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Abstract

Particle size, stiffness and surface functionality are important in determining the injection site,
safety and efficacy of injectable soft-tissue fillers. Methods to produce soft injectable biomaterials
with controlled particle characteristics are therefore desirable. Here we report a method based on
suspension photopolymerization and semi-interpenetrating network (semi-IPN) to synthesize soft,
functionalizable, spherical hydrogel microparticles (MP) of independently tunable size and
stiffness. MP were prepared using acrylated forms of polyethylene glycol (PEG), gelatin and
hyaluronic acid. Semi-IPN MP of PEG-diacrylate and PEG were used to study the effect of
process parameters on particle characteristics. The process parameters were systematically varied
to produce MP with size ranging from 115 to 515 pm and stiffness ranging from 190 to 1600 Pa.
In vitro studies showed that the MP thus prepared were cytocompatible. The ratio and identity of
the polymers used to make the semi-IPN MP were varied to control their stiffness and to introduce
amine groups for potential functionalization. Slow-release polymeric particles loaded with
Rhodamine or dexamethasone were incorporated in the MP as a proof-of-principle of drug
incorporation and release from the MP. This work has implications in preparing injectable
biomaterials of natural or synthetic polymers for applications as soft-tissue fillers.
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1. Introduction

Injectable biomaterials are used in medicine to augment lost or compromised tissue in order
to restore form and/or function to the affected region and represent a large market, worth
billions of dollars annually. Examples of such biomaterials include dermal fillers, used to
treat facial defects; viscosupplements, used to treat osteoarthritis of the knee; and
biomaterials, used for augmenting the urethral wall to treat urinary incontinence. Novel
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injectable biomaterials continue to be developed to address this growing injectable-fillers
market. Further, in a small subset of patients, adverse events, such as granulomas, swelling,
erythema and nodules, occur even with US Food and Drug Administration (FDA) approved
or cleared injectables [1-5]. There is thus significant interest in developing methods to
prepare new and putatively better injectable biomaterials.

Most injectable fillers are particulate or break down into particulates upon injection [6]. The
size, shape, mechanical properties and surface chemistry of the particulates are known to
influence their in vivo performance. For example, silicone particles of less than 70 um have
been shown to migrate away from the periurethral injection site and cause complications [7].
The migration potential of an implant is important for determining its safety as per the
FDA'’s guidelines for vocal fold applications [8]. Phagocytosis of polymethymethacrylate
particles by macrophages is also size dependent [9]. Polymethylmethacrylate particles less
than 50 pum in size or irregular in shape induce greater production of tumor necrosis factor
alpha, an inflammatory cytokine, than particles that are spherical in shape or are between 50
and 350 um in size in vivo [10]. Particles with acute angles, such as triangles, also induce a
greater foreign body response than spherical particles [11]. Surface chemistry is also known
to impact the in vivo response to the injected materials [12—-15]. For example, polyurethane
functionalized with zwitterionic or anionic functional groups showed lower in vivo
inflammatory reaction than those functionalized with cationic chemistries [16]. Similarly,
polypropylene particles coated with carboxylic acid groups were less inflammatory than
those coated with amine or hydroxy! groups [14].

Particle characteristics also influence the choice of in vivo application of the filler. For
example, the stiffness of a filler needs to be different depending upon its injection location,
functional requirements and desired residence time. Fillers used to treat urinary incontinence
need to be stiff to impart strength, while facial fillers need to be relatively soft. Hyaluronic
acid facial fillers with a lower degree of crosslinking, which are therefore softer, have a
shorter residence time [17]. Further softer facial fillers are used in superficial injections
around the lips and eyes, while stiffer fillers are used to fill deeper wrinkles [18-20]. Also,
in the cases of Perlane® and Restylane®, both manufactured by the same company, the
former contains larger particulates and is used to fill deeper wrinkles, while Restylane®,
with smaller particulates, is suggested for use on superficial wrinkles [19].

