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We report here a method for the synthesis of a unique hybrid gel system for the sustained delivery of P2X7
receptor (P2X7R) antagonist. P2X7R has been reported as a key mediator in inflammatory processes and
controlled delivery of this molecule would be critical for the treatment of inflammatory arthritis. The
hybrid gel designed here for the sustained delivery of P2X7R antagonists is based on crosslinked
hydrophobic styrene-butadiene-styrene (SBS) polymer as a continuous network, where hydrogel
particles prepared with hydrophilic poly(ethylene glycol) (PEG) were embedded into this system. PEG
hydrogel particle-incorporated SBS gels were characterized through electron microscopy, water contact
angle observations, and strong mechanical properties were confirmed through nanoindentation
measurements. The release of P2X7R antagonist from these hybrid hydrogel-elastomer system
demonstrated a sustained drug release profile up to 28 days at physiological pH, which was not
observed in earlier reports. We obtained drug release percentages ranging from 49.72% to 93.04% which
indicated the tunability of release through SBS crosslinking and hydrophilic/hydrophobic nature of SBS.
This tunability is significant to achieve simultaneous improvements in drug efficacy with reduced side

effects. CellTiter-Glo luminescence measurements using human kidney cells revealed that these
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Accepted 11th May 20?8 networks are non-toxic and highly biocompatible with percent cell viabilities of higher than 85%. The
approach presented here with crosslinked, amphiphilic and elastic SBS gel systems is not only promising

DOI: 10.1039/c8ra01460d for extended release of P2X7R antagonist but could also allow for incorporation of different molecules
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1. Introduction

SBS is commonly used as a rubber substitute due to its desirable
properties such as high tensile strength and elasticity proper-
ties.™” It is a synthetic triblock copolymer composed of long
chains of polybutadiene and polystyrene. Polystyrene is tough
and this contributes to the durability of SBS, while poly-
butadiene brings rubber-like properties to SBS. SBS has been
used in a variety of industries where durability is important,
such as building materials (as an additive to bitumen to
improve mechanical properties of roads), shoes, tire treads,
biomedical devices and other places. However, the potential of
SBS for biomedical applications has only been considered in
limited studies.*”

SBS can be crosslinked to create slightly hydrophobic
networks through thiol-ene photopolymerization.®® Cross-
linked SBS can be synthesized through the addition of radical-
ized thiol groups onto double bonds present in poly(butadiene
blocks). PEG is a well-known biocompatible polymer that can be
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crosslinked via photopolymerization to obtain a hydrophilic gel
network which enables pharmaceutical loading.” We and others
have used eosin Y and triethanolamine (TEA) photoinitiator
system in free radical photopolymerization of poly(ethylene
glycol) (PEG) hydrogels to carry out the crosslinking reaction
under visible (wavelength ~500 nm) or UV light conditions.'**>
In our previous study, we designed covalently crosslinked SBS
network through UV photoinitiated thiol-ene reactions using
dithiothreitol (DTT) as a crosslinker and eosin Y-TEA photo-
initiation system to initiate crosslinking reactions with TEA
radicals.?

Extended drug release is important for efficient treatment of
various diseases such as periodontitis and severe bacterial
infections since these physiological processes require repeated
administration of drugs.”** Sustained release of drugs from
a network depends on hydrophilic/hydrophobic nature of the
drug and the carrier matrix, network properties of matrix and
degradability of its components.” Sustained release of drugs
from various materials such as hybrid polymers, composites
and hydrogels in the form of bulk material or nanocarriers have
been reported.”®> For example, two-component system from
adamantane-modified and cyclodextrin modified hyaluronic
acid were designed to prepare injectable hydrogels for sustained
release of small molecules.”® In another report, vincristine,
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hydrophobic and commonly used chemotherapeutic agent, was
encapsulated within a peptide hydrogel and vincristine was
shown to release constantly over the course of one month.*

P2X7R antagonists represent a novel approach for the
treatment of inflammatory arthritis, a long-term disease that
causes inflammation and deformity of the joints, and affects
about 1% of the world population. P2X7R activation is critical in
inflammatory processes and repeated injections are required to
achieve long lasting and constant patient relief.**>* Hence,
long-acting formulations that act by single-dose injection of
anti-inflammatory drugs for P2X7R activation would be clini-
cally desirable.”® Therefore, slow release of a potent anti-
inflammatory drug, P2X7R antagonist, presents a novel
approach for the treatment of inflammatory arthritis.

Elastomers represent other class of materials which have
been considered in wound dressing and drug delivery applica-
tions.'>*”*> For example, sustained release of berberine and
chlorhexidine from biodegradable elastomer poly(glycerol-
sebacate) (PGS) were monitored up to 60 days and drug
loaded PGS groups demonstrated antibacterial properties
against periodontal disease pathogens.” In another study,
a silicone elastomer, porous PDMS demonstrated abundant
void space for the preloading of pharmaceuticals and promoted
burst release (about 80% delivery achieved in 30 min), with
improved permeability of water vapor.>” In another report, slow
release of NO was achieved from photo-crosslinked biodegrad-
able poly(diol citrate) elastomeric network.*® Delivery of non-
steroid anti-inflammatory drugs from a micropillar PDMS
patch was also investigated and continuous release of drug was
monitored for one week.** However, the release of a drug from
a hydrophilic hydrogel-rubber elastomer hybrid system was not
developed in previous reports.

