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ABSTRACT: Predicting drug release profiles from polymer microparticles has proven challenging due to the numerous
environmental and chemical factors that affect the device and influence the rate of drug release. By measuring the various polymer
properties that can influence drug release, a predictive approach can be used to select polymers with specific properties that will lead
to the desired release profile for the application. To illustrate this, a library of tyrosol-derived poly(ester-arylate)s, poly(amide)s, and
poly(carbonate)s were used to evaluate the effects of physical (crystallinity, water accessibility, thermal, and hydrophobicity) and
chemical (polymer−drug interactions) polymer properties on the release of a highly crystalline drug dexamethasone, which was
loaded at a high weight percent (wt %) in microparticles. Nuclear magnetic resonance (NMR) experiments showed that the polymer
and drug were not chemically interacting and instead exist as a physical mixture even after exposure to physiological conditions.
Polymer crystallinity data revealed that crystallite size was strongly correlated with faster drug release, suggesting that larger
crystallites reduce the tortuosity for dexamethasone to diffuse out of the particle matrix. This correlation observed in particles with
and without the drug was reproduced with bulk polymers, indicating that crystallinity data from bulk polymers can be used to predict
release profiles without having to prepare drug-loaded particles. Consistent with the crystallinity data, particle pore sizes of
representative formulations showed that particles with larger pores resulted in faster dexamethasone release. Interestingly, thermal
properties (glass transition temperature and melting temperature), polymer hydrophobicity, and molecular weight retention at the
end of the 119-day release study did not show any correlation with drug release.

KEYWORDS: controlled drug delivery, polymer structure−property relationships, polymer XRD crystallite size, NMR cryoporometry,
microparticles, dexamethasone

■ INTRODUCTION

Delivery of active pharmaceutical ingredients (APIs) requires
precise dosage formulations with well-defined release profiles
to maintain effective dosage levels while avoiding toxic drug
concentration levels. Polymeric drug delivery devices address
the problem of high API dosages often required to achieve a
drug concentration within the therapeutic range that cannot be
achieved with conventional drug administration (tablets,
capsules, injections).1,2 In recent years, such polymer−drug
delivery devices have flourished, resulting in numerous drug
depots, implants, and nanomedicines capable of controlled
drug delivery.3,4 Nano- and microparticle drug delivery systems

have been widely successful in controlled release of both
hydrophobic and hydrophilic APIs with delivery times of a few
hours to several months.5,6 Microparticles offer advantages
over other drug delivery devices due to their ease of processing,
convenient administration using standard needles, and the
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ability to administer the drug-loaded particles directly to the
target site.7,8 These devices are made from synthetic poly-
esters, -amides, and -carbonates, including commonly used
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and
poly(lactic-co-glycolic acid) (PLGA) due to their biodegrad-
able and bioresorbable properties.9−11

Drug release from a polymer matrix often occurs by diffusion
through the polymer matrix or through water-filled pores,
polymer swelling, or by erosion of the polymer matrix.12,13

Mathematical modeling has frequently been used to predict
drug release profiles from polymeric devices; however, these
models are only accurate at early release timepoints.14−16 Drug
release can be affected by polymer degradation, molecular
weight, thermal properties, crystallinity, and its affinity with the
drug.17−20 Predicting drug release from polymer formulations
has proven challenging due to interactions between the
polymer and the device design and also environmental
conditions (pH, osmolality, temperature), which can affect
the rate of drug delivery.12 Substantial research has been
carried out to study the effect of device size and shape, surface
modifications, and the changes in environmental conditions

such as pH or temperature on drug release rates.21−26 While
such studies are beneficial for understanding, controlling, and
predicting a single polymer matrix, these results cannot be
carried over to the case of drug release from multiple polymers.
Here we study drug release in many different polymers, and ask
the question: which aspects of the polymer’s physical and
chemical properties most affect drug release?
To answer this question, a large number of polymers

consisting of variations from a recently developed tyrosol
poly(ester-arylate) library,27 a poly(ester-amide), a poly(ester-
carbonate), and two commercial polymers, including PLGA
and poly(L-lactic acid) (PLLA), were selected. While the
tyrosol-derived polymers are not currently Food and Drug
Administration (FDA) approved, they are currently being
investigated as alternative polymers for drug delivery, 3D
printing applications, and orthopedic devices due to their good
resorption, controllable degradation, and less acidic degrada-
tion products.27−31 Such a polymer library allows us to tune
polymer thermal, hydrophobicity, and crystallinity properties
without having to dramatically change the polymer chemical
structure or mechanical weight. Therefore, a thorough

Figure 1. Experimental design schematic. (A) Polymer and drug selection of a series of poly-esters, -amides, and -carbonates with different physical
and thermal properties. Microparticle formation was achieved using a continuous flow method to prepare particles ranging from 50 to 180 μm in
diameter. (B) Polymer crystallinity, hydrophobicity, thermal properties, affinity for dexamethasone, and the mechanism of drug release were
evaluated and release studies conducted on all formulations to determine which polymer properties affect drug release under in vitro conditions.
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investigation of the physical and chemical properties of the
polymers was carried out to deduce correlations between
fundamental polymer properties and the release rate of
dexamethasone from microparticles (Figure 1). Dexametha-
sone was selected as a model API as it has previously been
incorporated into PLGA microparticles for controlled release
applications.32 Polymer−drug interactions within the micro-
particles were further studied to determine its impact on the
rate of drug release. We found that when polymer−drug
interactions are negligible, focus can be on polymer physical
properties to predict drug release. It is important to note that
here we studied a crystalline drug, which was loaded at a high
loading, 20 wt %. Further investigation into if these results are
translatable to other drugs and if they are valid when polymer−
drug interactions are present are required before these results
can be translated to other polymer systems. However, even
with these limitations, the results of these studies aim to form a
basis for selecting polymers based on their properties to
achieve a desired drug release profile so that focus can instead
be targeted on designing novel polymers.