The size, morphology, stiffness and surface chemistry of biomaterial particulates contribute
to their in vivo application and performance. However, current manufacturing technology
platforms offer limited independent control of particle size, shape and surface chemistry.
Hyaluronic acid (HA) based soft fillers are made using top-down methods involving bulk
polymerization, followed by screening and homogenization to break down the bulk gel into
irregularly shaped, polydisperse particles [6,18]. For example, Radiesse VoiceGel® and
Restylane® particulates are of irregular shapes and sizes. Other injectable fillers, such as
Zyderm® and Cymetra®, result in particulates of irregular shapes and polydisperse sizes
upon injection through a needle. Some fillers, such as Radiesse® and Deflux®, contain
polydisperse yet controlled-size spherical microparticles (MP) of hydroxylapatite or
dextranomers to impart stiffness.
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Current methods to synthesize hydrogel MP of controlled size and shape include
microfabrication-based techniques [21-24]. While microfabrication techniques provide
excellent control over size and shape, the methods are complex and “intrinsically more
expensive”, and have low throughput and yield [21]. Furthermore, the use of low molecular
weight (MW) polymers at high concentrations to achieve high conversions often result in
MP with relatively high stiffness [25,26]. Developing methods that allow preparation of
sufficient quantities of injectable fillers, especially with characteristics suitable for use as
soft-tissue filler and independent control over its size, mechanical properties and surface
chemistry, is desirable.

Here we report a suspension—polymerization-based method to create spherical, controlled-
size hydrogel MP with tunable size and stiffness using photopolymerization. While some
suspension photopolymerization-based methods have been reported earlier to prepare
spherical microparticles for drug delivery [27-29], use of this method to prepare soft MP
with tunable properties for use as injectable fillers remains relatively unexplored.
Polyethylene glycol (PEG) was chosen to synthesize the MP because of its extensive use in
FDA-approved or cleared products and its use in preparing biocompatible materials. HA and
gelatin were chosen because of their favorable biocompatibility profiles, history of use in
commercial dermal fillers and use in preparing soft, viscoelastic hydrogels [17]. Another
motivation for using HA and gelatin to prepare MP was to demonstrate the generality of our
method. The semi-interpenetrating technology (semi-IPN), which involves crosslinking of a
polymer in the presence of a non-crosslinked polymer, was used to prepare the MP because
this technology allows the preparation of materials with tunable properties by varying
parameters such as the polymers used, their relative MW and their concentrations.
Photocrosslinking was chosen because it can be carried out in ambient conditions, is
efficient and affords precise spatiotemporal control over the crosslinking. The size
distribution of suspension-polymerized MP can change as the reaction proceeds and, unlike
chemical or thermal crosslinking, light-based crosslinking provides better control over the
termination of the reaction [30]. Irgacure 2959 (12959) was chosen as the photoinitiator (PI)
because of its better cytocompatibility relative to other commercially available
photoinitiators and its extensive use in preparing biomaterials, including those that
encapsulate mammalian cells [31-34]. Furthermore, PEG hydrogels prepared using PEG
diacrylate (PEG-DA) and 12959 were shown to be safe in humans in a 15-patient clinical
trial for articular cartilage repair, thereby making the use of this system attractive [35]. In
addition, GelrinC, a CE Mark-approved product in Europe, is also an in situ polymerized
PEG-DA and 12959-based hydrogel that was shown to be safe and effective for the
treatment of articular cartilage in injured knees over a period of 24 months in a multi-center
clinical trial in Europe [36].

Semi-IPN MP of PEG-DA and PEG were prepared using suspension photopolymerization.
The effect of process parameters such as stirring speed, surfactant concentration, gelation
time, PI concentration and UV intensity on MP size and yield was investigated. In vitro
cytocompatibility of the PEG MP was evaluated using the MTT assay. MP were also
prepared using acrylated versions of HA and gelatin. The feasibility of preparing
functionalizable MP and MP that encapsulate drug-releasing particles was also explored.
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2. Materials and methods

2.1. Materials

PEG and PEG-DA (MW of both: 10 kDa) were purchased from Alfa Aesar (Lancaster, UK)
and SunBio (Anyang City, South Korea), respectively. Dioctyl sulfosuccinate (AOT, sodium
salt, 99%), n-hexane, PEG bis(amine) (MW: 3400 Da), trinitrobenzenesulfonic acid
(TNBS), sodium dodecyl sulfate (SDS), sodium bicarbonate, hydrochloric acid,
dexamethasone, polyvinyl alcohol (PVA), Rhodamine 6G, gelatin (300 g bloom strength,
Type A from porcine skin) and methacrylic anhydride were from Sigma—Aldrich (St. Louis,
MO). Sodium hyaluronate (MW: 351-600 kDa) and 2-hydroxy-1-[4-(2-hyroxy-
ethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, PI) were from Lifecore Biomedical
(Chaska, MN) and Ciba (Tarrytown, NY), respectively. Sulfosuccinimidy! acetate (sulfo-
NHS-acetate) was from Thermo Scientific (Rockford, IL). Polyoxyethylene (20) Sorbitan
Monoeleate (Tween 80) was from VWR (West Chester, PA). Ester-terminated 75:25
poly(DL-lactide-co-glycolide) (PLGA; inherent viscosity: 0.55-0.75 dl g~1) was from
Durect Corporation (Cupertino, CA). India ink was from Becton, Dickinson and Company
(Cockeysville, MD). The MTT cell proliferation assay kit and NIH/3T3 fibroblast cells were
from American Type Culture Collection (Mannassas, VA). Cell culture media, serum,
phosphate-buffered saline (PBS), and trypsin were from Invitrogen (Carlsbad, CA).
Radiesse Voice Gel®, Restylane® and Zyderm® were from Merz Aesthetics (San Mateo,
CA), Medicis Aesthetics (Scottsdale, AZ) and Allergan (Irvine, CA), respectively. All
chemicals were used as received.