Among different variety of elastomers, SBS was considered in
limited biomedical applications where hydrophilic compounds
commonly were grafted onto SBS to increase biocompatibility of
the resulting copolymer.*** For example, Yang et al. developed
graft polymerization of SBS with hydrogels such as hydroxyethyl
methacrylate (HEMA) and amino ethyl methacrylate (DMAEMA)
to overcome limitations associated with poor mechanical
properties of hydrogels upon swelling.® They further added
heparin to the grafted copolymer and observed high water
content of copolymer and low water contact angles with
increased amount of grafting and heparin. They also observed
superior mechanical properties of copolymers compared to that
of hydrogel alone. In another study, n-isopropylacrylamide
(NIPAAm) was grafted onto SBS via solution polymerization to
improve the water absorption and thermo sensitivity of SBS.*
Design of a hybrid gel system prepared with photo-crosslinked
SBS network that includes embedded PEG hydrogel particles
and release of P2X7R antagonist from this type of rubber
elastomer-hydrogel system were not considered previously.

In this study, we utilized hydrophilic character of PEG
hydrogel particles within SBS to achieve slow and sustained
drug delivery, where we obtained high mechanical strength and
hydrophobicity through SBS for the release of an amphiphilic
drug, P2X7R antagonists through a novel hybrid gel network.
We prepared two different types of hybrid networks: SBS-PEG
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hybrid gels and SBS membrane-PEG gels (Scheme 1). SBS-PEG
hybrid gels were prepared through suspension of crosslinked
PEG particles in SBS solution followed by crosslinking of SBS
solution through photopolymerization. SBS membrane-PEG
gels were prepared by incorporation of PEG particles into SBS
solution followed by casting of the PEG particle incorporated
SBS polymer solution onto glass substrate surfaces. The main
advantages of the system developed here are: (i) ability to
crosslink hydrophobic SBS network; (ii) incorporation of
hydrophilic PEG hydrogel particles; (iii) casting hydrophobic
SBS membrane bearing hydrophilic particle islands onto
surfaces. Finally, the preparation of these amphiphilic hybrid
networks in the form of a crosslinked network or templated
structure promoted sustained delivery of P2X7R antagonist,
which is significant for a variety of biomedical conditions
including the treatment of inflammatory arthritis.

2. Materials and methods

2.1. Materials

SBS D1101 (S:B wt fraction 70:30) was purchased from
Kraton; pi-dithiothreitol (DTT); eosin Y and ethanol (99.8%)
were purchased from Sigma-Aldrich; triethanolamine (TEA)
and cyclohexanone (99.9%) were purchased from Merck
(Darmstadt, Germany) and phosphate-buffered saline (PBS)
tablets were obtained from Amresco (Solon, Ohio). Silica
nanoparticles (AEROSIL 816) were used for the preparation of
emulsions. PEG diacrylate (PEGDA) (575 Da) was purchased
from Laysan Bio. Vinyl-2-pyrrolidinone (VP) was purchased
from Aldrich. AZ11657312 (P2X7R antagonist) was kindly
provided from AstraZeneca (Istanbul, Turkey) (Fig. 1). Dul-
becco modified Eagle medium (DMEM) was purchased from
Gibco Life Tech. Penicillin/streptomycin, L-glutamine and FBS
was purchased from Sigma-Aldrich.

2.2. Synthesis of PEG particles and encapsulation of
particles in crosslinked SBS

Prepolymer solution was prepared with a concentration of 30
(w/v) PEGDA, 225 mM TEA and 37 mM VP in 10 mM PBS at pH
8. EosinY was added to the prepolymer solution at a final
concentration of 0.025 mM. Stock nanoparticle solution with
a concentration of 1.5% (w/v) was prepared. Prepolymer
solution (with an internal volume fraction of 25% (v/v)) is
stabilized by silica nanoparticle dispersion (1.5 wt/v%) in
cyclohexanone to obtain Pickering emulsion which we devel-
oped and used in our previous studies.**** The particle
dispersion was kept at room temperature. PEGDA prepolymer
(0.5 mL) was added to 1.5 mL of nanoparticle stock solution
under high shear by applying vortex. As prepolymer solution
was mixed in cyclohexanone, the aqueous solution formed
well-dispersed droplets which were stabilized by silica nano-
particles. Synthesis of PEG particles was monitored using a TA
Instruments AR/DHR series rheometer (New Castle, DE) with
a UV light attachment. Nanoparticle stabilized prepolymer
emulsion (600 pL) was illuminated with UV light at 365 nm,
with a flux of 100 mW ¢cm™? for 900 s. Next, PEG-cyclohexane
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Scheme1 (a) Components of amphiphilic and crosslinked SBS-PEG gel network, (b) summary of preparation steps for the synthesis of SBS-PEG
and SBS membrane-PEG.

Fig. 1 Structure of P2X7R antagonist.

emulsion was washed with ethanol and distilled water, filtered

and dried to obtain dry PEG particles. PEG hydrogel particles

0 were incubated in drug solution for the loading of drug. A

prepolymer solution containing 7.5 wt% SBS, 2.5 wt% DTT,

0.075 mM eosin Y, and 225 mM TEA was prepared in cyclo-

H HH hexanone. PEG particles loaded with drug were dried and

Hyy dispersed in cyclohexanone at 10 mg mL ™" concentration. PEG
0 particle dispersion was added to SBS prepolymer solution with

0.16 (v/v) fraction. The mixture was then crosslinked with the
UV light of the rheometer at 365 nm, with a flux of 150 mW
cm™ > under 1% strain, at a frequency of 10 Hz for 3000 s. The
crosslinked SBS networks were obtained as disks over a quartz
sensor surface covered with a rotating plate with a diameter of
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2 cm, and a fixed gap size of 1000 pm. Schematic representa-
tion and components for the preparation of amphiphilic and
crosslinked SBS with embedded PEG hydrogel particles are
demonstrated in Scheme 1.