■ MATERIALS AND METHODS
Chemicals and Materials. PLGA-Resomer 506 (50:50 ratio of

lactic acid:glycolic acid) and PLLA-Resomer L 206 were purchased
from Boehringer Ingelheim. Tyrosol-derived polymers were synthe-
sized as previously described.27,33 Dexamethasone was provided by
Lubrizol Life Science. Water soluble poly(vinyl alcohol) (PVA,
molecular weight 30,000−70,000 Da) was purchased from Sigma-
Aldrich. Phosphate buffered saline (PBS) solution was prepared using
PBS solids (Sigma-Aldrich) at pH 7.4. Sodium dodecyl sulfate (SDS)
and sodium azide were purchased from Chem-Impex International
Inc. and Sigma-Aldrich, respectively. All solvents were purchased from
VWR and Sigma-Aldrich.
Microparticle Preparation. Microparticles were prepared as

previously described.31 Briefly, an oil/water (o/w) coaxial flow system
was used with a constant flow of PVA solution as the carrier solution
(Figure 1A). A syringe pump was used to add the polymer/drug
solution at a controlled rate to the PVA carrier tube. Dexamethasone
was loaded at 20 weight percent (wt %) attempted loading, as a solid
suspension by weighing both polymer and drug along with
dichloromethane (DCM) to fully solubilize the polymer. As drug
was loaded as a solid suspension, solutions were vortexed to ensure a
homogeneous drug distribution. Particles were collected subsurface in
a beaker filled with PVA solution (2.5% w/v) fitted with an overhead
stirrer. Microparticles were continuously stirred to surface harden the
particles through the removal of DCM. After 30 min, the particles
were collected, washed with DI water, and lyophilized to dryness.
Particles were characterized as described in the following sections.
Particle and Drug Size Analysis. Microparticle size was

analyzed from optical images captured using a Nikon 249280
Optiphot-pol microscope with QCapture Suite. A representative
image was captured from each particle formulation and between 88
and 504 particles per sample were measured using ImageJ software.
Dexamethasone particle size was measured using dynamic light
scattering (DLS). Measurements were taken at 25 °C using a class I
laser on a Malvern Zetasizer Nano S particle size analyzer. Zetasizer
software (version 7.12) was used to measure the particle size by
averaging 12 data sets (three samples, four measurements each).
Release Studies. Dexamethasone release medium consisted of

PBS + 0.02% w/v sodium azide + 0.05% w/v SDS, where SDS was
added to increase the solubility of dexamethasone. Microparticles, ∼8
mg, were weighed into 15 mL conical tubes and 14 mL of release
medium added to each tube. Tubes were placed on their side with
orbital shaking (100 rpm, 0.56 N centrifugal force) in an incubator at
37 °C. At predetermined time points, samples were centrifuged and
an aliquot of medium (3−10 mL) was removed and replaced with
fresh medium. The removed medium was analyzed using HPLC to

quantify dexamethasone. Sink conditions were maintained by
adjusting the volume of medium removed at each time point and
known dexamethasone saturation limits. At the end of the study, all
medium was removed, samples lyophilized to dryness, and residual
particles analyzed by high performance liquid chromatography
(HPLC) and gel permeation chromatography (GPC) to determine
remaining drug present and polymer molecular weight number (Mn)
retention, respectively.

High-Performance Liquid Chromatography. Drug encapsula-
tion was evaluated by HPLC on the drug extracted from the
microparticles. The extraction was performed by first dissolving the
microparticles in 15% w/v DCM and 15% w/v dimethyl sulfoxide
(DMSO) to dissolve both the polymer and drug, respectively. After
30 min of shaking, 200% w/v methanol (MeOH) was added to
precipitate the polymer. After an additional 30 min of shaking, the
samples were filtered through a 0.45 μm PTFE filter and run on an
Agilent HPLC system (1260 Infinity II) equipped with a Waters
(Atlantis T3 C18 150 mm 5 μm) analytical column. The mobile
phase consisted of A, water + 0.05% phosphoric acid (H3PO4), and B,
acetonitrile (ACN) + 0.05% H3PO4, and was run using a gradient
starting at 75:25 (A:B), holding for 4 min then transitioning to 50:50
(A:B) over 4 min, then to 90:10 over 4 min, holding for 3 min, then
returning to 75:25 (A:B) over 3 min. Samples were run at 35 °C at a
flow rate of 1.0 mL/min and detected at a wavelength of 245 nm.

Gel Permeation Chromatography. A Waters GPC equipped
with a 717 plus autosampler, 515 HPLC pump, two Agilent PL gel
columns in tandem (103 and 105 Å (5 μm), 30 cm), and a 2489 RI
detector was used to analyze Mn of bulk polymers and drug and non-
drug-loaded microparticles. Samples were prepared in chloroform
(CHCl3) at 2 mg/mL and filtered using a 0.45 μm polytetrafluoro-
ethylene (PTFE) filter prior to injection. The mobile phase consisted
of CHCl3 + 0.1% trifluoroacetic acid (TFA) and was run at a flow rate
of 1 mL/min for 24 min at room temperature.

Differential Scanning Calorimetry (DSC). Thermal transitions
were measured using a Mettler Toledo DSC823. ∼1−2 mg of dried
sample was sealed in a 40 μL aluminum pan. Data were collected
using a heat−cool−reheat cycle (−45 to 250 °C, 10 °C/min, 2 min
hold time at the starting/ending temperatures). The melting (Tm) and
glass transition (Tg) temperatures of the samples were determined
using the second heat.

