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The aim of this study was to develop an injectable
hydrogel delivery system for sustained ocular delivery of
dexamethasone. To this end, a self-healing hydrogel consisting of
a thermosensitive ABA triblock copolymer was designed. The drug
was covalently linked to the polymer by copolymerization of
methacrylated dexamethasone with N-isopropylacrylamide
(NIPAM) and N-acryloxysuccinimide (NAS) through reversible
addition—fragmentation chain transfer (RAFT) polymerization,
using poly(ethylene glycol) (PEG) functionalized at both ends
with a chain transfer agent (CTA). Hydrogel formation was
achieved by mixing aqueous solutions of the formed thermosensi-
tive polymer (with a cloud point of 23 °C) with cystamine at 37
°C, to result in covalent cross-linking due to the reaction of the N-
hydroxysuccimide (NHS) functionality of the polymer and the primary amines of cystamine. Rheological analysis showed both
thermogelation and covalent cross-linking at 37 °C, as well as the self-healing properties of the formed network, which was attributed
to the presence of disulfide bonds in the cystamine cross-links, making the system injectable. The release of dexamethasone from the
hydrogel occurred through ester hydrolysis following first-order kinetics in an aqueous medium at pH 7.4 over 430 days at 37 °C.
Based on simulations, administration of 100 mg of hydrogel would be sufficient for maintaining therapeutic levels of dexamethasone
in the vitreous for at least 500 days. Importantly, dexamethasone was released from the hydrogel in its native form as determined by
LC—MS analysis. Cytocompatibility studies showed that at clinically relevant concentrations, both the polymer and the cross-linker
were well tolerated by adult retinal pigment epithelium (ARPE-19) cells. Moreover, the hydrogel did not show any toxicity to ARPE-
19 cells. The injectability of the hydrogel, together with the long-lasting release of dexamethasone and good cytocompatibility with a
retinal cell line, makes this delivery system an attractive candidate for treatment of ocular inflammatory diseases.
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therapeutic effect is evident.”> Additionally, repeated intra-
vitreal injections, while generally considered safe, cause a
significant burden to the society, and moreover, to the
individual patients themselves, compromising patient com-
pliancy.” Currently, there is only one poly(lactic-co-glycolic
acid) (PLGA) implant-based sustained release formulation for
intraocular delivery of dexamethasone on the market” while
other formulations, such as hydrogel and polymeric nanoma-
terial-based delivery systems are being developed.” '
However, there is still a need for delivery systems for

Intravitreal injection is currently the best choice for drug
administration into the posterior segment of the eye, as both
topical and systemic drug delivery routes are severely hindered
due to the physiological barriers of the eye.' > However, even
after intravitreal injection, ocular drug delivery of therapeutics
is challenged by the short retention times of the drugs in the
vitreous, which leads to the need for repeated injections,
especially in the case of chronic diseases that require long-term

treatments.
Dexamethasone is a common clinically used anti-inflamma-
tory therapeutic for the treatment of various ocular diseases, August 19, 2022 POLYMERS ™
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such as diabetic retinopathy, (diabetic) macular edema, retinal
vein occlusion and other age-related and inflammatory
intraocular diseases.” Due to its relatively short half-life of
3—6 h in the vitreous after intravitreal injections, the urgent
need for sustained release systems achieving a prolonged
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Figure 1. (A) Cross-linking mechanism between the NAS functionality of the polymer (blue) and CA. (B) Self-healing mechanism of the hydrogel
after applying mechanical stress is based on dynamic disulfide exchange reaction.

dexamethasone to the posterior segment, which are biode-
gradable, can be administered intravitreally through G30—32
needles, and release dexamethasone over several months.

In recent years, the self-healing properties of hydrogels
cross-linked by dynamic covalent bonds, including disulfide
bonds, have been studied, especially for the development of
injectable hydrogels suitable for drug delivery and tissue
engineering purposes. ”'* Under mechanical stress, these
hydrogels show reduced viscosity that recovers once the stress
is removed. With hydrogels cross-linked by disulfide bonds, the
self-healing properties have been shown to be the result of
disulfide exchange (Figure 1)."°~"

The reaction between disulfide-containing cystamine (CA)
and N-acryloxysuccinimide (NAS) (Figure 1) was previously
exploited to form reversibly cross-linked thermosensitive
polymeric micelles.'® In the present study, the disulfide
cross-linking mechanism was applied for cross-linking triblock
copolymers aimed for the development of an injectable
thermosensitive hydrogel for sustained delivery of dexametha-
sone. To incorporate dexamethasone into the hydrogel, a
dexamethasone prodrug with methacrylate functionality and
hydrolysable sulfide ester was synthesized and characterized
according to a previously reported method.'” We used
reversible addition—fragmentation chain transfer (RAFT)
polymerization to copolymerize this dexamethasone prodrug
with N-isopropylacrylamide (NIPAM) and NAS using a
poly(ethylene glycol) (PEG) RAFT macro chain transfer
agent (CTA). The synthesized triblock copolymer as well as
the obtained hydrogel after the cross-linking with CA was
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characterized, and the release of dexamethasone in an aqueous
medium was studied. Finally, the cytocompatibility of the
hydrogel was evaluated.

All chemicals were obtained from Sigma-Aldrich (Zwijndrecht, the
Netherlands) and used as received, unless indicated otherwise.
Dichloromethane (CH,Cl,) was obtained from Biosolve (Valkens-
waard, the Netherlands) and 4-dimethylaminopyridine (DMAP) was
purchased from Fluka (Zwijndrecht, the Netherlands). Concentrated
phosphate buffered saline (PBS) (pH 7.4) was purchased from Fisher
Scientific (Fisher BioReagents, Thermo Fisher Scientific, Waltham,
MA, USA) and diluted 10 times with MilliQ water prior use (final
composition: 11.9 mM phosphates, 137 mM sodium chloride, 2.7
mM potassium chloride).

The synthesis of double sided PEGgygop, macro CTA was achieved
through Steglich esterification®® using N,N’-dicyclohexylcarbodiimide
(DCC) as a coupling agent and 4-dimethylaminopyridine (DMAP) as
a catalyst according to a method previously reported with some
modifications>' (Supporting Information, Scheme S1).

