/VA) exhibited a rapid
release profile associated with their known “spring and
parachute effect” whereby there is rapid initial supersaturation
(spring) followed by inhibition or slow API precipitation
(parachute).””~®" In contrast, the drug release kinetics
associated with the two synthesized polymers revealed a slow,
gradual dissolution with an ability to maintain supersaturation
up to at least 330 min (parachute). Other works have utilized
modified HPMCAS, different monomer side groups (e.g.,
carboxylic acid), and charged polymers which typically present
a spring and parachute profile. "% 1t is intriguing that a
combinatorial library approach with focused exploration of
multiple hydrophobic monomers has yielded slower API
dissolution with steady supersaturation. Nevertheless, through
this approach we have demonstrated the ability to modulate the
release of hydrophobic API through systematic optimization of
copolymer architecture and the dramatic role of alkyl side group
geometry on dissolution characteristics of a hydrophobic drug.

In addition to the film casting screen, characterization
methods to determine solid-state stability included XRD,
mDSC, and polarized light microscopy. By XRD, we observed
a lack of crystalline peaks for all polymer/drug films (Figure S).
For analogous polymers at comparable probucol drug loading, a
similar result was found by Reineke and co-workers indicating
the ability of synthetic polymers to achieve molecularly
dispersed drug within the sensitivity limit of these analytical
techniques. In fact, more pronounced crystallinity would be
expected at about 50 wt % drug loading.'>'®"* The mDSC
profiles for some highlighted polymers (Figure 6) suggest
miscibility and interaction between polymer and API due to the
single glass transitions observed. As expected, T,’s of polymer/
drug films were lower relative to the respective polymers because
of plasticization.”””® Note that the second heat cycle was
utilized to determine T, to ensure that there would be no effect
from residual solvent that may be present. A broad melting
endotherm was found between about 100 and 120 °C,
potentially because probucol recrystallized into different
polymorphs.'”*°~% The data also indicate that API already
crystallized after two or more days because no recrystallization
exotherm was observed. Limited physical stability of these film
casted ASDs can be attributed to the low T, of the synthesized
polyacrylates. Even though the main objective of this study was
to assess the role of polymer structural attributes on solution
performance of solid dispersions, improvement in physical
stability by potentially enhancing T, will be advantageous for
applications in pharmaceutical drug product development.
Further investigations are underway to enhance T, of these
polymer structures by increasing polymer backbone rigidity.

Presented by Ting et al, a major concern in the field of
designer polymer formulations is developing overcomplicated
processes for polymer design and synthesis." As a solution, our
automated synthetic approach offers end-user functionality with
minimal training and batch-to-batch reproducibility.”> The
objective of this study is to provide a framework for others
through which an automated combinatorial library workflow can
be implemented to uncover the importance of various polymer
structural properties. In work, polymer design can be more
precisely defined by incorporating conjugation techniques,”**’
nonlinear architectures,®® and stereochemical control.”” Im-
proved statistical control over polymer composition can be
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accomplished by quantifying monomer reactivity ratios and
modeling compositional drift.”~"* Recently, fascinating devel-
opments have been made in applying automated liquid handling
technology to screen polymers for their ability to inhibit API
precipitation.”” Another beneficial future strategy would be to
combine automated synthesis and screening because it would
enable testing various API functionalities, drug loading wt %,
target drug concentration, and buffer conditions. Overall, we
have demonstrated the potential of an automated polymer
synthesis and combinatorial library approach to rapidly assess
API supersaturation. In doing so, we found a relationship
between polymer hydrophobicity, side group geometry, and
dissolution performance with slower release kinetics relative to
standard excipients. Ultimately, we believe that the importance
of various polymer structural parameters can be elucidated by
supplementing high throughput combinatorial and screening
techniques with quantitative modeling. Through this work, we
hope to make the oral drug delivery community aware of the
utility of automated combinatorial polymer synthesis.

4. CONCLUSION

In conclusion, we demonstrated that automated combinatorial
polymer synthesis in combination with a rapid ASD screening
approach can be applied to the oral drug delivery community in
developing designer polymer excipients. Once the polymer
library was fed into a rapid film casting screen, we uncovered
significant relationships between polymer hydrophobicity, side
chain geometry, and the ability to achieve supersaturation of the
model drug probucol. We further communicated that longer,
flexible alkyl hydrophobic side chains outperformed cyclohexyl
side groups in API dissolution. Lastly, the two most effective
synthesized polymer excipients surprisingly displayed a slower,
more gradual release profile relative to industry standard
polymers, signifying the ability of this system to control drug
release. In the future, a successful strategy in this space would
likely involve combining automated, high throughput synthesis
and screening with quantitative modeling. This is an exciting
time for the oral drug delivery community which now has the
required tools to begin specifying structure—activity relation-
ships for designer polymer excipients.
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