Air−Water Contact Angle (AWCA). Samples were prepared by
spin coating 12 mm diameter glass coverslip with 100 μL of polymer
solution (2% w/v polymer in DCM). Coverslips were spun at 3000
rpm (120 N centrifugal force) for 30 s followed by drying for 24 h
under vacuum at 40 °C to facilitate the removal of residual solvent. A
Rame-́Hart Model 100−00 goniometer was used to measure AWCA
following ASTM C813. A single drop of ultrapure water (7 μL) was
added to the polymer surface and the angle of the droplet measured.
All measurements were performed in triplicate (three drops/coverslip
on three separate coverslip).

Solubility Parameters for the Prediction of Polymer−Drug
Miscibility. The Hildebrand solubility parameter, δ, was calculated
using the Hansen solubility parameter (HSP), which was calculated
from the individual group contribution of each functional or structural
group.34,35 The Hoftyzer−van Krevelen method (HVK) was used for
the individual partial solubility parameters, Fdi, Fpi, and Ehi, and molar
volume (vi), which were taken from the literature.36 Group-specific vi
values and the total Vm value were calculated by Fedor’s method using
the individual vi values obtained from the literature.36 PLGA, PLLA,
dexamethasone, and water δT, δD, δP, δH, and Vm values were also
taken from the literature.37−39 Values for the partial and total
solubility parameters δD, δP, δH, and δT and molar volume, Vm are
shown in Table S1.

The drug-solvent or drug−polymer compatibility was estimated
using the Flory-Huggins interaction parameter (χ):

V

RT
( )polymer drug T,polymer T,drug

2 m,drugχ δ δ= − ×− (1)
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where R represents the gas constant and T represents the temperature
(in Kelvin).40 A polymer degree of polymerization (DP) of 1 was used
for all calculations.
Calculations of Polymer logP. Polymer logP values were

calculated using MarvinView software (ChemAxon Ltd.). Calculations
were based on a single monomer repeat unit without consideration of
end group functionality. The logP predictor plugin was used to
determine individual polymer logP values.

X-Ray Diffraction (XRD). XRD data were collected using a Philips
Xpert diffractometer in the parafocus geometry with Cu Kα radiation.
A zero-background holder (single crystal of silicon; (100) plane cut 9°
toward (001)) was used with a small amount of silicone grease to
hold the samples in place. Scans were obtained from 5 to 55° 2θ, with
8.0 s per 0.05° step, and no-spin. Polymer percent crystallinity and
crystallite size were calculated by subtracting the drug spectrum from
the drug-loaded particle spectrum. The grease background was

Figure 2. Chemical structures of (A) tyrosol-derived poly(ester-arylate)s with varying carbon chain and functional groups; and (B) poly(ester-
amide), poly(ester-carbonate), and PLGA and PLLA control polymers selected for drug loading and release studies.

Table 1. Properties of Tyrosol-Derived Polymers and PLGA and PLLA Control Polymers and Model Drug Dexamethasone
Selected for Drug Loading and Release Studies

substrate abbreviation
Mn

(kDa)a
AWCA

(degrees)b χsubstrate‑water
c logPd

Tg
(°C)e Tm (°C)e

Tc
(°C)e

dexamethasone DEX 3.03 1.83 117 26548

poly(HTy glutarate) ester pHTy3 50 73.5 (0.8) 4.22 3.63 31 137 (127) 85
poly(DTy glutarate) ester pDTy3 101 71.0 (0.8) 4.37 4.08 29 157 (134) 118
poly(HTy adipate) ester pHTy4 84 72.2 (0.4) 4.37 4.08 22
poly(DTy adipate) ester pDTy4 76 68.4 (0.9) 4.51 4.52 23 183 160
poly(HTy suberate) ester pHTy6 96 74.1 (0.2) 4.63 4.97 8 70
poly(DTy suberate) ester pDTy6 95 70.8 (0.7) 4.74 5.41 20 149 126
poly(HTy azelate) ester pHTy7 69 80.2 (0.5) 4.74 5.41 4 71
poly(DTy azelate) ester pDTy7 72 78.7 (0.5) 4.84 5.86 11 118 93
poly(HTy sebecate) ester pHTy8 139 74.8 (0.4) 4.84 5.87 3 79 (89) 51
poly(DTy sebecate) ester pDTy8 90 74.7 (0.7) 4.93 6.30 9 150 129
poly(HTy dodecanedioate) ester pHTy10 99 76.2 (0.5) 5.02 6.75 6 88 (99) 66
poly(DTy dodecanedioate) ester pDTy10 77 77.2 (0.8) 5.10 7.19 6 153 131
poly(HTy transhexenedioate) ester pHTyTh 51 73.8 (0.9) 3.97 3.72 35
poly(DTy transhexenedioate) ester pDTyTh 48 72.0 (0.3) 4.15 4.16 34 141 116
poly(DTy diglycolate) ester pDTyDg 44 67.7 (0.1) 4.08 3.11 52 167 (156) 136
poly(HTy cyclohexanedioate) ester pHTyCh 107 70.0 (0.7) 4.22 4.70 67
poly(DTy cyclohexanedioate) ester pDTyCh 117 75.1 (0.8) 3.71 5.10 62
poly(HTy phenylenediacetate) ester pHTyPd 69 75.3 (0.5) 4.08 4.84 53 131 (147) 98
poly(DTy phenylenediacetate) ester pDTyPd 81 74.0 (0.4) 4.22 5.28 47 158 94
poly(desaminotyrosyl-tyrosine dodecyl dodecanedioate)
ester

pDTD10 62 88.9 (0.7) 5.51 11.18 59 32

poly(tyrosol diaryl dodecanedioate) carbonate pTyDi10 95 79.4 (0.8) 4.97 7.51 −2 120 83
poly(lactic-co-glycolic acid) PLGA 91 65.5 (0.8) 3.71 0.80 48
poly(L-lactic acid) PLLA 88 68.5 (0.7) 4.36 1.90 55 175
aValues were measured relative to polystyrene standards on CHCl3 GPC.