Briefly, PEGgggop, (1.00 g, 0.167 mmol), 4-cyano-4-[ (dodecylsulfa-
nylthiocarbonyl) sulfanyl]pentanoic acid (RAFT CTA) (168 mg, 0.42
mmol), and DMAP (6.1 mg, 0.050 mmol) were dissolved in dry
DCM (10 mL) on ice and purged with nitrogen gas while protected
from light. Next, DCC (103 mg, 0.50 mmol) was dissolved in dry
DCM (10 mL) on ice and this solution was subsequently added
dropwise in about S min under a nitrogen atmosphere while stirring.
The reaction mixture was removed from the ice bath and allowed to
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Scheme 1. Synthesis Route of PNADEX

s s U N ":;S[ >

RAFT macro CTA ‘ ﬂ 0 0 . |
1 [ 1 ) DMF70°C, 24h —
° AIBN
NIPAM NAS
s~
NN . .
uo\" - J o . ) / 7 / ) vl /i‘_r = \ . ’\ \
Q) ~
PNADEX: P(NIPAM-co-NAS-co-mDEX)-PEG-P(NIPAM-co-NAS-co-mDEX)

Methacrylated Dexamethasone
(mDEX)

slowly reach room temperature. After 16 h stirring, the milky
dispersion was filtered through a 0.2 um Phenex PTFE syringe filter
(Phenomenex, Aschaffenburg, Germany) to remove the formed 1,3-
dicyclohexylurea precipitate, and the polymer was collected by
precipitation in ice cold diethylether (DEE) followed by filtration
(filter paper, catalogue number $16-0297, VWR International BV,
Amsterdam, the Netherlands) to collect the crude product. To
remove traces of unreacted RAFT CTA, the product was dialyzed
against dimethylsulfoxide (DMSO) for 1 day at room temperature
and subsequently against water for 4 days at 4 °C (MWCO 3.5 kDa,
Spectra/Por 45 mm, Carl Roth, Karlsruhe, Germany) and Iyophilized.
The synthesized macroinitiator as well as PEGgygp, were charac-
terized by gel permeation chromatography (GPC) and 'H NMR
analysis. The degree of functionalization of the obtained PEGgggqp,
RAFT macro CTA was determined with 'H NMR by addition of
trichloroacetyl isocyanate (TAIC) to determine the amount of
unreacted OH groups.”

PEGggopa RAFT macro CTA (25 mg, 3.7 pmol), N-isopropylacry-
lamide (NIPAM) (117 mg, 1.03 mmol), and acrylic acid N-
hydroxysuccinimide ester (NAS) (8.0 mg, 47 ymol) were dissolved
in 1 mL of dry N,N-dimethylformamide (DMF). Next, 48 uL of
azobisisobutyronitrile (AIBN) stock (5.0 mg/mL in dry DMF) was
added, and the mixture was purged with nitrogen gas at RT. The
polymerization was carried out at 70 °C for 24 h under a nitrogen
atmosphere and constant stirring. The formed polymer was
precipitated in ice cold DEE and collected after centrifugation for
10 min at 4 °C and 10,000 g. The supernatant was removed, and the
remaining solvent was evaporated under reduced pressure. The
precipitation process was repeated three times and the obtained
polymer was dried overnight at RT and collected as a white solid with
a slight yellow tint. Finally, the polymer was characterized using GPC
and '"H NMR analysis.

Dexamethasone with methacrylated thioether functionality was
synthesized according to a protocol described previously'® (Support-
ing Information, Scheme S2) and characterized by '"H NMR and
ultra-performance liquid chromatography (UPLC).
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The synthesis route of PNADEX is shown in Scheme 1. PEG4popa
RAFT macro CTA (30 mg, 4.4 umol), NIPAM (144 mg, 1.27 mmol),
NAS (14.0 mg, 82.8 umol), and mDEX (18.2 mg, 31.5 ymol) were
dissolved in 1.5 mL of dry N,N-dimethylformamide (DMF). Next, 58
UL of AIBN stock solution (5.0 mg/mL in dry DMF) was added and
the mixture was purged with nitrogen gas at RT. The polymerization
was carried out at 70 °C for 24 h under a nitrogen atmosphere and
constant stirring. The polymer was precipitated in ice cold DEE and
collected after centrifugation for 10 min at 4 °C and 10,000 g. The
supernatant was removed, and remaining solvent was evaporated
under reduced pressure. To remove solvent traces of DMF, the crude
product was dialyzed against DMSO for 2 days (MWCO 3.5 kDa,
Spectra/Por 45 mm, Carl Roth, Karlsruhe, Germany) followed by
freeze-drying. The dry polymer was reconstituted in water (1 h in 4
°C) and freeze-dried to obtain a white fluffy powder with a yield of
78%. Finally, the polymer was characterized using GPC and '"H NMR
analysis.

NMR spectra were recorded using an Agilent 400-MR NMR
spectrometer (Agilent Technologies, Santa Clara, CA, USA).
Approximately S mg of analyte was dissolved in 0.6 mL of deuterated
solvent. Either DMSO-Dg (8 = 2.50 ppm) or CDCl; (6 = 7.26 ppm)
was used as solvent, and the chemical shifts of analytes were calibrated
according to the residual solvent peaks visible in the spectra.

GPC was performed to determine the number average molecular
weight (M) and molecular weight distribution of the synthesized
polymers and the RAFT macro CTA. A Waters Alliance System
(Waters Corporation, Milford, MA, USA) equipped with a refractive
index detector and a mixed-D column (Polymer Laboratories, Agilent
Technologies, Santa Clara, CA, USA) at 65 °C was used. An eluent of
10 mM LiCl in DMF was used as a mobile phase with a flow rate of 1
mL/min. Samples were dissolved in the eluent with a concentration of
5.0 mg/mL and filtered before analysis over a 0.2 um PTFE filter
(Whatman Mini-UniPrep G2 syringeless filter, Sigma-Aldrich). A
series of linear PEGs with narrow and defined molecular weights (PSS
GmbH, Mainz, Germany) were used as calibration standards.