2.3. Morphological characterization of emulsions, PEG
particles and SBS-PEG gels

Emulsions were observed with electron and light microscope.
Scanning electron microscope (SEM) operated between 1.00 and
3.00 kV was used to characterize structure and morphology of
PEG particles and SBS-PEG gels. PEG particles were also char-
acterized by Fourier Transform Infrared Spectroscopy (FTIR)
spectroscopy to confirm gelation and crosslinking of PEG
particles. Static water contact angle measurements were per-
formed on a Dataphysics OCA 35 instrument at room temper-
ature (24 + 2 °C) to investigate the wettability of surfaces. Triple
distilled water (10 mL deionized) was used for contact angle
measurements.

2.4. Nanoindentation tests

Depth sensing nanoindentation test (Agilent G200, USA) with
Berkovich diamond indenter tip was used to characterize the
mechanical properties of SBS and SBS-PEG gels. During nano-
indentation, the test tip penetrates into the sample surface with
an indentation load of P (N) and indentation depth of z (m).
Each indentation consists of loading and unloading phase. The
hardness and elastic modulus of samples were obtained from
the instrument calculating from load-displacement curves by
using Oliver-Pharr method.***” The hardness of the material is
obtained from loading phase and defined as:

Pmax
H= 1)

where, P, is the applied maximum load and Ac is the hori-
zontal projection of the contact area of tip at the end of loading
phase. In this case a Berkovich pyramidal tip has a contact area
of Ac = 24.5h*, where h represents the depth. The initial slope
on the unloading branch (stiffness, S) is related to the reduced
elastic modulus (E,) by the following relationship:

P E,
5= ()., =20 .

and E; is related to elastic modulus E with the following
equation:*®

E

) 9

where, v is Poisson's ratio of the samples. In addition, the elastic
recovery parameter (ERP) is calculated as follows:

hmax - hf

ERP =
hmax

(4)
where, A,,a is the maximum indentation depth and A is the

non-recovered depth of the indenter inside the sample. The
maximum depth applied in each indentation was 22 pm.
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2.5. Drug loading and release experiments

Drug loading was carried out with 10 mg of PEG particles, where
particles were incubated overnight in 1 mL of an aqueous
loading solution containing 200 pg mL ™" concentration of the
drug at room temperature. UV-visible spectrophotometer
(Thermo scientific Nanodrop ND100) at 233 nm wavelength was
used to measure the amount of drug loaded into the particles. A
standard calibration curve for the absorption of the drug in
aqueous solution was generated to determine drug concentra-
tion in unknown samples. The drug loading efficiency was
calculated as follows

Drug loading efficiency = (Mo — M)/ M, x 100 (5)

where M, represents the initial mass of the drug in the stock
solution and M is the final mass of the drug remaining in the
solution. To measure the release of the drug from particles, PEG
particles in dialysis membrane bag were incubated in 20 mL of
PBS, and 0.2 mL samples were taken at 0.5, 1, 2, 4, 12, 24, 48 and
72 hour time points and sample volume was replaced with fresh
PBS. Concentrations calculated from drug absorption
measurements were used to calculate the mass released at time
t (M,) as follows:*®

M,=C,xV+3C_yxV; (6)

where C, is the concentration of drug in the release solution at
time ¢, V is the total volume of the release solution (12 mL) and
Vs is the volume of the sample taken (0.8 mL). Percent of
cumulative drug release, Q, was determined as follows:

0 = (MJ/M.)100 7)

where M., is the total weight of the drug loaded into particles.

For investigation of drug release from SBS-PEG hybrid gels,
drug loaded PEG particles were encapsulated in SBS
membrane or crosslinked SBS gels. SBS membrane-PEG and
crosslinked SBS-PEG hybrid gels were incubated in 12 mL of
PBS, and 0.2 mL samples were taken for 28 days and samples
were replaced with fresh PBS. Drug concentrations obtained
from absorption measurements were used to calculate the
mass of the drug released at specific point in time (eqn (6)) and
percent of cumulative amount of the released drug was
determined using eqn (7).

2.6. Cell survival experiments

Human kidney cells (HEK293, passage number: 7) were
cultured at 37 °C with 5% CO, in an incubator and maintained
in DMEM supplemented with 1% penicillin/streptomycin, 2% t-
glutamine and 10% FBS. 1 x 10 cells per gel were dynamically
seeded on SBS and SBS-PEG network samples. Next, samples
were placed in the incubator and the CellTiter-Glo luminescent
cell viability assay (Promega) was used on days 1, 3 and 5 to
characterize the metabolic activity of cells. Percent cell viability
for each sample was calculated through normalization with
respect to control cells.