bAWCA values were measured on polymer spin coated coverslips, all
measurements were recorded in triplicate with SD shown in parenthesis. cSubstrate−water miscibility was calculated according to HVK group
contribution theory. dPolymer logP values were calculated using MarvinView software and were calculated considering only a single monomer
repeat unit. eValues were measured using DSC, and the Tg and Tm measurements were taken from the second heat. Melting temperatures in
parenthesis represent a second, minor melting temperature of the polymer. Melting temperature of dexamethasone was reported from the
literature.48
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measured separately and was removed prior to analysis. The polymer
peaks between 8 and 40° were profile-fitted with JADE software
(Materials Data Inc., CA) using Pearson VII functions (exponential
factor = 5, Lorentzian = 0, and skew = 0).41 Polymer crystallinity and
crystallite size were calculated as described in the SI.
Nuclear Magnetic Resonance (NMR) Cryoporometry. Cry-

oporometry data were acquired for both pDTy4 and pHTy7 on a
Bruker Avance III HD spectrometer equipped with an HCN Bruker
probe with a lock channel, with a 1H Larmor frequency of 600 MHz.
Polymer particles were added to 5 mm NMR tubes, and ultrapure
water added until it just covered the particles and then allowed to
soak for at least 24 h before data collection. pDTy4 (22.2 mg) and
pHTy7 (17.1 mg) were used with 41.6 and 67.2 mg of water,
respectively. Immediately prior to insertion into the spectrometer, the
sample was immersed in liquid nitrogen for 5 min. 1H 1D were
acquired at 252.4 to 274.2 K in 0.2 K increments with a 10 min
equilibration time at each temperature. All 1H 1D spectra were
processed using TopSpin (version 3.6.1). Microsoft Excel (version
16.16.27) and MatLab (version R2019a) were used to process and
analyze the data.
Scanning Electron Microscopy (SEM). Particle morphology was

evaluated using a Phenom ProX SEM (Nanoscience Instruments,
Phoenix, AZ). Microparticles were deposited onto a double-sided
adhesive carbon tape on an aluminum stud. An acceleration potential
of 10 kV was used for imaging.
Solid State Nuclear Magnetic Resonance (ssNMR). ssNMR

studies of two of the polymer particle formulations (pDTy4 and
pHTy7) with and without drug loading, as well as dexamethasone,
were acquired on a Bruker Avance III HD spectrometer equipped
with an HXY 1.6 mm Phoenix probe with lock tuned to HCN, FC,
and HC, with a frequency of 599.7 MHz for 1H, 150.8 MHz for 13C,
and 564.2 MHz for 19F. Spectra were acquired at 20 °C and at either
20 or 30 kHz magic-angle spinning (MAS). A 90° pulse length of 1.6
μs was used for 1H, 2.1 μs for 13C, and 2.3 μs for 19F. 1H 1D spectra
were acquired with 2 scans and a recycle delay of 8.0 s. 13C cross
polarization (CP) experiments were acquired with 8192 scans, a

recycle delay of 8.0 s, and 2 ms contact time. 19F 1D spectra were
acquired with 4 scans and a recycle delay of five times T1.

For all samples, 13C and 1H chemical shifts were referenced to
adamantane (13C downfield peak 38.48 ppm, 1H CH2 resonance 1.74
ppm).42 19F was referenced to neat dexamethasone. The magic angle
was set with KBr by maximizing the intensity of the first-order
spinning sideband of the 79Br resonance.43 1D spectra were processed
using TopSpin (version 3.6.1). T1 relaxation data were processed
using TopSpin (version 3.6.1) and MatLab (version R2019a).

Statistical Analysis. Origin 18.0 software was used for statistical
analyses. To compare the variation in drug encapsulation and the
residual Mn retention post 119 days of incubation, one-way analysis of
variance (ANOVA) and a Tukey multiple comparison post-test were
used with significance set at p < 0.05. Results are expressed as mean ±
standard deviation (SD).

■ RESULTS AND DISCUSSION

Polymer and Drug Selection. A series of tyrosol-derived
poly-esters, -amides, and -carbonates were selected because of
their different physical and thermal properties. PLGA and
PLLA were selected as control polymers because of their wide
use in biomaterial and microparticle drug delivery applica-
tions.44−46 Dexamethasone, a hydrophobic corticosteroid
known for its anti-inflammatory and immunosuppressant
effects for the treatment of asthma and neuroinflammation,
was selected as a model drug to test drug loading and release
from polymeric microparticles.47 Dexamethasone and polymer
chemical structures are shown in Figures 1A and 2,
respectively. Drug and polymer abbreviations, physical, and
thermal properties are shown in Table 1. DSC scans of all
polymers with varying aliphatic diacid length or diacid
functional group, and dexamethasone are shown in Figures
S1, S2, and S3A, respectively.

Figure 3. Dexamethasone release profiles of (A) the entire 119-day study and (B) the initial 14 days of different diacid aliphatic carbon chain
length microparticles and release profiles of (C) the entire 119-day study and (D) the initial 14 days of different diacid functional group
microparticles. All formulations were prepared by loading drug as a solid suspension at 20 wt % attempted loading. Samples were run in triplicate
and error bars represent the SD between the three samples removed at every time point.
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The majority of polymers tested consisted of the tyrosol
based polymer (Figure 2A), where X is the carbon atoms in the
tyrosol monomer (one or two), and Y is the carbon atoms in
the diacid monomer (3−10 or a functional group). When X is
one carbon, the monomer is denoted as 4-hydroxyphenethyl 2-
(4-hydroxyphenyl)acetate (HTy) and when X is two carbons,
4-hydroxyphenethyl 3-(4-hydroxyphenyl)propanoate (DTy).
Poly(desaminotyrosyl-tyrosine dodecyl dodecanedioate) ester
(pDTD10) and poly(tyrosol diaryl dodecanedioate) carbonate
(pTyDi10) were selected to test how the presence of an amide
or carbonate bond impacts drug loading and release (Figure
2B). Additionally, the pH of HTy and DTy at saturation was
measured and was >7, indicating that these monomers will not
cause a localized acidic microenvironment upon degradation
making these monomers ideal for biomaterial applications.
The Mn value of the polymers ranged from 44 to 139 kDa.