The cloud point (CP) of the polymers was measured with a Jasco FP-
8300 spectrofluorometer (Tokyo, Japan). The polymer was dissolved
overnight in PBS in a concentration of 3 mg/mL at 4 °C. The
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temperature was increased from 4 to 50 °C and afterward returned to
4 °C with a rate of 0.5 °C/min. The scattering intensity of the
polymeric solution was measured at 650 nm and the CP is defined as
the onset of increasing scattering intensity.”*

To form 100 mg of 10 wt % hydrogel, 10 mg of PNADEX or PNA
was first dissolved in 80 uL of PBS at 4 °C. For cross-linking, 10 uL of
cystamine (CA) stock solution (38 and 45 mg/mL for PNA and
PNADEX, respectively) in borate buffered saline (BBS, 9.0 g/L NaCl,
6.0 g/L Na,B,0, 7.4 g/L H;BO;, pH 9.0) was added to the polymer
solution, vortexed, and incubated at 37 °C for at least 3 h. The CA
stock solutions were prepared with a concentration matching the
NHS functionality of the polymers. Briefly, the molar ratio of amine
groups in CA to NHS groups in the polymer was adjusted to be 1:1.
Gel formation was confirmed by a vial tilting test after 3 h incubation
in 37 °C followed by 1 h incubation in 4 °C. As a control, the vial
tilting test was carried out on polymer solutions without a cross-linker,
where 10 uL of BBS was used in place of CA stock solution.

PNA (44 mg) was dissolved in 352 uL of PBS, followed by addition of
44 pL of CA stock solution prepared as described in Section 2.8 to
yield a 10 wt % polymer solution. The formed solution was mixed and
transferred into a mold with cylindrical inserts (2.8 mm radius and 1
mm height) resulting in hydrogels of approximately 25 uL (n = 6).
The hydrogels were allowed to form for 3 h at 37 °C and
subsequently transferred into 1.5 mL glass vials. The weight of the
gels was recorded and 500 uL of PBS was added as the swelling
medium followed by incubation at 37 °C. At different time points, the
PBS medium was removed, and the weights of the gels were recorded.
Afterward, 500 uL of fresh PBS was added and the gels were further
incubated at 37 °C. The weights of the gels were compared to their
initial weights to obtain swelling and degradation degrees over time.
After 20 days, S00 uL of 10 mmol tris(2-carboxyethyl)phosphine
(TCEP) in PBS (pH 7.4) was added to three of the gels to trigger
cleavage of the disulfide bonds in the cross-linker. After 45 min
incubation at 37 °C, the weights of the gels were recorded again. The
final weights were recorded 2 h after addition of TCEP.

The rheological properties of the hydrogels (150 uL) were analyzed
using a Discovery HR-2 Hybrid Rheometer (TA Instruments, Etten-
Leur, the Netherlands) with a 20 mm aluminum plate geometry (gap
200 ym) and a Peltier plate, equipped with a solvent trap. Polymer
solution was introduced in the rheometer directly after addition of the
CA solution and mixing at 4 °C. The storage and loss moduli, G’ and
G” respectively, were recorded with a strain of 0.1% and a frequency
of 1.0 rad/s over a temperature gradient from 4 to 37 °C, witha 1 °C/
min heating rate. The hydrogel was kept at 37 °C for 30 min, followed
by frequency sweep from 0.1 to 100 rad/s and subsequently G’ and
G" were recorded over a temperature gradient from 37 to 4 °C. The
linear viscoelastic regime was established with a strain increasing from
0.01 to 1000% at 37 °C. Strain and recovery experiments were carried
out after gel formation at 37 °C with a strain of 0.1% and a frequency
of 1.0 rad/s. The strain was increased to 800% for 2 min, followed by
applying a strain of 0.1% for 20 min. G’ and G” were recorded over
repeated high—low strain cycles. As a control, in addition to hydrogels
cross-linked by CA, the rheological characterization was carried using
a cross-linker that does not contain disulfide bonds. Briefly, hydrogels
were prepared as described in Section 2.8; however, 80 uL of
PNADEX polymeric solution was mixed with 10 uL of hexamethy-
lenediamine dissolved in BBS (37 mg/mL).

Hydrogels of 100 mg (n = 3) were prepared using PNADEX as
described in Section 2.8 in 1 mL cylindrical glass vials, with diameter
of 8 mm (clear glass test tubes, ROTILABO, Carl Roth, Karlsruhe,
Germany). After gel formation, S00 L of prewarmed 37 °C PBS
supplemented with 1% Tween 80 (to solubilize released dexametha-
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sone) and 0.02% NaNj; (to prevent bacterial growth) was added as
the release medium and the gels were incubated at 37 °C. At
predetermined time points, 200 uL of samples were withdrawn
followed by the addition of the same volume of the fresh release
medium. The medium was refreshed on average every 4—S days. After
80 days, the volume of the release medium was increased to 700 uL to
prevent mechanical damage to the soft gels during medium
refreshments. The collected release samples were stored at —20 °C
until analysis with UPLC. Noteworthy, the isolated bovine vitreous
was also used as the release medium in a parallel experiment.
However, it was impossible to retain constant pH values in these
samples and therefore no reliable data could be obtained.

To quantify the released dexamethasone, 10 yL of DMSO was
added to 100 L of the release samples to ensure complete dissolution
of the released dexamethasone and the obtained solution was
centrifuged at 25,000 X g for 15 min at room temperature to remove
any particulate impurities. The supernatant was collected (70 uL) and
analyzed using an Acquity UPLC (Waters Corporation, Milford, MA,
USA) equipped with a UPLC CSH C18 column (100 X 2.1 mm, 1.7
um, 130 A, Waters Corporation). Gradient elution was achieved using
5% acetonitrile (MeCN) in water as eluent A and 100% MeCN as
eluent B. Both eluents contained 1% perchloric acid (PCA) as a pH
modifier. The injection volume was 5 uL, the flow rate was 0.75 mL/
min, and the gradient run from 0 to 100% B in 7 min. Dexamethasone
was detected at 246 nm and the concentrations of the drug in the
different release samples were quantified using a calibration curve of
0.5—-100 ug/mL dexamethasone in MeCN. Results were analyzed
using Empower Software (Version 3-FRS, Waters Corporation) and
GraphPad Prism (GraphPad Software, USA, Version 9.1). Curve
fitting was done in Python 3.10.2 using SciPy 1.8.0 least_squares
optimization functionality.**

The obtained in vitro release rate constant (k) of dexamethasone
from the PNADEX-CA hydrogel was used for simulation of
intravitreal pharmacokinetics of dexamethasone in humans. Pharma-
cokinetics were simulated using a compartmental model reported and
validated in the literature for vitreal kinetics of sustained release of
dexamethasone from nanomaterials (Supporting Information, Figure
$1)*>*° using the parameters shown in Table S1. When applicable,
parameters for dexamethasone phosphate were used in the model, due
to the lack of available reported kinetic parameters for dexamethasone
in the literature. The model assumes first-order dexamethasone
release kinetics from the hydrogel, and it is assumed that all covalently
linked dexamethasone in the hydrogel is releasable. The volume of
injection (90 uL, corresponding to approximately 100 mg of
hydrogel) and the dose of dexamethasone (623 ug) were used in
the simulation, and in addition, the vitreal kinetics for bolus injection
of dexamethasone solution with the same dose were simulated as a
control. STELLA software (v. 8.1.1) (ISEE systems, USA) and the
fourth-order Runge—Kautta algorithm were used for the simulations.