RSC Adv., 2018, 8, 18216-18226 | 18219
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3. Results and discussions

3.1. Synthesis and characterization of PEG particles

Emulsions of PEG-cyclohexanone were prepared by using silica
particle stabilized water-in-oil (w/o) Pickering emulsion. PEG
prepolymer droplets were dispersed in continuous phase of
cyclohexanone with an internal volume fraction (¢) of 0.25. Size
of the dispersed droplets in particle stabilized PEG-cyclohexane
emulsions were adjusted with 1.5% nanoparticle concentration
where vortex durations of 30 s, 60 s, 2 min and 8 min were used
for optimization experiments. Optical light microscope images
of emulsions demonstrated that the smallest size of emulsions
could be obtained with the longest vortex time of 8 min (Fig. 2).
Fig. 2 shows the effect of vortex duration on the size of droplets
in PEG-cyclohexanone Pickering emulsion system. Next, PEG-
cyclohexane Pickering emulsions were exposed to UV light to
induce photocrosslinking of dispersed PEG prepolymer drop-
lets. Crosslinked particles were retrieved after washing and
dried to obtain PEG particles in dry form. Morphology of PEG
particles were characterized with SEM. PEG particles for SEM
characterization were prepared via casting on substrate, and
uniform dispersion of particles in SBS is shown in Fig. 3a.
PEG particles were also characterized by FTIR spectroscopy
to demonstrate the gelation and crosslinking (Fig. 3b). Weak
peak at 1640 cm ' that was assigned to -C=C- stretching
occurred in PEGDA monomer, while this peak disappeared after
formation of bulk PEG hydrogel and microgel due to
consumption of -C=C- double bonds in acrylate groups and
formation of a new crosslinked gel network. Strong peaks that
appeared between 650 cm™ ' and 1000 cm ™' in PEGDA were

View Article Online
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attributed to =C-H bending of alkenes, where decrease in the
magnitude of these peaks were observed in PEG hydrogel and
microgel as a result of consumption of -C=C- double bonds

(Fig. 3).

3.2. Synthesis and characterization of SBS-PEG hybrid gels

Crosslinked SBS network was synthesized with the addition of
radicalized thiol groups onto the double bonds found in
poly(butadiene blocks). Thiol-ene polymerization occurs
between the thiol group present in DTT and pendant vinyl
double bonds in SBS. Polymerization occurs more efficiently
with pendant vinyl double bonds arising from of 1-2 polymer-
ization of butadiene than with the 2-butene double bonds
present in the polybutadiene chain backbone (Fig. 4) and vinyl
content of SBS largely determines the extent of the thiol-ene
crosslinking reactions. The polymer network forms in the
elastomeric phase upon exposure to UV through consumption
of vinyl groups followed by polymer insolubilization.™**

Two different types of hybrid network were prepared: SBS-
PEG hybrid gels were prepared by incorporation of cross-
linked PEG particles in SBS solution that included TEA, DTT
and eosin Y and then network crosslinking of continuous SBS
solution was induced under UV-light (365 nm). SBS
membrane-PEG samples were prepared as a negative control,
where incorporation of PEG particles in SBS solution was fol-
lowed by casting the PEG particle incorporated SBS polymer
solution onto glass substrate surface. SBS gel and SBS
membrane samples were also prepared following a similar
protocol used for hybrid gels without incorporation of PEG
particles. Morphology of SBS membrane and SBS gel with or

Fig. 2 Light microscope images of PEG-cyclohexanone (¢ = 0.25) water in oil silica nanoparticle (1.5%) stabilized Pickering emulsions prepared

by vortex times of (a) 30 s, (b) 60 s, (c) 2 min, (d) 8 min.

18220 | RSC Adv., 2018, 8, 18216-18226
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Fig. 3 Structural characterization of PEG particles. (a) SEM image of casted PEG particles (scale bar: 10 um) (b) FTIR spectra of PEGDA, PEG bulk

hydrogel and PEG microgel.
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Fig. 4 Chemical formula of the SBS rubber.

without PEG particles were observed with SEM (Fig. 5). Surface
roughness was evident in both SBS membrane and SBS gel
surfaces due to the physically crosslinked nature of SBS with
rigid styrene domains (Fig. 5a and b). Uniform distribution of
PEG particles was observed both in SBS-PEG samples in SBS
membrane and SBS gel (Fig. 5¢ and d). PEG particles were
more clearly distinguished in SBS membrane than in SBS gel
(Fig. 5c), probably due to the differences in hydrophilicity
between SBS membrane and crosslinked SBS. Crosslinked SBS
is more hydrophilic than normal SBS polymer, hence hydro-
philic PEG particles could be easily incorporated within
crosslinked SBS matrix.

Alterations in surface structure and morphology upon PEG
hydrogel incorporation within SBS membrane or SBS gels were
investigated further with water contact angle measurements.
Water contact angles of the droplets on both surfaces were
presented in Fig. 6. Water contact angles decreased with
crosslinking of SBS and incorporation of PEG particles within
SBS membrane or SBS gel matrix (Fig. 6b). This is expected
because incorporation of DTT contributes to crosslinking and
promotes hydrophilicity in SBS. In addition, incorporation of
PEG particles improved hydrophilicity of the hybrid gel further
due to hydrophilic nature of PEG hydrogel particles. Further
characterization of SBS membrane, SBS-membrane-PEG, SBS
gel and SBS-PEG gel were carried out with FTIR and these
results have been presented in Fig. S1.t

This journal is © The Royal Society of Chemistry 2018

3.3. Nanoindentation tests

The degree of crosslinking of polymers is related to the number
of groups that interconnect two materials. Crosslinking density
of an elastomer increases with increases in the degree of
crosslinking of elastomeric network.*>** In our previous study,
we reported increasing crosslinking densities from 2 to 643 mol
m > via crosslinking of SBS elastomer through photoinitiated
thiol-ene reactions and addition of di-thiol linkers within
elastomeric network.® Increase of crosslinking degree improves
the solvent resistance and mechanical properties.*” In addition,
increases in the degree of crosslinking promote stiffness of the
gel network and slow down the release of molecules from gel
network. Here, depth sensing nanoindentation tests were

Fig. 5 SEM images of (a) SBS membrane (scale bar 1 um) (b) SBS gel
(scale bar 1 pm) (c) SBS membrane-PEG (scale bar 2 um) and (d) SBS-
PEG gel (scale bar 2 um). SBS membrane-PEG gels were prepared by
casting SBS solution after incorporation of PEG particles. SBS gel and
SBS-PEG gel were prepared by crosslinking of SBS solution after
incorporation of PEG particles. Hybrid gels were dried in vacuum oven
overnight before analysis with SEM.