Mn has previously been shown to be a property that impacts
the rate of drug release and an important parameter for
predicting drug release rates; however, at the higher polymer
molecular weights used here, the influence of Mn is
minimal.49,50 The percentage of Mn retention at the end of
the release study was monitored to evaluate the rate of
degradation to determine if the difference in starting Mn
impacted the rate of drug release.
Polymer crystallinity ranged from amorphous to semi-

crystalline states with both amorphous and crystalline polymers
included in this study. Their Tg values were both above and
below physiological temperature (37 °C). For all polymers
with a melting point, the Tm was above 37 °C, which is
important to ensure that the polymers were not undergoing a
thermal phase transition during the release study. The AWCA,
χpolymer‑water, and logP (a measure of substrate solubility in an
organic vs an aqueous solvent) are useful parameters in
understanding the hydrophobic nature of the polymer.51

Increasing the diacid chain length resulted in an increase in
polymer hydrophobicity and HTy polymers had a lower
calculated χpolymer‑water and logP than their corresponding DTy
polymers.
Drug Loading and Release from Polymeric Micro-

particles. The o/w continuous flow method (Figure 1A) was
successfully used to prepare particles ranging from 50 to 180
μm in diameter (Figure S4). The small size range of these
microparticles allows them to be used as an injectable drug
delivery system or implanted during an operation.52 This
optimized continuous flow method eliminates the harsh
stirring conditions often observed in emulsification techniques,
and after drying, prepared particles appeared free flowing.53

Micronized dexamethasone (965 nm ±192) was used for drug
loading (Figure S3B). Drug loading capacity (LC) was
calculated using eq 2, and a high LC (>16 wt %) was achieved
for all formulations.

LC%
total drug encapsulated
total microparticle weight

100= ×
(2)

The release of dexamethasone from microparticles of each of
the polymers was studied at 37 °C for 119 days. Differences in
dexamethasone release rates can be seen in the release profiles
shown in Figure 3. Commercially available PLGA showed the
fastest release, exhibiting a commonly observed second burst
release at 28 days caused by polymer degradation, which often
occurs between 25 and 35 days under physiological
conditions.54,55 Only pHTyTh, pDTyTh, and pHTy7 poly-

mers released all dexamethasone by the end of the 119 days.
pDTyCh had the slowest release of all formulations, releasing
only 33% after 119 days. The poly(ester-carbonate) and
poly(ester-amide) polymers released 90 and 73% dexametha-
sone, respectively, after 119 days.
The release of dexamethasone was faster in HTy polymers

than from their respective DTy polymers when the diacid
consisted of an aliphatic carbon chain, with the exception of
the longest aliphatic chain length (pDTy10). Additionally, for
the DTy polymers, increasing the diacid aliphatic chain length
resulted in faster dexamethasone release; however, the same
trend did not translate to the HTy polymers (Figure 3A).
Interestingly, when a functional group (Th, Cd, Dg, Pd) was
incorporated as the diacid, the release rate was faster in HTy
polymers than in their respective DTy polymers, with the
exception of pDTyPd. The Th monomer resulted in the fastest
dexamethasone release out of the functional diacids for both
the HTy and DTy polymers. The same trend did not hold true
for any other polymer pair, in fact the Ch polymers showed the
largest difference in dexamethasone release between the HTy
and DTy polymer pair (56%). Comparing the Th formulations
to their corresponding four carbon chain diacid, the Th
polymers resulted in faster drug release, which could be due to
either the increased polymer hydrophilicity (logP and
χsubstrate‑water) or the increased polymer rigidity. Only PLGA
showed a second burst release, while all tyrosol-derived
polymers showed biphasic release. At the end of the study,
all formulations except for PLGA were digested for HPLC
analysis and all formulations except for pHTyTh, pDTyTh,
and pHTy7 contained residual dexamethasone. Particle size
was not the only parameter controlling dexamethasone release
as no clear correlation between cumulative release and particle
size was observed for these formulations (Table S3).
Analysis of the release profiles from the different

formulations show that the primary factors governing dexa-
methasone release for a given polymer could be the polymer’s
physical properties and the interactions between dexametha-
sone and the polymer. It is possible to understand which
properties are affecting drug release trends by analyzing the
polymers’ crystallinity, water accessibility, thermal, hydro-
phobicity, and affinity for dexamethasone.

Polymer Physical Properties. Polymer Thermal Proper-
ties. Tg and Tm values of bulk polymers, empty particles, and
drug-loaded particles are compared with LC in Table S2. The
Tg values are similar in bulk and empty particles but increase
with drug loading due to the incorporation of dexamethasone
that has a high Tg (117 °C). The observed increase in Tg of the
drug-loaded particles was expected with incorporating a high
Tg drug.