Stock solutions of dexamethasone or mDEX (1 mg/mL in DMSO)
were diluted to 0.1 mg/mL with 1.8 mL of PBS pH 7.4, BBS pH 8.0,
or BBS pH 9.0 and incubated at 37 °C for 2 weeks. The buffers
contained 1% Tween 80 as the solubilizer and 0.02% NaNj. At
predetermined time points, 200 L of samples were collected and
stored at —20 °C until analysis with UPLC as described in Section
2.11.

Stock solutions of dexamethasone or mDEX (1 mg/mL, 200 uL)
were diluted to 0.1 mg/mL with 1.8 mL of PBS pH 7.4, BBS pH 8.0,
or BBS pH 9.0 and incubated at 37 °C for 48 h. The samples were
diluted 1:1 with MeCN and filtered through a 0.2 ym syringe filter
and 100 pL was collected for analysis. Liquid chromatography mass
spectrometry (LC—MS) analysis was performed using Bruker
micrOTOF electrospray ionization MS (Bruker Daltonics, Billerica,
MA, USA) equipped with a SunFire C18 column (4.6 X 150 mm, §
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Figure 2. '"H NMR spectrum of PNADEX in DMSO-d,. Residual solvent peaks are observed at 2.50 ppm (DMSO) and 3.33 ppm (H,0).

um, 100 A, Waters Corporation, Milford, MA, USA). A gradient of
MeCN from 5 to 100% in water in 30 min was used with 0.1% formic
acid in the mobile phase as the modifier. The flow rate was 0.5 mL/
min, with a total runtime of 50 min. The data handling and analysis
were executed using Bruker DataAnalysis software version 4.0 (Bruker
Daltonics).

Retinal pigment epithelium derived ARPE-19 cells (catalog number
CRL 2302) were obtained from ATCC and maintained in Dulbecco’s
modified Eagle medium/nutrient mixture F—12 (DMEM/F-12)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% FBS and 1% L-glutamine. The cells were maintained under
fully humid conditions at 37 °C and 5% CO, and used for
experiments between passage numbers 13 and 20.

For the alamarBlue assay, cells were seeded into Greiner
CELLSTAR 96-well black polystyrene plates #655090 (Greiner Bio-
One GmbH, GE), and for the live-dead staining in Greiner
CELLSTAR 96-well black glass bottom plates #665090 (Greiner
Bio-One GmbH, GE) at a density of 32,000 cells/cm? The cells were
allowed to attach for 24 h, followed by incubations with series
dilutions of polymers dissolved in the respective complete cell culture
media at concentrations between 0.125 and S mg/mL (n =3). The
cytotoxicity of the cross-linker CA was evaluated at concentrations
between 0.0625 and 0.5 mg/mL for the alamarBlue assay and 0.015
and 1 mg/mL for the live-dead assay, dissolved in the complete
growth medium (n = 3).

2.14.1. alamarBlue Cytotoxicity Assay. Cells were exposed to
treatment conditions for 24 h, after which the medium was replaced
with complete medium containing 10% alamarBlue reagent (500 M
Resazurin sodium salt in PBS). Negative controls (n = 3) for dead
cells (incubated with 1% Triton X-100 for 1S min prior incubation
with the medium containing the alamarBlue reagent) and positive
controls (n = 3) of living cells incubated in the complete medium
were included in the assay. The background was corrected against
wells with the complete medium containing 10% alamarBlue reagent,
incubated without cells (n = 3) and the fluorescence intensities were
normalized against the positive control. The plates were further
incubated at 37 °C for 3 h and covered from direct light. The
fluorescence was measured with a fluorescence excitation wavelength
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of 550 nm and an emission wavelength of 590 nm using a FLUOstar
OPTIMA plate reader (BMG Labtech GmbH, Ortenberg, Germany).
The cell viability of the treated cells was evaluated through their
metabolic activity.

2.14.2. Live-Dead Staining Cytocompatibility. For the live-
dead assay, living cells were stained green by conversion of the
nonfluorescent calcein acetoxy methyl ester (Calcein AM) to green
fluorescent calcein inside the cells, while permeable dead cells were
stained red in the nuclei with propidium iodide (PI). The cells were
exposed to treatment conditions for 24 h, after which the medium was
replaced with a complete medium containing 3 yM Calcein AM
(Cayman Chemical Company, MI, USA) and 25 uM PI (Invitrogen,
Thermo Fisher Scientific). The plates were incubated for an
additional 30 min. Negative controls for dead cells (incubated with
1% Triton X-100 for 15 min prior staining) and positive controls of
living cells without treatments stained with single dyes were included
in the assay.

The cells were imaged using a Yokogawa CellVoyager CV7000
confocal microscope (Yokogawa, Tokyo, Japan). Images were
acquired at 20X magnification and 2 X 2 binning was applied.
Calcein was excited using the 490 nm laser of the microscope and
imaged in the BP525/40 channel of the microscope using 11 ms
exposure time. PI was excited for 100 ms using the 590 nm laser and
imaged in the BP600/37 channel.