2.2. Preparation of PEG hydrogel MP

Solutions of PEG and PEG-DA (100 mg ml~1 each) in deionized (DI) water were mixed in a
pre-determined volumetric ratio. Pl was added to this solution (0.5 mg ml~2 final
concentration) to prepare the precursor solution (1 ml), which was then added to an AOT
solution in hexane (9 ml) in a 2 inch wide polypropylene beaker. This suspension was then
stirred at a predetermined speed using a 1 inch long stir bar on an IKA RET basic ETS-D5
magnetic stir plate. While being stirred, the suspension was photopolymerized at 72 mW
cm~2 (measured at 365 nm at the level of the base of the beaker) with an Omnicure Series
2000 UV lamp for 260 s. Unless otherwise noted, the AOT concentration was 2 mM and the
stirring speed was 800 rpm. Post-polymerization, the suspension was centrifuged at 150 rcf
for 2 min and the organic supernatant was removed. The resulting MP were washed three
times, once with 0.1 vol.% Tween-80 and twice with DI water using centrifugation, and
finally separated from the solution using a 40 um nylon cell strainer. Excess water was
wicked from the MP using Kimwipes. The volumetric percentage yield was estimated as
volumetric yield = (volume of MP judged visually in a calibrated syringe/volume of PEG
precursor solution) x 100. The gels or MP prepared using a precursor solution containing 50
vol.% PEG-DA are referred to as PEG50, while those prepared using 75% PEG-DA are
referred to as PEG75, and so forth.

2.3. Preparation of PEG hydrogel particulates of uncontrolled size

The PEG precursor solution (1 ml) was photopolymerized at 2 mwW cm=2 for 200 s in a 12-
well plate. After polymerization, the hydrogel was incubated in PBS at a 1:9 ratio (v/v) at 37
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°C overnight. The swollen hydrogels were added to a syringe and broken into smaller
particulates by shearing them twice each through sequentially narrower (16, 18, 20 and 22
gauge) needles.

2.4. Preparation of MP from gelatin, HA and PEG-diamine

Gelatin methacrylate (GelMA) was synthesized using gelatin (0.1 g mI~1) and methacrylic
anhydride (1 vol.%) as per a method described earlier [37]. To prepare MP, a solution of
GelMA (100 mg mI~1) and PI (0.5 mg mI~1) was made in DI water at 50 °C.
Photopolymerization was carried out as described earlier for PEG MP at 800 rpm and 72
mW cm~2 for 30 s with an AOT concentration of 1 mM. Post-polymerization, the hexane—
AOT was removed and the GelMA MP formed were stirred in water (15 ml) to prevent
agglomeration and then washed to remove the residual hexane—AQOT, as outlined for PEG
MP. HA-methacrylate (HAMA) was synthesized using a method described earlier [38].
HAMA MP were prepared using a method identical to that used for GelMA MP but with
HAMA and AOT concentrations of 10 mg mI~ and 5 mM, respectively. Semi-IPN MP of
HAMA and gelatin were prepared using a 75:25 (v/v) ratio of HAMA (10 mg mI~1) and
gelatin (100 mg mI~1), with the same polymerization parameters as those for GelMA MP
but with an AOT concentration of 2.5 mM. To prepare PEG-diamine MP, PEG was replaced
with PEG-diamine (200 mg mlI~1) in the procedure described earlier for PEG MP, and a
stirring speed of 600 rpm and an AOT concentration of 0.5 mM were used.