56 A single Tg value was observed during the second
heat, indicating polymer−drug miscibility for all formulations
prepared after temperature processing. The incorporation of
drug either decreased or caused a complete disappearance of
Tm. This suggests that dexamethasone reduces the polymer
crystallinity in the particle like an impurity would.
To determine the effect of the thermal properties on drug

release, three representative release time points that corre-
spond to the three phases of drug release were selected: (i) the
initial burst release period at day 7, (ii) the beginning of the
sustained release period at day 21, and (iii) the end of the
release study at day 119. Cumulative percent drug release at
each of these time points was compared against the polymer
thermal properties in the form of matrix plots. Pearson’s r and
linear fits were used to draw correlations between the two
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independent variables. It was hypothesized that if theTg of the
polymer was below physiological temperature (37 °C), the
polymer would be in a rubbery state and dexamethasone
release would be faster compared to polymers with a Tg value
above 37 °C, which would be in a glassy state. A polymer in a
rubbery state has higher chain mobility, which facilitates water
penetration and enhances drug diffusion rates.57 But, little
correlation between Tg (r ∼ 0.1) or Tm (r ∼ 0.2) and the drug
release rates are shown by the linear fits and corresponding
Pearson’s r values.
Polymer Hydrophobicity and Degradation. Polymer

hydrophobic properties (AWCA and logP) of the bulk
polymers were compared to drug release and no correlation
was observed between cumulative drug release at 7, 21, and
119 days with either property (Figure 4C). GPC retention of
digested particles showed a wide range in Mn retention after
exposure to release medium at 37 °C for 119 days (Figure S5).
No PLGA particles were present at the end of the 119-day

study indicating that complete degradation and resorption
occurred. The starting polymer Mn does not appear to be the
sole contributor impacting drug release as no clear trend
between the highest polymer Mn and % drug release after 119
days was observed (Table S3). There is a slight correlation
with % Mn retention as seen in the matrix plot in Figure 4C (r
∼ 0.3); however, this correlation is due to the handful of
formulations, which retained very little Mn (0−5%) no longer
maintaining their polymeric matrix, which is needed to hold
the drug inside of the particle.

Polymer Crystallinity and Crystallite Size. A subset of
polymers, including fast and slow releasing formulations, HTy
and DTy monomers, and aliphatic carbon and functional
group diacid monomers were analyzed by XRD. Bulk polymer,
empty particles, and drug-loaded particles of each polymer
selected were analyzed to understand how particle formulation
and the presence of drug affects polymer crystallinity (Figure
5). The sharp peaks present in the drug-loaded particle spectra

Figure 4. Matrix plots comparing cumulative dexamethasone release at 7, 21, and 119 days to (A) Tg of bulk polymer, particle, and particle with
drug; (B) Tm of bulk polymer, particle, and particle with drug;(C) bulk polymer AWCA, χpolymer‑drug, logP, and polymer % Mn retention after 119
days exposure to physiological conditions.
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are due to dexamethasone, which remains in its crystalline state
after particle formulation. Interestingly, dexamethasone
appears to be more crystalline in pHTy7 particles than in
pDTy4 particles; this is consistent with 19F NMR T1 relaxation
data shown in Table S4. For comparison, an XRD scan of
dexamethasone is shown in Figure S6. Polymer crystallinity
and crystallite size were calculated from profile-fitted scans
(Table S6). The crystallite size was calculated from the most
representative of the polymer peaks using the Scherrer
equation. The details of these calculations are described in
the SI and an example spectrum are shown in Figure S7. All
the polymers run on XRD were semi-crystalline, although
pHTyPd, pDTyCh, and PLLA were less crystalline than others.
For all polymers except for pDTy4 and pDTy10, the polymer
percent crystallinity decreased upon particle formulation.
Thereafter, the crystallinity either remained constant or
decreased with drug incorporation, except in the case of
PLLA and pDTy8 where drug incorporation increased the
polymer crystallinity.
To determine the effect of the polymer crystallinity on drug

release, cumulative percent drug release at the same three time
points (7, 21, and 119 days) was compared against the

polymer properties in the form of matrix plots. Drug release is
expected to be affected in some way by the structure and
morphology of the polymer matrix within which the drug is
embedded. Therefore, this aspect was explored by using
characteristics of the structure seen in the XRD data. Since
drug molecules are mostly segregated in the amorphous
regions of a polymer, which are more permeable and accessible
to water, it is generally assumed that drug release rate is higher
in polymers with higher amorphous content, i.e., with lower
crystallinity.17,19,58 Our data also show a trend opposite to that
commonly assumed. The matrix plot in Figure 5A shows a
weak correlation at all three time points for bulk polymer
crystallinity, indicating that polymers with higher crystallinity
have a faster release rate (r ∼ 0.4). This suggests that there are
other factors that confound this simple correlation between the
crystallinity and drug release. For instance, in one study, higher
drug release rates were observed in microparticles with higher
crystallinities.59 This trend was attributed to crystalline
morphology causing rougher surface texture on the micro-
particles, which in turn caused rapid drug release. We found
that there is a significantly stronger correlation between
another measure of crystalline order, the crystallite size (r ∼

Figure 5. XRD analysis of (A) pDTy4 and (B) pHTy7 bulk polymer, empty particles, and dexamethasone loaded particles prepared at 20 wt %
attempted drug loading. Scans have been offset for clarity. Matrix plots comparing cumulative dexamethasone release at 7, 21, and 119 days to bulk
polymer, empty particles, and drug-loaded particles (C) polymer % crystallinity and (D) polymer representative crystallite size.
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0.7; Figure 5B), suggesting that a larger crystallite size leads to
faster drug release. This correlation can be found in the
microparticles without drug and in microparticles with drug as
early as the 7-day time point, and the trend held out to 119
days.
In a detailed study, Jeong et al. found that the correlation