Image analysis was performed using Columbus (PerkinElmer,
version 2.7.1) and representative overlays were prepared using Image]
(version 1.52p), using the settings specified in Supporting
Information, Table S2. Dead cells were identified by the nucleus
staining in the 600 nm channel, and live cells were identified by the
525 nm cytosolar signal. Both were counted using the in-built
Columbus analysis method specified in Supporting Information,
Table S3. The percentage of live cells was calculated by pooling all
fields in a well as a single datapoint and averaging the result between
two wells (n = 2). Cell viability differences between polymer dosages
in the alamarBlue and live/dead cell staining data were analyzed in
GraphPad version 9.3.1 by one-way ANOVA and multiple
comparisons with Tukey post hoc correction.
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Table 1. Characteristics of PNA and PNADEX Synthesized by RAFT

feed ratio copolymer composition”
polymer NIPAM:NAS:mDEX NIPAM:NAS:mDEX
PNA 93:7:0 92:8:0
PNADEX  82:8:10 81:8:11

Ccp yield amount of dexamethasone
M, (Da) M,” (kDa) B®  (°C) (%)  (wt%)
36.9 16.7 147 32 81 N/A
37.1 16.0 153 23 78 6.3°

“Determined by 'H-NMR. “Determined by GPC. “The amount of native dexamethasone was calculated based on the molar ratio of mDEX

incorporated in the PNADEX triblock copolymer.

For evaluating the cytocompatibility of the cross-linked hydrogel, 50
UL of 10% PNADEX-CA hydrogel was formed as described in Section
2.8 in a well of a 24-well plate (Greiner CELLSTAR glass bottom 24-
well plate, #662892) (n = 2). During gel formation, the plate was
tilted, allowing the gel to cover approximately 1/3 of the well surface
area. ARPE-19 cells were seeded at a density of 52,000 or 32,000
cells/cm® in the wells and cultured for 24 or 48 h, respectively,
followed by live-dead staining and imaging as described in Section
2.14. The cells seeded at the lower density were used for 48 h
incubation to prevent reduced cell viability due to overconfluence.
Positive and negative controls were included in the assay as described
in Section 2.14. Image analysis was performed using images showing
the interface between cells and the gel, as well as an image region
showing the confluent cell monolayer. Data analysis was performed
using Columbus and Image] as described above.

To obtain ABA triblock copolymers using RAFT polymer-
ization, a bifunctional PEG RAFT macro CTA with a PEG
molecular weight of 6 kDa was synthesized. Both terminal
hydroxyl groups of PEG were coupled to the carboxylic acid
groups of the RAFT CTA through Steglich esterification.”
After precipitation, dialysis, and lyophilization, the macro CTA
was collected as light-yellow powder with a yield of 67%. The
degree of functionalization was 91—96% as determined by 'H-
NMR (Figure S2). GPC analysis of the PEG precursor showed
an M, of 5.3 kDa, M,, of 6.0 kDa, and dispersity (D) of 1.14.
After conjugation of the RAFT agent, the M, remained 5.3
kDa, M,, increased to 6.2 kDa, and D was 1.17. GPC results for
6 kDa PEG, macro CTA, and synthetized triblock copolymers
are summarized in Supporting Information, Figure S3.

RAFT polymerization was used to synthesize the triblock
PNA copolymer containing PEG (P) as the midblock and
thermosensitive outer blocks containing NIPAM (N) and NAS
(A). Figure S4 shows the '"H NMR spectrum for PNA in which
the representative peaks of NIPAM and NAS are identified and
used for determination of the ratio of these monomers present
in the obtained polymer. The methacrylated dexamethasone
prodrug (mDEX)" was synthesized and characterized
(Supporting Information, Figure SS). The design of mDEX
contains three important functionalities: (a) the methacrylate
functionality allows polymerization of the prodrug, (b) the
ester group adjacent to dexamethasone allows release of
dexamethasone due to slow hydrolysis, and (c) the rate of
hydrolysis can be tuned by the degree of oxidation of the
thioether as described in previous work.'”*” Subsequently,
mDEX was used as a comonomer in the synthesis of PNADEX
(Scheme 1) to obtain a polymer that slowly releases
dexamethasone due to hydrolysis of the ester bond adjacent
to dexamethasone. PNADEX was designed to have a similar
molecular weight as PNA by reducing the NIPAM content in
the feed and replacing it with mDEX. The 'H NMR spectrum
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of PNADEX is presented in Figure 2. The obtained copolymer
composition of PNA and PNADEX matches the feed ratios of
the monomer ratios in the block copolymers as determined by
'"H NMR (Table 1), indicating good control over the final
polymer composition. Protons at positions 6, 11, and 12 were
used to quantify the obtained ratio of mDEX (Figure 2), which
correspond both to the dexamethasone structure (position 6)
and to the methacrylated linker structure (positions 11 and
12). The ratio of the protons from the linker structures and the
dexamethasone structure was approximately 1:1, indicating
that the mDEX prodrug was intact after polymerization. M,
determined from 'H NMR was 36.9 kDa for PNA and 37.1
kDa for PNADEX showing that the introduction of mDEX in
the polymer did not affect the overall molecular weight of the
polymer. The M, values measured with GPC (16.7 kDa for
PNA and 16.0 kDa for PNADEX) were lower than the M,
values determined by "H NMR which can be explained by the
use of PEG as calibration standards and is in line with previous
reports.zg’29

The P was 1.47 and 1.53 for PNA and PNADEX,
respectively, which values were both slightly higher than
previously reported values (P 1.11—1.26) for di- or triblock
polymers containing NIPAM and NAS synthesized by RAFT
polymerization.lg‘?’0 The choice of solvent, RAFT CTA, the
choice of initiator, as well as the monomer/RAFT agent and
initiator/RAFT agent ratio can influence the polymerization
process,”’ —** which in our study were chosen to be optimal for
methacrylates to ensure good copolymerization of mDEX. The
D and yield of PNA compared to PNADEX hardly changed
upon incorporation of mDEX, which shows that the polymer-
ization was hardly affected by the introduction of a
methacrylate monomer.

PNA had a similar CP as that of pNIPAM, 32 °C,** whereas
that of PNADEX was 23 °C. The weight fraction of
dexamethasone in the PNADEX polymer was 6.3%, which
increased the overall hydrophobicity of the polymer. The
introduction of hydrophobic dexamethasone in the thermo-
sensitive block lowered, as expected, the CP of the triblock
copolymer compared to PNA.

PNA dissolved in PBS with or without the CA cross-linker
yielded viscous solutions at 4 °C (Figure 3). For both
solutions, after 3 h incubation at 37 °C, a vial tilting test
showed the formation of turbid, physically cross-linked gels
which retained their shape when tilting the vial. However,
following incubation at 4 °C for 1 h resulted in viscous
solution in the vial containing PNA without the CA cross-
linker, while the hydrogel also containing CA retained its shape
demonstrating the presence of chemical cross-links in the gel.