2.5. Preparation of NS-MP and MS—-MP hybrid particles

PLGA nanospheres (NS) encapsulated with dexamethasone (Dex) were prepared using a
method reported earlier, but with dichloromethane and acetone (3:2 volumetric ratio) as the
solvent for PLGA and Dex [39]. To prepare Rhodamine-encapsulated PLGA microspheres
(MS), PLGA (300 mg) and Rhodamine (30 mg) were co-dissolved in dichloromethane (2.25
ml), added to a PVA solution (10 mg ml~1) and homogenized at 9000 rpm for 5 min with an
L4ART-A homogenizer. The organic solvent was removed in a rotary evaporator and by
repeated washing with water. The NS and MS were lyophilized overnight to obtain dry
powders. To prepare NS—-MP or MS-MP conjugates, dry PLGA NS with Dex (40 mg mI™1)
or PLGA MS with Rhodamine (10 mg mI~1) were suspended in PEG precursor solution and
added to AOT/hexane solution (0.5 mM), photopolymerized and washed as described earlier
for PEG MP particles.

2.6. Determination of loading and release rate of dexamethasone in NS—MP hybrid

particles

The hybrid NS-MP were thoroughly washed to remove any NS sticking to the surface of the
MP. To quantify the amount of Dex encapsulated, the NS-MP hybrid particles (200 mg)
were hydrolyzed with NaOH (1 N, 200 pl), neutralized with HCI (1 N), dissolved in
acetonitrile (4 ml) and then the Dex concentration in this solution was determined using
HPLC as per previous methods [40]. To determine the Dex release rate, the NS-MP
particles (~100 mg) were placed inside a cellulose ester dialysis tubing (MWCO 10 kDa,
Spectrum Labs, Rancho Dominguez, CA) and then placed in a rotating falcon tubes filled
with PBS (50 ml) at 37 °C. The PBS was collected at 6 hours, 1 day and 10 days and
replenished with fresh PBS, and the Dex in the collected PBS was determined using HPLC.
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2.7. Determination and blocking of free amine groups

Free amine groups in PEG-diamine MP were estimated using a colorimetric TNBS assay
described elsewhere [41,42]. A calibration curve made using PEG-diamine standards
ranging from 0 to 10 mg ml~! was used to estimate the amount of free amines. The amine
groups of the PEG-diamine MP were blocked by reacting the MP with an aqueous sulfo-
NHS-acetate solution (25x molar excess, 1 ml) for 1 h at room temperature. Excess sulfo-
NHS-acetate solution was removed by washing twice with DI water and the remaining free
amine groups were determined using the TNBS assay as described above.

2.8. Determination of particle size distribution

Particle size distributions of the MP and MS were determined using a Coulter Counter
Multisizer 111 (Beckman Coulter, Inc., Brea, CA) as per the manufacturer’s protocol. The
particle size of the NS was determined using a Zetasizer Nano (Malvern Instruments,
Malvern, UK). The particle size was reported as the D90 (weighted by number percentage),
where D90 represents the diameter that is equal to or greater than that of 90% of the
particles in the sample. The relative span that describes the polydispersity of the particles
was calculated as the relative span = (D90 — D10)/D50, where the definitions of D10 and
D50 are analogous to that of D9O0.

2.9. Measurement of viscoelastic properties of MP

The viscoelastic properties of MP were measured using an AR-2000 rheometer (TA
Instruments, Inc., New Castle, DE) with a parallel plate geometry at 37 °C. Care was taken
to ensure that no excess liquid was present in the MP. Based on previous reports, a gap
height of five times the D90 was used [43,44]. For example, for MP prepared by stirring at
800 and 400 rpm, the gap heights were 750 and 4000 um, respectively. To eliminate wall
slip, a 320 grit sand paper (36 um) was attached to the upper and lower plates. The parallel
plate diameter was at least 10 times the gap height. The shear storage modulus and loss
modulus of MP were measured as a function of frequency from 1 to 10 Hz at a strain of
0.6% at 37 °C and reported at 10 Hz.