RSC Adv., 2018, 8, 18216-18226 | 18221
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Fig. 6 Water contact (a) images and (b) angles (f) of SBS membrane,
SBS gel, SBS membrane-PEG and SBS-PEG gel surfaces. 10 plL of
deionized, triple distilled water was placed on surfaces for the
measurement of contact angles.

conducted to investigate the mechanical properties of dry SBS
gel and SBS-PEG hybrid gels. Characterization of SBS or cross-
linked SBS by means of nanoindentation was not reported
previously. Nanoindentation is a useful tool that allows direct
measurement of the mechanical properties of materials. By
indentation of a material to a desired depth followed by
retraction of the tip, a load-displacement curve, which is
a characteristic of the material being tested, can be obtained.
Maximum depth of 22 um was applied for each indentation.
Average elastic modulus and hardness were calculated based on
these curves by using Oliver-Pharr method. Reduced elastic
modulus and stiffness of the gels were calculated using eqn (2)
and (3), respectively. Calculations were performed with a Pois-
son's ratio of 0.5, based on previous reports about elastic
polymers for mechanical characterization.**** Non-recovered
depth, A, obtained from load-displacement curves were 4.028
and 3.848 um for crosslinked SBS gel and SBS gel incorporating
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PEG microparticles, respectively. ERP of the gels were also
calculated based on these values using eqn (4). Average elastic
modulus, hardness, stiffness and ERP values are summarized in
Table 1.

The load-displacement curve in Fig. 7 demonstrated that the
load measured for maximum depth of indentation was within
range of 5-6 mN for dry crosslinked SBS gels and SBS gel
incorporating PEG microparticles. Mechanical characterization
of hydrogels using nanoindentation is also challenging
compared to metals or ceramics, and so there is only limited
data available from nanoindentation analysis of gels.*” In
a previous study, load-displacement curves of epoxy hydrogels
were investigated by nanoindentation tests and load range of
1.5-2 pN was applied for a maximum indentation depth of 1.2
um.*® In another study, the load applied for maximum inden-
tation was 2.0-2.5 mN for dry PHEMA hydrogels while it was
only 0.5 mN for hydrated ones.”” Here, crosslinked SBS gel and
SBS gel incorporating PEG microparticles were investigated in
dry form and these were stiffer in structure compared to
hydrogels investigated in the aforementioned studies. Hence, it
is expected to obtain the load within the range of 5-6 mN for
crosslinked SBS gel and SBS gel incorporating PEG micropar-
ticles samples.

According to the load-displacement profiles measured,
a slight increase occurred for each applied load to reach the
same indentation with the addition of PEG particles into SBS gel
matrix.

Average elastic modulus obtained from these curves were
0.233 and 0.267 GPa for crosslinked SBS gel and SBS gel
incorporating PEG microparticles, respectively. It was
observed that hardness, stiffness and ERP values, which show
the mechanical properties of gels, were slightly higher for SBS
gels incorporating PEG microparticles compared to that of
crosslinked SBS gels (Table 1). This increase could be
explained from the addition of particles into a polymer system,
as incorporation of nanoparticles or nanotubes in materials
also resulted in enhanced ultimate tensile strength in previous
reports.*®*

3.4. Drug release from PEG particles and SBS-PEG gels

PEG hydrogel particles were incubated in drug solution and
percent loading into PEG particles was calculated as 85 + 4.2%
using eqn (5). For release experiments, PEG particles were
incubated in PBS at physiological pH (7.4) for 72 h and 0.2 mL
samples were taken from each set at 0.5, 1, 2, 4, 12, 24,48 and 72
hour time points and the same volume was replaced with fresh
PBS. Concentration of the drug in samples at different time
points were measured by UV-visible spectrophotometer at

Table 1 Average elastic modulus and average hardness of crosslinked SBS and SBS-PEG gels calculated from load—displacement curves by

using Oliver—Pharr method

Average elastic

Average hardness

Average stiffness

modulus (E) (GPa) (H) (GPa) (8) (kN m™) ERP
SBS gel 0.233 0.080 26.0 0.817
SBS-PEG gel 0.267 0.103 29.7 0.825
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Fig. 7 Nanoindentation load—displacement curves for SBS gel and
SBS-PEG gel. Maximum indentation depth applied was 22 um.

238 nm wavelength based a calibration curve that we estab-
lished with known concentrations of the drug. Time dependent
mass and percent drug release were calculated based on these
measurements with eqn (6) and (7). Percent cumulative drug
release from PEG particles is presented in Fig. 8a. Maximum
cumulative release of 95.5 + 3.5% was obtained at 72 h, where
cumulative release of 91.9 + 5.8% was measured from PEG
particles during the first 8 hours in PBS which was characterized
as burst release (Fig. 8a).

Next, PEG particles were incubated in 1000 and 2000 pg
mL ™" concentrations of drug where percent drug loading were
measured as 61.1 + 11.0% and 57.7 £ 7.0%, respectively. After
drying, drug loaded PEG particles were encapsulated in either
SBS membranes or crosslinked SBS gels with 0.5 mg particles in
300 pL SBS solution to obtain SBS membrane-PEG or SBS gel-
PEG system. P2X7R antagonist drug was also encapsulated in
PEG particles as an additional group, and these particles were
then incorporated within SBS gel network in subsequent
experiments. Amount of drug encapsulated in SBS solutions
were calculated based on the amount of drug incorporated
within PEG particles.