The redox sensitive nature of a hydrogel based on PNA
cross-linked with CA was studied in a swelling and degradation
experiment (Figure 4). The gels incubated in PBS showed
some swelling during the first 2 days, as the hydrogels reached
equilibrium with the aqueous environment. During the
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Figure 3. Images of vial tilting of 10 wt % PNA-CA and PNA aqueous
polymer PBS solutions. First the polymers are fully dissolved in 4 °C,
followed by incubation in 37 °C for 3 h. After gels were formed, the
systems were incubated at 4 °C.
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Figure 4. Swelling and degradation of 10 wt % PNA cross-linked with
CA hydrogels (n = 6) upon incubation in PBS at 37 °C. At day 20,
TCEP was added (final concentration of 10 mM) to half of the
hydrogels (n = 3) which resulted in rapid degradation of these
hydrogels.

following 38 days, the gels slightly increased in weight and
reached a moderate swelling ratio of 1.7 at the end of the study
at day 40. Figure 4 also shows that when at day 20, TCEP (a
reducing agent) was added, the gel degraded in a few hours
indicating the triggered cleavage of the disulfide bonds present
in cross-links of the polymer network.

This redox sensitive nature can be utilized in making
hydrogels with cross-linking that can be cleaved by the
naturally existing reductive agents in the vitreous such as
glutathione and thioredoxin systems,”*® resulting in a
biodegradable material. However, in the vitreous environment,
the possible degradation through disulfide bond cleavage is
expected to be much slower than in the experimental
conditions presented in this paper.

Rheological analysis was performed on samples immediately
after mixing CA with PNADEX to investigate the gelation
kinetics. The temperature ramp showed a cross-over of storage
(G’) and loss moduli (G”) at 27 °C indicating thermogelation
(Figure SA). At the end of the temperature ramp at 37 °C, G’
and G” were 138 and 29 Pa, respectively. The G’ remained
higher than G” while the gel was cooled down demonstrating
the formation of a covalently cross-linked polymer network.
The covalent cross-linking is likely accelerated at elevated
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temperatures due to the fact that the NHS functional groups
are in close proximity above the LCST due to the self-assembly
of the thermosensitive blocks of the polymers. Upon cooling to
temperatures below the CP, the hydrogel stiffness increased
even further, likely due to the relaxation of the polymer chains
because of hydration of pNIPAM, exposing the yet unreacted
functional moieties resulting in further cross-links. At the end
of the cooling ramp at 4 °C, the G" and G” were 519 and 191
Pa, respectively.

The PNADEX-CA hydrogel showed linear viscoelastic
behavior up to 100% strain (Supporting Information, Figure
S6A). Oscillation strain of 800% was chosen for the strain and
recovery experiment (Figure SB) to investigate possible self-
healing properties of the hydrogel. First, the hydrogel was
allowed to form in a rheometer followed by increasing the
strain to 800% for 2 min to compromise the network integrity
(indicated by A in Figure SB), after which the hydrogel was
allowed to recover at a strain of 0.1% for 20 min. In the
repeated strain cycles, we observed rapid recovery of the G’
and G” values close to the initial values at low strains,
indicating the network’s self-healing properties.

To get mechanistic insight into the role of the disulfide
bonds in the self-healing properties of the network, hydrogels
cross-linked with hexamethylenediamine, which has a similar
structure to CA but lacks the disulfide bridge, were prepared.
The rheological characterization of the 10 wt % PNADEX-
hexamethylenediamine hydrogel (Figure SC,D) showed similar
physical and chemical cross-linking behavior and a linear
viscoelastic regime as the PNADEX-CA hydrogel. However,
the moduli at the end of the temperature ramp at 37 °C were
significantly higher with the hydrogel cross-linked with
hexamethylenediamine than with the hydrogel cross-linked
by CA; G’ and G” were 394 and 56 Pa, respectively. Likewise,
after cooling down the hydrogel cross-linked by hexamethy-
lenediamine to 4 °C, the G’ and G” were 844 and 261 Pa,
respectively, which were significantly higher than for the
hydrogel cross-linked by CA (G’ and G” of 519 and 191 Pa,
respectively). The lower moduli of the hydrogel cross-linked
by CA can likely be explained by the dynamic disulfide
exchange (as schematically shown in Figure 1B). The strain
and recovery experiment of the hydrogel cross-linked by
hexamethylenediamine showed that upon removing the
mechanical stress, the G’ and G” were significantly lower as
compared to the initial state, and the strength of the hydrogel
slightly decreased further over repeated strain and recovery
cycles (Figure SD). This observation supports the contribution
of the of disulfide bonds in self-healing properties of the
PNADEX-CA hydrogels.

Importantly, the 10 wt % PNADEX-CA hydrogel was easily
injectable through a 30G needle likely due to the exchange of
disulfide bonds resulting in shear-thinning properties (Figure
6). The injected gel strands retained their integrity and
reshaped post-injection into different shapes (globular and
linear) due to the self-healing properties of the material.
However, this behavior was not observed for the hydrogel
cross-linked with hexamethylenediamine, which was therefore
not injectable. The injectability of the CA cross-linked
hydrogel is crucial for use as the intravitreal drug delivery
system. Important to mention is the relatively small injection
volume needed for this formulation (~90 yL) compared to the
total of 4.6 mL of human vitreous.”” This small volume of the
turbid hydrogel could be injected outside of the line of sight or
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Figure S. (A) Rheological behavior of the 10 wt % PNADEX-CA hydrogel. Temperature ramp showing G’ and G” changes upon physical and
chemical cross-linking. (B) Repeated strain-recovery cycles showed recovery of the PNADEX-CA hydrogel after applied strain (A, 800% strain for
2 min) was reduced (0.1% strain). (C) Rheological characterization of the PNADEX hydrogel cross-linked with hexamethylenediamine.
Temperature ramp showing G’ and G” changes upon physical and chemical cross-linking. (D) Repeated strain-recovery cycles showed that the
PNADEX-hexamethylenediamine hydrogel was unable to recover after the applied strain (A) was reduced, indicating that the hydrogel lacks self-

healing properties.

Figure 6. Injectability of the 10 wt % PNADEX-CA hydrogel at room
temperature through a 30G needle. Gel strands retained their shape
after injection and could be shaped into a globular structure (A) or
various linear shapes (B).

below the visual axis to prevent any disturbances to vision
similar to that currently done for intraocular implants.