between increased drug release rates in polymer and lower
crystallinity is not robust, and an opposite trend can be
discerned in some subclasses of samples.19 Perhaps in
acknowledgment of this uncertainty, they attributed faster
release not to a higher crystallinity, but to the coarse
microstructure of the particles. Our observation of larger
crystallite size is a confirmation of this hypothesis. Our data
suggest that the microstructure can be quantified in terms of
crystallite size. Other parameters such as degree of crystallinity
and porosity are known to affect the drug release rate;
crystallinity by defining the amorphous volume available for
drug incorporation and migration, and the porosity that
provides a local microenvironment for the drug to be
solubilized in the medium that diffuses into the pores and be
transported out of the matrix. Smaller crystallites will increase
the path length for the diffusion of the drug molecules by
increasing the tortuosity, and thereby contribute to slower drug
release. Note that in Figure 5D, the correlation between drug
release and crystallite size is highest at the 7-day time points,
and lowest at the 119-day time point. This suggests that once
the pathways between the crystallites are filled, the influence of
crystallite size on drug release is diminished. This further
validates our hypothesis that crystallite size plays a role in
determining the rate of drug release.
Particle Porosity. As the structure of the polymer network is

strongly correlated with drug release, we sought to better
understand the nature of the pore environment in these
polymers. NMR cryoporometry is a technique in which the
NMR signal of a pure liquid saturating a porous sample is
monitored as a function of temperature. As liquids confined
within pores exhibit a melting point depression by the Gibbs−

Thomson effect, this method takes advantage of the change in
NMR signal linewidth between solid and liquid to observe the
temperature at which the confined liquid undergoes the phase
transition. The Gibbs−Thomson equation describes the
relationship between the melting point depression of water
(ΔTm) in a porous material and its pore diameter (d), and can
be represented in a simplified form as shown in eq 3:

T T T d
k
d

( )m B m
GTΔ = − =

(3)

where kGT is a constant that depends on the properties of the
liquid, the pore geometry, and the interfacial surface energy
between the liquid and the pore walls. When the signal area is
plotted against temperature, a sharp step may be observed at
the melting point of the confined liquid for systems with a
monodisperse pore size distribution.60,61 However, for pore
networks with complex geometries and a broad distribution of
pore diameters, step-like changes in the signal with temper-
ature may not necessarily be observed.62

The polymers pDTy4 and pHTy7 were examined with
NMR cryoporometry using water as the confined liquid. A
benefit of using water for the analysis is that we are directly
probing the water-accessible pore volume, which is the pore
volume relevant to the kinetics of drug release. Neither of the
polymers show noticeable steps in their melting curves (Figure
6A), indicating that both the pDTy4 and pHTy7 pore
networks consist of a broad distribution of pore diameters.
Below the bulk melting point of water, a liquid water signal

persists within the pores of pDTy4 even at a temperature of
252.4 K, while at this temperature within pHTy7, a much
smaller amount of water signal remains (0.1%). Figure 6B
shows a significantly more intense water peak for pDTy4 than
for pHTy7 at 252.4 K. There are mobile polymer resonances
still visible in Figure 6B, but they were not part of the
integration for the data shown in Figure 6A. Values of kGT for
pDTy4 and pHTy7 polymers were calculated to be 84 nm K
and 91 nm K, respectively. Calculation details are described in

Figure 6. NMR Cryoporometry results. (A) Melting curves of water within pDTy4 (blue) and pHTy7 (red) particles approaching the bulk melting
point (273.15 °C) and full melting curve (inset) prepared by plotting temperature vs the relative integration of the water peak. (B) 1H 1D NMR
spectra of pDTy4 (blue) and pHTy7 (red) at 252.4 K, normalized to the amount of bulk water present in each sample. Representative SEM images
of pDTy4 (C and D) and pHTy7 (E and F) particles at 1000× (80 μm scale bar) 3000× (20 μm scale bar) magnification.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c01254
ACS Appl. Polym. Mater. 2021, 3, 6548−6561

6556

https://pubs.acs.org/doi/10.1021/acsapm.1c01254?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01254?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01254?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01254?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the SI. Utilizing these values as inputs for eq 3, we find that a
melting temperature of 252.4 K corresponds to a pore
diameter of approximately 4 nm for both polymers, and that
a melting temperature of 270 K corresponds to a pore diameter
of 27 nm for pDTy4 and 30 nm for pHTy7. As a negligible
amount of water remains liquid below 270 K within pHTy7,
the majority of the pore volume of pHTy7 is comprised of
pores with a minimum diameter of 30 nm. However, for
pDTy4, 1.1% of the total water volume remains unfrozen even
at the lowest measured temperature of 252.4 K, meaning that
of the total water-accessible pore volume in pDTy4, 23 μL/g of
this volume is comprised of channels 4 nm or less in width. As
water was able to enter these pores during the cryoporometry
experiments, this indicates that they serve as functional pores
for drug release. This difference in the pore size distribution for
pDTy4 and pHTy7 can be related to their release profiles, as
the smaller diameter and more tortuous network of pores
within pDTy4 results in slower dexamethasone release than for
pHTy7.
These results complement the SEM images shown in Figure

6C−F, which highlight the morphological features of the
particles. Visually, pHTy7 particles have larger surface
macropores that are more abundant compared to pDTy4
particles. After drug release, particle porosity did not visually
appear to change as seen in the SEM images taken after 119
days at 37 °C, suggesting that the polymer retains its matrix
form and is able to retain dexamethasone inside of the particle
(Figure S8). The overall pore network of the pHTy7 particles
is such that larger macropores lead into larger nanopores
(greater than 30 nm) present inside of the polymer matrix.
This is consistent with the larger crystallite size from XRD
experiments, confirming that the particle matrix is more loosely

packed. For pDTy4 particles, there are fewer surface
macropores present and as revealed from cryoporometry
data, at least 1.1% of the micropore volume is 4 nm or less in
diamter. These smaller micropores connect to the rest of the
pore network to make up the inside of the particles. This is
again consistent with XRD data, which showed a smaller
crystallite size resulting in a more tightly packed particle
matrix.