SBS-PEG gels were incubated in PBS for 28 days and drug
release from SBS-PEG samples were measured via UV-visible
spectrophotometer absorbance at 233 nm. Percent drug
release from altered networks can be observed in Fig. 8b.

Continuous drug release was observed up to 28 days for all
samples prepared with SBS membrane or SBS gels. Drug
molecules loaded in PEG particles diffuse out from PEG parti-
cles through hydrophobic SBS gel and from SBS gel towards PBS
environment subsequently. The possible drug release mecha-
nism for release of P2X7R from SBS-PEG gels are illustrated in
Fig. S2 (ESI). This sustained release profile can be attributed to
the differences in hydrophobic-hydrophilic nature of SBS-PEG
and amphiphilic property of the drug, which might result in
localization of the drug at the SBS-PEG particle interface. This
localization might also limit drug diffusion from SBS matrix
towards PBS. The second reason for sustained release could be

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Cumulative percent release of drug from (a) PEG particles and
(b) SBS membranes or SBS-PEG gels incorporating PEG microparticles.

due to low mesh size of SBS network which would slow down the
diffusion of the drug. Fig. 8b demonstrated that crosslinked SBS
system allowed for higher percent drug release compared to
that of casted SBS membrane due to the porous gel network
structure. This crosslinked network enhanced the diffusion of
drug and less amount of drug was entrapped in this system
compared to that of SBS membrane. The more hydrophilic
structure obtained with SBS crosslinking also contributed to the
loading of the drug into the gel and enhanced diffusion of drug
towards the gel surface. Higher drug release percentages were
measured in drug loaded systems prepared with SBS gel-
PEG1000 and SBS gel-PEG2000 compared to that of SBS gels
incorporating PEG microparticle encapsulated system, where
drug was encapsulated within PEG particles (black squares,
Fig. 8b). This higher release with drug loaded systems were
probably due to both loading of the drug inside PEG particles
and adsorption onto the surface of PEG particles, which
promoted the diffusion of the drug easily through SBS matrix
and led to higher percent of drug release. Another significant
observation was the higher amount of drug release observed in
SBS gels incorporating PEG microparticles loaded with 1000 pg
mL~" drug solution compared to the group that was suspended
in 2000 pg mL~" drug solution. This could be due to intense
drug-drug interactions and aggregations at high concentrations
which compromised drug diffusion through crosslinked SBS
network (Fig. 8b). Various studies focused on extended release
profiles for various drugs through different networks such as
composite polymers, hydrogels and reported that matrix
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systems that included nanoparticles were promising for this
purpose.**'**® For example, in one study, PLGA nanoparticles
were incorporated within chitosan scaffolds to control BSA
delivery and continuous release of BSA up to 25 days was
observed.”

3.5. Biocompatibility tests of SBS and SBS-PEG gels

To investigate biocompatibility of SBS gels and SBS-PEG gels
incorporating PEG microparticles in vitro, viability of human
embryonic kidney (HEK 293) on both surfaces were measured.
Percent cell viability results demonstrated that crosslinked SBS
and SBS gels incorporating PEG microparticles did not
compromise cell proliferation and growth (Fig. 9). All samples
had high cell survival of above 80% compared to control group.

Adhesion experiments of SBS and SBS-PEG hybrid gel on
human skin was also tested. Adhesion of the hybrid gels onto
the human skin was observed in these tests. Gels were not
detached from the skin with upside down movements of the
arm. No irritation, itching or other reaction was observed due to
application of the gels. An image and a video of this test are
presented in ESI (Fig. S37).

4. Conclusions

We developed a novel crosslinked SBS hybrid gels incorporating
PEG microparticle platform for sustained delivery of an anti-
rheumatoid arthritis drug. PEG hydrogel particles were incorpo-
rated with SBS prepolymer which was subsequently crosslinked
through photopolymerization to form a hybrid SBS polymer
network. Gels were characterized through SEM, water contact
angle measurements and mechanical properties were investi-
gated with nanoindentation experiments. We measured the
release of an anti-rheumatoid arthritis drug from these SBS-PEG
gels and observed sustained drug release up to 28 days for the
first time. We demonstrated the effect of hydrophilic-hydro-
phobic nature and crosslinking of SBS on drug release properties.
Cell survival analysis with HEK293 revealed that the composites
prepared here are non-toxic and biocompatible. These results
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suggested the potential of SBS-PEG gels for sustained drug
delivery applications.

The approach presented here with crosslinked, amphiphilic
and elastic SBS gel systems is not only promising for extended
release of P2X7R antagonist but could also allow for incorpo-
ration of different molecules for simultaneous/sequential
therapeutic molecule delivery.
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linked SBS hybrid gel

Acknowledgements

This study was funded by GENERALI and Kog¢ University Seed
Fund Program. We thank Tiipras Petroleum Refineries
(TUPRAS) for providing SBS and Aztra Zeneca for providing
P2X7R antagonist (AZ11657312). SEM characterization and
nanoindentation experiments were performed at Koc Univer-
sity Surface Science Center (KUYTAM).

References

1 C. Decker and T. Nguyen Thi Viet, High-Speed
Photocrosslinking of Thermoplastic Styrene-Butadiene
Elastomers, J. Appl. Polym. Sci., 2000, 77, 1902-1912.

2J. E. Kennedy and C. L. Higginbotham, Synthesis and
Characterisation of Styrene Butadiene Styrene Based
Grafted Copolymers for Use in Potential Biomedical
Applications, Biomed. Eng., Trends Mater. Sci., 2011, 465-488.