PNADEX-CA hydrogels (approximately 100 mg, 10 wt %, n =
3) were prepared and contained on average 623 + 32 ug of
dexamethasone, which was determined based on the 'H NMR
spectrum of the polymer (Section 3.1) and the mass of the
polymeric solution used for each hydrogel. The cleavage of
dexamethasone from the mDEX prodrug through hydrolysis
was shown to be pH-dependent and followed pseudo-first-
order kinetics in the aqueous medium (Supporting Informa-
tion, Figure S7), which is in line with the previous
experimental data regarding polymeric particles loaded with
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dexamethasone prodrugs with sulfide ester-based linkers with
different degrees of oxidation.'” The slowest hydrolyzing linker
was chosen for development of a hydrogel that was aimed to
release dexamethasone for months. Indeed, Figure 7A shows
that dexamethasone was released from the hydrogel in a
buftered aqueous medium for more than 400 days. The release
was fitted to a first-order model (Figure 7B), using the
following equation: In(M,) = —k*t + In(M,) (where M, is the
amount of dexamethasone still coupled to the hydrogel at time
t, k is the release constant, and M, is the amount of
dexamethasone coupled at time 0), which gave a k value of
0.0017 d~" with R* = 0.91, corresponding to a half-life of 408
days.

Noteworthily, the release of dexamethasone from the free
mDEX at pH 7.4 was faster than from the hydrogel (t;,, 5.9
and 408 days, respectively) which points to slower hydrolysis
of ester bonds between dexamethasone and the polymer
backbone, likely due to lower water activity in the hydrophobic
domains of the hydrogel’*”*” compared to mDEX dissolved in
the aqueous medium. As an example, the hydrogel released on
an average of 1.35 + 0.04 ug/day at 100 days of release (Figure
7C). As a consequence of the first-order hydrolysis kinetics, the
released amount per time unit gradually decreased over time.
However, at the end of the study (day 430), the gel still
released 0.37 + 0.10 pg of dexamethasone/day.

The concentration of dexamethasone in the vitreous
compartment for 500 days after injection of 100 mg of 10
wt % PNADEX-CA hydrogel was simulated as described in
Section 2.11. The compartmental model consists of the
amount of dexamethasone released per day from the hydrogel
based on in vitro release kinetics and elimination kinetics of
dexamethasone from the vitreous based on values reported in
the literature (Table S1). Figure 8A shows the simulated
concentration of dexamethasone after administration of the
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Figure 8. Simulated vitreal concentration of dexamethasone after administration of 100 mg of 10 wt % PNADEX-CA hydrogel (90 uL) in the
human vitreous (A) and bolus injection of solution with the same dose of dexamethasone (623 yg) (B) using the compartmental STELLA model.

hydrogel in the human vitreous. Maximum concentration concentrations gradually drop to 33 ng/mL at day 500. For
(Ciax) of 77 ng/mL is achieved 2.5 days post-injection, and the comparison, the dexamethasone concentration in the vitreous
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Figure 9. UPLC chromatograms of release the sample taken at 2 (A) and 79 days (B) after the start of the experiment. The black arrow indicates
dexamethasone, whereas the red arrows are degradation products identified as modified dexamethasone. (C) Chemical modification of
dexamethasone in the aqueous medium is proposed to occur at the hydroxyl group (a) and the circled ring structure (b).*'

after a bolus injection of dexamethasone solution (same dose
as for the hydrogel formulation) was simulated. Figure 8B
shows that the C.,, was 138,000 ng/mL immediately after
injection of this solution. Already after 4 days of admin-
istration, most of the drug has been eliminated, with the
concentration in the vitreous being below 1 ng/mL. These
simulations highlight the potential of the hydrogel to
significantly prolong the concentration of dexamethasone
after its intravitreal administration.

In clinical use, the maximum volume for intravitreal
injection in humans is 100 xL° and since intravitreally
administered dexamethasone is efficacious in the nanomolar
range,40 the simulations showed that the vitreal dexamethasone
concentration after intravitreal administration of 100 mg of 10
wt % PNADEX-CA hydrogel is sufficient for maintaining the
therapeutic range in the vitreous for at least 500 days. This
makes the PNADEX-CA hydrogel formulation a potential
alternative to the currently clinically available sustained release
system for ocular drug delivery of dexamethasone, the Ozurdex
implant. This drug delivery system is based on PLGA and
loaded with 700 mg of dexamethasone’ (which is close to the
used dose, 623 mg, in this study). Studies of Ozurdex in
cynomolgus monkeys showed a peak dexamethasone concen-
tration (C,,,) of 213 + 49 ng/mL in the vitreous at 60 days
post-treatment.”” However, between 90 and 180 days, the
dexamethasone release rate decreased and resulted in vitreal
concentrations of 0.00131 + 0.0002 ng/mL at day 180. As a
comparison, the simulated vitreal concentrations for the here
reported hydrogel formulation at 60, 90, and 180 days after
administration in humans are 70, 68, and 57 ng/mlL,
respectively. Although the simulated C, of dexamethasone
for our hydrogel formulation is lower than that for the Ozudex
implant, it is still well within the therapeutic range, and
importantly, the released amounts from the hydrogel at later
time points clearly outperform those of the implant
formulation.

Dexamethasone has limited stability in the aqueous medium
with several byproducts being formed over time.*' Therefore,
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the integrity of the released dexamethasone from the hydrogel
and mDEX was studied using UPLC and LC—MS analysis.
Only minor degradation products were observed in the UPLC
chromatograms of the release samples even after 79 days of
release (Figure 9A,B). A previous study showed that chemical
modifications of dexamethasone in PBS occur both at a
hydroxyl group or at one of the ring structures of dexametha-
sone, as indicated in Figure 9C."" However, as this hydroxyl
group of dexamethasone is coupled to the hydrogel network
via the methacrylated linker, the drug is only susceptible to
degradation by this route after cleavage and release from the
hydrogel network. Nevertheless, modifications in the ring
structure could potentially occur when dexamethasone is
coupled to the hydrogel. LC—MS analysis was carried out to
(a) confirm the formation of native dexamethasone from
mDEX after hydrolysis of the ester bond adjacent to
dexamethasone in the linker and (b) to identify dexametha-
sone degradation products detectable in the UPLC chromato-
gram. Indeed, LC—MS analysis showed that essentially native
dexamethasone was released from mDEX (Supporting
Information, Figure S9). Based on the degradation products
of dexamethasone identified by LC—MS (Supporting In-
formation, Figure S10) and comparing the corresponding
peaks in chromatograms of the PNADEX-CA hydrogel release
samples, small fractions of modified dexamethasone were
identified in the release samples (Supporting Information,
Figure S11). The dexamethasone degradation products
identified were all modifications to the hydroxyl group with
ring structures intact.