Dexamethasone Release Mechanisms. Release kinetics
were analyzed by fitting the release profiles using zero-order,
first-order, and Higuchi models to predict the drug release
mechanisms.63−65 For all formulations, the Higuchi model
resulted in the highest correlation coefficient (r2) as shown in
Table S6, indicating that diffusion-based drug release occurred
in all formulations. Thus, as water penetrates into the matrix,
dexamethasone is dissolved and diffuses out of the particle.
According to the Korsmeyer−Peppas model, which predicts
the diffusion mechanism, n < 0.5 is considered Fickian
diffusion while 0.5 < n < 1 is non-Fickian (anomalous)
diffusion, where n is the release exponent derived from the
Korsmeyer−Peppas equation.66,67 Calculated n values are
shown in Table S6. Release profiles modeled with the
Korsmeyer−Peppas equation (Figure S9) show that
pDTD10, pHTyPd, and PLGA formulations show anomalous
diffusion, which indicates that a polymer or environmental
parameter is impacting drug release. All other formulations
show Fickian diffusion where drug solubility and water
accessibility control the rate of drug release.
Applying fitting models such as the Higuchi and

Korsmeyer−Peppas models requires several assumptions
including that the diffusivity of the drug is constant and
unidirectional.68,69 This assumes that our spherical particles

Figure 7. CP-MAS 13C ssNMR of (A) pDTy4 particles, (B) pHTy7 particles, (C) dexamethasone, (D) pDTy4 dexamethasone loaded particles,
(E) pHTy7 dexamethasone loaded particles, (F) pDTy4 dexamethasone loaded particles after ∼40% drug release, and (G) pHTy7 dexamethasone
loaded particles after ∼40% drug release. Assignments of the polymer peaks are shown, and spectra have been offset for clarity.
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have homogeneous and uniform size porosity. As demon-
strated previously in the cryoporometry calculations, pDTy4
and pHTy7 particles have non spherical and varying size pores.
These differences in porosity can contribute to the anomalous
diffusion calculations derived from the kinetic models. These
fitting mechanisms are accurate only up to 60% cumulative
drug release after which the fitting profiles deviate from
experimental results.
Polymer Chemical Interactions. Polymer−Drug Mis-

cibility. The miscibility of the polymers and dexamethasone
are shown in Table S7. Increasing the diacid chain length
decreased the miscibility of the polymer and dexamethasone;
however, HTyCh, DTyDg, and PLGA values were <1.0
indicating some polymer−drug miscibility. The miscibility
parameter is likely not influencing drug loading since the
particles were prepared using a solid drug suspension. The
miscibility parameter has been previously used in predicting
drug loading when both the polymer and drug were fully
solubilized during particle formation.70 Matrix plots did not
show a correlation between cumulative release at 7, 21, and
119 days and polymer−drug miscibility (Figure 4C).
Polymer−Drug Interactions. MAS ssNMR was used to

characterize two of the particle formulations, pDTy4 and
pHTy7, formulated with and without dexamethasone loading.
These two polymers were selected as representative samples of
the extreme ends of the release rate variation across the
polymers synthesized in this study, with pHTy7 releasing 99%
of dexamethasone after 119 days and pDTy4 releasing only
42% in that same time. We hypothesized that if a difference in
the strength of drug−polymer interactions were responsible for
the difference in the release rate between these two polymers,
chemical shift changes in the NMR spectra would be observed.
Figure 7 compares 13C CP-MAS spectra of dexamethasone
(Figure 7C), the empty pDTy4 particles (Figure 7A), empty
pHTy7 particles (Figure 7B), and each particle loaded with
dexamethasone and after 40% release. The particle formula-
tions loaded with dexamethasone (Figure 7D and E) manifest
as a linear combination of the empty polymer particle
spectrum and the pure dexamethasone spectrum, with no
changes in the intensity or chemical shift of the resonances
observed. The lack of spectral changes indicates that both
polymer−drug systems exist as a physical mixture of polymer
and dexamethasone in separate phases. As seen with the
miscibility parameter analysis, interactions between the
polymer and the drug are not observed since the particles
were prepared using a solid drug suspension. Had the drug
been solubilized with the polymer during particle preparation,
polymer−drug interactions might have been observed.
After 40% dexamethasone release, the phase separation for

both pDTy4 and pHTy7 particles and dexamethasone is still
maintained. Between the fully loaded and after 40% dexa-
methasone release (Figure 7F and G) the only change
observed is a 40% decrease in signal intensity for resonances
attributable to dexamethasone. Similar results are obtained for
the 19F signal of the dexamethasone and 1H signals of both the
dexamethasone and the polymer (Figures S10, S11, and Table
S4). These results indicate that the physical mixture is
maintained in an aqueous environment at 37 °C and the
introduction of water did not facilitate new polymer−drug
interactions.

■ CONCLUSIONS
A thorough investigation into polymer physical and chemical
properties was undertaken to understand how polymer
properties affect drug release. We found that the factors that
impact Fickian diffusion are sufficient to describe the drug
release behavior for the polymers studied here. Additional
factors that could contribute to drug release, including the
affinity between the drug and the polymer matrix and changes
in the segmental mobility of the polymer were not observed for
this system. ssNMR data showed no interactions between the
polymer and the drug investigated here, which is likely due to
loading the drug as a solid suspension, and thus diffusion is
controlled by the path length. This is likely the reason that the
crystallite size, or the tortuosity of the diffusion path, controls
the drug release rate. Larger polymer crystallite size in the bulk
polymer and in the microparticles both with and without drug
loading correlated with higher drug release at 7, 21, and 119
days. Additionally, we showed that particle porosity correlates
to drug release as faster releasing pHTy7 particles had larger
pores than the slower releasing pDTy4 particles as observed by
NMR cryoporometry and SEM. Surprisingly, drug release was
not related to the polymer’s Tg and Tm, hydrophobicity
(AWCA, logP) or miscibility with dexamethasone. The
correlations found between the polymer properties and drug
release can aid in simplifying the design of polymers for drug
delivery.
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