3 D. Gidon, D. Aydin and S. Kizilel, Photocrosslinking of
styrene-butadiene-styrene (SBS) networks formed by thiol-
ene reactions and their influence on cell survival, Biomed.
Mater., 2015, 10(6), 065001.

4 J. L. Mateo, M. Calvo and P. Bosch, Physical and mechanical
properties of photopolymerized SBS-methacrylic monomer
systems, J. Appl. Polym. Sci., 2003, 89(10), 2857-2864.

5 J. M. Yang, et al., Preparation of heparin containing SBS-g-VP
copolymer membrane for biomaterial usage, J. Membr. Sci.,
1998, 138(1), 19-27.

6 H.-S. Do, H.-J. Kim, J.-S. Bang and G. Yoon, Preparation of
SIS-SBS-based UV-cross-linkable pressure-sensitive
adhesives using the thiol-ene reaction, J. Adhes. Sci.
Technol., 2007, 21(7), 589-603.

7 Y. Jiang, L. Ye, S. Zeng, P. Yu and W. Xu, A novel UV-

adhesive based on

crosslinked  pressure-sensitive

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01460d

Open Access Article. Published on 18 May 2018. Downloaded on 10/23/2025 5:01:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

photoinitiator-grafted SBS, Int. J. Adhes. Adhes., 2010, 30, 43—
46.

8 J. Bai, et al., Tailoring the Morphologies and Mechanical
Properties of Styrene-Butadiene-Styrene Triblock
Copolymers by the Incorporation of Thiol Functionalized
Benzoxazine, Macromolecules, 2014, 47(9), 2964-2973.

9 D. Aydin and S. Kizilel, Water-in-Water Emulsion Based
Synthesis of Hydrogel Nanospheres with Tunable Release
Kinetics, JOM, 2016, 1-10.

10 C. Nazli, et al, RGDS-functionalized polyethylene glycol
hydrogel-coated magnetic iron oxide nanoparticles
enhance specific intracellular uptake by HeLa cells, Int. J.
Nanomed., 2012, 7, 1903-1920.

11 T. Bal, et al, Mesenchymal stem cells and ligand
incorporation in  biomimetic poly(ethylene glycol)
hydrogels significantly improve insulin secretion from
pancreatic islets, J. Tissue Eng. Regener. Med., 2014.

12 S. Kizilel, V. H. Perez-Luna and F. Teymour,
Photopolymerization of poly(ethylene glycol) diacrylate on
eosin-functionalized surfaces, Langmuir, 2004, 20(20),
8652-8658.

13 C. Maderuelo, A. Zarzuelo and J. M. Lanao, Critical factors in
the release of drugs from sustained release hydrophilic
matrices, J. Controlled Release, 2011, 154(1), 2-19.

14 L. Sun, et al, Preparation and evaluation of sustained-
release azithromycin tablets in vitro and in vivo, Asian J.
Pharm. Sci., 2014, 9(3), 155-161.

15 M. Simeonov, B. Kostova and E. Vassileva, Interpenetrating
polymer networks of poly (methacrylic acid) and
polyacrylamide: synthesis, characterization and potential
application for sustained drug delivery, RSC Adv., 2016,
6(69), 64239-64246.

16 J. Zhao, B. Guo and P. X. Ma, Injectable alginate
microsphere/PLGA-PEG-PLGA composite hydrogels for
sustained drug release, RSC Adv., 2014, 4(34), 17736-17742.

17 Y. Sheng, et al, PEG/heparin-decorated lipid-polymer
hybrid nanoparticles for long-circulating drug delivery,
RSC Adv., 2016, 6(28), 23279-23287.

18 J. E. Mealy, C. B. Rodell and J. A. Burdick, Sustained small
molecule delivery from injectable hyaluronic acid
hydrogels through host-guest mediated retention, J. Mater.
Chem. B, 2015, 3(40), 8010-8019.

19]J. E. Sun, et al, Sustained release of active
chemotherapeutics from injectable-solid B-hairpin peptide
hydrogel, Biomater. Sci., 2016, 4(5), 839-848.

20 J. Liu, et al., Glucose-, pH-and thermo-responsive nanogels
crosslinked by functional superparamagnetic maghemite
nanoparticles as innovative drug delivery systems, J. Mater.
Chem. B, 2014, 2(8), 1009-1023.

21 J. Liu, et al., Design of hybrid nanovehicles for remotely
triggered drug release: an overview, J. Mater. Chem. B,
2015, 3(30), 6117-6147.

22 J. Liu, et al., Reversibly crosslinked thermo-and redox-
responsive nanogels for controlled drug release, Polym.
Chem., 2014, 5(1), 77-88.

23 D. Donnelly-Roberts and M. Jarvis, Discovery of P2X7
receptor-selective antagonists offers new insights into P2X7

This journal is © The Royal Society of Chemistry 2018

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

View Article Online

RSC Advances

receptor function and indicates a role in chronic pain
states, Br. J. Pharmacol., 2007, 151(5), 571-579.

T. Kvist, et al., The role of the P2X7 receptor on bone loss in
a mouse model of inflammation-mediated osteoporosis,
Bone Reports, 2015, 7, 145-151.

I. McInnes, et al., Targeting the P2X7 receptor in rheumatoid
arthritis: biological rationale for P2X7 antagonism, Clin. Exp.
Rheumatol., 2014, 32(6), 878-882.