The cytocompatibility of PNADEX and CA was evaluated in
the ARPE-19 retinal cell line which originates from the eye and
is well characterized*”** using two different methods.

First, we used the alamarBlue assay that measures the
metabolic activity of cells to evaluate the cell viability exposed
to series dilutions of PNADEX and CA in the culture medium
(Figure 10). This figure shows that PNADEX did not reduce
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Figure 10. alamarBlue assay of ARPE-19 cells after incubation for 24 h at 37 °C with series dilutions of PNADEX (A) and CA (B). The cell
viability is adjusted to 100% for the control cells incubated with the normal cell culture medium. The ANOVA analysis showed that PNADEX was
well tolerated by the cells at all the tested concentrations (p > 0.05), whereas the cell viability was significantly reduced (p < 0.05) at CA
concentrations 0.5, 0.25, and 0.0625 mg/mL compared to untreated control cells.
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Figure 11. Live-dead assay of ARPE-19 cells exposed to PNADEX and cystamine. Living cells are stained green and dead cells are stained red. (A)
Evaluation of cystamine in ARPE-19. (B) Evaluation of PNADEX in ARPE-19. Lower green signal intensity can be seen at the higher polymer
concentration due to the turbidity of the cell culture medium. (C) Results of live-dead assay for cystamine and PNADEX. The live control of cells
was incubated in normal cell culture media, and the dead control of cells was incubated with 1% Triton X-100.

cell viability (with significance level > 0.05) compared to
untreated control cells, at any of the tested concentrations (up
to S mg/ mL) whereas CA reduced the viability of ARPE-19
cells to 64% already at the lowest tested concentration (0.0625
mg/mL). The cell viability was significantly reduced (p < 0.05)
at all the other CA concentrations tested apart from 0.125 mg/
mL, which reduced the cell viability only to 84%. However, the
CA concentrations are expected to be much lower in a clinical
setting (for example, in case 10% of free cross-linker would
remain unreacted in a 100 mg of injection of the hydrogel into
the vitreous of 4.6 ml¥’, the expected total load of CA would
only be 0.01 mg/mL).

The cytocompatibility of the materials was also evaluated
using a live-dead dual staining (Figure 11). This figure shows
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that CA did not show cell toxicity in ARPE-19 cells at the
concentrations studied (cell viability 97—99%). Moreover,
PNADEX was also well tolerated by ARPE-19 cells at the
concentrations tested (cell viability 90—100%), indicating
good cytocompatibility of PNADEX. The signal intensity of
Calcein AM and PI slightly decreased at the highest
concentration (S mg/mL) of PNADEX due to the turbidity
caused by the polymer in the cell culture medium (Figure
11B). However, when enhancing the brightness of the image, it
is evident that majority of the cells in the well were stained
green (Supporting Information, Figure S12).

The cytotoxicity of the PNADEX-CA hydrogel on a growing
monolayer of ARPE-19 cells was studied to investigate whether
the hydrogel or the NHS byproduct of cross-linking possibly
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Figure 12. (A) Culturing of ARPE-19 cells in the presence of the 10 wt % PNADEX hydrogel. The hydrogel was formed on the plate covering 1/3
of the surface of the well. ARPE-19 cells were seeded on the top and around the hydrogel and allowed to attach and grow for 24 and 48 h at 37 °C,
after which they were stained with Calcein AM and PI and imaged with a confocal microscope (1 = 1 for each condition). The image is made with
BioRender.com. (B) Images of the cells at the gel interface and the cell monolayer after 24 and 48 h of incubation. The white arrows indicate the
edge of the gel layer. Slight differences in the signal intensity were observed between 24 and 48 h incubation due to the day-to-day variation in
staining. (C) Cell viability of ARPE-19 cultured in the presence of the 10 wt % PNADEX-CA hydrogel. The live control of cells was incubated in
normal cell culture media, and the dead control of cells was incubated with 1% Triton X-100.

compromises the cell viability. PNADEX-CA hydrogels were
formed directly in a well of a 24-well plate (Figure 12A),
followed by seeding the ARPE-19 cells. Figure 12B shows that
the cells did not attach well to the hydrogel; however, the cells
grew abundantly close to the gel interface. Live-dead staining
was used to determine the viability of the cells growing in the
near proximity of the gel edge and in the cell monolayer. Only
few individual dead cells were found at the gel-monolayer
interface after 24 h of incubation. Moreover, the viability was
comparable to the positive control at both time points in all
parts of the well, indicating that the gel is well tolerated by the
cells (Figure 12C).

In this study, we investigated the suitability of a thermosensi-
tive hydrogel made of the ABA triblock copolymer PNADEX
for long-term release of dexamethasone. The self-healing
properties enabled the hydrogel to be injectable through a 30G
needle, making its intraocular administration possible. Release
of dexamethasone in vitro was achieved for more than a year,
which highlights the potential of this delivery system for
treating chronic ocular inflammatory diseases. Importantly, the
release of dexamethasone was achieved with minimal
formation of degradation products, which, given limited
aqueous stability of dexamethasone over an extended period

129

of time, emphasizes the capacity of the hydrogel to protect the
drug from chemical modifications prior release. Finally, both
PNADEX and the hydrogel based on this polymer were well
tolerated in vitro, which combined with the long release profile
and injectable nature of the hydrogel, making this formulation
an attractive candidate for further preclinical testing for

treatment of ocular inflammatory diseases.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.2c00038.

Additional experimental details, materials, methods, and
synthesis schemes; description of the pharmacokinetic
simulation model and parameters; cell culture imaging
settings, 'H NMR spectra for RAFT macro CTA,
polymers, and monomers; and GPC data, prodrug
characterization, rheology data, stability of the prodrug
and the drug in an aqueous medium, LC—MS analysis of
the released drug and identification of degradation
products, and additional cytotoxicity figure (PDF)
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