M. Freitas and J. Marchetti, Nimesulide PLA microspheres as
a potential sustained release system for the treatment of
inflammatory diseases, Int. J. Pharm., 2005, 295(1), 201-211.
E. Lee, et al, Janus films with stretchable and waterproof
properties for wound care and drug delivery applications,
RSC Adv., 2016, 6(83), 79900-79909.

Y. Li, G. A. Thouas and Q.-Z. Chen, Biodegradable soft
elastomers:  synthesis/properties of materials and
fabrication of scaffolds, RSC Adv., 2012, 2(22), 8229-8242.
B. Yang, W. Lv and Y. Deng, Drug loaded poly (glycerol
sebacate) as a local drug delivery system for the treatment
of periodontal disease, RSC Adv., 2017, 7(59), 37426-37435.
Y. Wang, M. R. Kibbe and G. A. Ameer, Photo-crosslinked
biodegradable elastomers for controlled nitric oxide
delivery, Biomater. Sci., 2013, 1(6), 625-632.

C.-Y. Tsai and C.-C. Chang, Auto-adhesive transdermal drug
delivery patches using beetle inspired micropillar structures,
J. Mater. Chem. B, 2013, 1(43), 5963-5970.

P.-C. Lee, et al., Development of a controlled-release drug
delivery system by encapsulating oxaliplatin into SPIO/
MWNT nanoparticles for effective colon cancer therapy
and magnetic resonance imaging, Biomater. Sci., 2016,
4(12), 1742-1753.

W. F. Lee and Y. J. Chen, Graft copolymerization of N-
isopropylacrylamide on styrene-butadiene-styrene block
copolymer, J. Appl. Polym. Sci., 2001, 82(11), 2641-2650.

S. Kanyas, et al., Nanoparticle and gelation stabilized
functional composites of an ionic salt in a hydrophobic
polymer matrix, PLoS One, 2014, 9(2), e88125.

D. Aydin, et al., Gelation-Stabilized Functional Composite-
Modified Bitumen for Anti-icing Purposes, Ind. Eng. Chem.
Res., 2015, 54(50), 12587-12596.

W. C. Oliver and G. M. Pharr, An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments, J. Mater.
Res., 1992, 7(06), 1564-1583.

G. Pharr, W. Oliver and F. Brotzen, On the generality of the
relationship among contact stiffness, contact area, and
elastic modulus during indentation, J. Mater. Res., 1992,
7(03), 613-617.

T. Bal, B. Kepsutlu and S. Kizilel, Characterization of protein
release from poly(ethylene glycol) hydrogels with crosslink
density gradients, J. Biomed. Mater. Res., Part A, 2014,
102(2), 487-495.

C. Decker and T. N. T. Viet, Photocrosslinking of
functionalized rubbers IX. Thiol-ene polymerization of
styrene-butadiene-block-copolymers, Polymer, 2000, 41(11),
3905-3912.

RSC Adv., 2018, 8, 18216-18226 | 18225


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01460d

Open Access Article. Published on 18 May 2018. Downloaded on 10/23/2025 5:01:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

40 S. Kizilel, Mathematical model for microencapsulation of
pancreatic islets within a biofunctional PEG hydrogel,
Macromol. Theory Simul., 2010, 19(8-9), 514-531.

41 O. Cevik, D. Gidon and S. Kizilel, Visible-light-induced
synthesis of pH-responsive composite hydrogels for
controlled delivery of the anticonvulsant drug pregabalin,
Acta Biomater., 2015, 11, 151-161.

42 J. Bai, et al, Dynamic crosslinked poly (styrene-block-
butadiene-block-styrene) via Diels-Alder chemistry: an
ideal method to improve solvent resistance and
mechanical properties without losing its thermal plastic
behavior, RSC Adv., 2015, 5(56), 45376-45383.

43 R. Warfield and F. R. Barnet, Elastic constants of bulk
polymers, 1972, 27, 215-217.

44 C. C. White, et al., Viscoelastic characterization of polymers
using instrumented indentation. II. Dynamic testing, J.
Polym. Sci., Part B: Polym. Phys., 2005, 43(14), 1812-1824.

45 M. Czerner, et al., Determination of elastic modulus of
gelatin gels by indentation experiments, Procedia Mater.
Sci., 2015, 8, 287-296.

18226 | RSC Adv., 2018, 8, 18216-18226

View Article Online

Paper

46 N. D. Wanasekara, et al., Nano-indentation of epoxy hydro
gels for soft tissue applications, Bioengineering Conference,
2009 IEEE 35th Annual Northeast, 2009, pp. 1-2.

47 J. D. Kaufman, et al, Time-dependent mechanical
characterization of poly (2-hydroxyethyl methacrylate)
hydrogels wusing nanoindentation and unconfined
compression, J. Mater. Res., 2008, 23(05), 1472-1481.

48 Z. Tang, et al., Nanostructured artificial nacre, Nat. Mater.,
2003, 2(6), 413-418.

49 A. Schneider, et al., Elasticity, biodegradability and cell
adhesive properties of chitosan/hyaluronan multilayer
films, Biomed. Mater., 2007, 2(1), S45.

50 G.B.Jacobson, et al., Sustained release of drugs dispersed in
polymer nanoparticles, Angew. Chem., Int. Ed., 2008, 47(41),
7880-7882.

51 P. Yilgor, et al., Incorporation of a sequential BMP-2/BMP-7
delivery system into chitosan-based scaffolds for bone tissue
engineering, Biomaterials, 2009, 30(21), 3551-3559.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01460d

	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d

	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d

	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d
	P2X7 receptor antagonist delivery vehicle based on photocrosslinked amphiphilic hybrid gelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01460d