2.10. In vitro cytocompatibility

The cytocompatibility of MP was measured using the MTT cell proliferation assay. PEG50
MP (20 mM AOT, 400 rpm) were synthesized in a laminar flow hood using a precursor
solution filtered through a 0.2 um filter. Fibroblast (NIH/3T3) cells were plated in 24-well
plates (40,000 cells mI~1) and allowed to attach in Dulbecco’s modified Eagle’s medium
with 10 vol.% calf serum and 1 vol.% penicillin—streptomycin. Sheared hydrogel
particulates and PEG50 MP were added separately to the cells. To determine if leachates
from the MP and the sheared gel are cytotoxic, both materials were incubated in the medium
for 3 days at concentrations varying from 0 to 50 mg ml~1. Samples were centrifuged and
the supernatant medium was collected after 3 days. This medium was then used to culture
the cells. SDS was used as a positive control. After 3 days of culture, cell proliferation in
each well was determined as per the manufacturer’s instructions. Since the purple precipitate
produced by viable cells was absorbed by the MP and sheared PEG particulates, the
solutions were solubilized in detergent overnight and then read at 570 nm, with the reference
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read at 670 nm. Normalized viability is reported as ((absorbance at 570 nm — absorbance at
670 nm) — (absorbance of blank))/(absorbance of negative control — absorbance of blank).

2.11. Fluorescent confocal microscopy

Rhodamine-PLGA MS encapsulated within PEG MP were excited at 526 nm and imaged
with an Olympus Fluoview 1000 microscope. Images were compiled using ImageJ software.

2.12. Statistics

All data are presented as mean + standard deviation of at least three separate replicates.
Student’s t-test was used with a 95% confidence interval to determine statistical significance
unless otherwise noted.

3. Results

3.1. Preparation of MP

PEG hydrogel MP were prepared using suspension photopolymerization of PEG-DA in
presence of varying quantities of PEG in a hexane—water—AOT system [45]. The MP thus
prepared were spherical in shape, as seen in the optical picture of PEG100 MP (Fig. 1A). A
dilute solution of India ink was used as the contrast agent to better visualize the MP. While
the MP could be injected through a 22 gauge needle without distortion (Fig. S1), when
passed through a 25 gauge needle, a few particles (possibly larger ones) became distorted,
though the majority remained unchanged (Fig. 1B). However, no clogging of the 25 gauge
needle was observed. The regular shape of the PEG100 MP is in contrast to the irregular
shape of commercially available injectable fillers, such as Radiesse® Voice Gel, Restylane®
and Zyderm® (Fig. 1D, E and F, respectively). The PEG100 MP were polydisperse in size,
with an average diameter of 96 um, a median diameter of 87 um, a typical D90 value of 162
pum and a relative span value of 1.47 (Fig. 2). Similar size, shape and injectability data were
obtained for MP made using other PEG-DA:PEG ratios (not shown). MP were also prepared
using acrylated forms of HA, a biopolymer that has been used extensively to prepare
injectables, and gelatin with D90 (span) values of 136 + 22 um (1.5 £ 0.2) and 157 £ 4 ym
(1.9 £ 0.6), respectively (Figs. 1C and S2). Further semi-IPN MP of HA-methacrylate and
gelatin with D90 (span) value of 150 + 38 pm (2.2 = 0.2) were also prepared (Fig. S3).

3.2. Effect of process parameters on particle characteristics

The effect of a process parameter on particle size distribution and yield was investigated
while keeping other parameters constant. The particle size of PEG50 MP decreased with
increasing stirring speed. For example, increasing the stirring speed from 400 to 600 rpm
decreased the D90 from 515 + 50 to 140 + 33 pm (Fig. 3A). However, increasing the stirring
speed beyond 600 rpm did not cause a statistically significant change in size. Similarly,
increasing the stirring speed from 400 to 1000 rpm decreased the volumetric yield from 110
+ 15 to 43 + 11%. (The volumetric yield can be greater than 100% because the spherical MP
have void spaces when packed together.) In addition, MP swell due to absorption of water
during the washing step. Consequently, the volume of the MP obtained may be higher than
the precursor solution volume. The relative span of the MP decreased from 2.9 £ 0.2 at 400
rpm to 2.1 + 0.7 at 500 rpm, though this difference between the two speeds was not
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statistically significant. Between 600 and 1000 rpm the relative span ranged from 1.4 to 1.7,
with no statistically significant difference within this stirring speed range. However, this
decrease in the relative span at higher speeds was statistically significant relative to that at
400 or 500 rpm. Doubling the PI concentration to 1 mg ml~! increased the D90 of PEG50
MP from 142 + 25 to 225 + 22 um, with no statistically significant change in the relative
span. Similarly, doubling the UV intensity to 144 mW cm~2 increased the D90 to 231 + 35
um, with no change in the relative span. A PI concentration beyond 1 mg ml~1 was not
tested because of concerns about potential toxicity [33]. Also, the effect of UV intensity on
MP characteristics beyond 144 mW cm~2 was not tested because higher intensities led to
heating and evaporation-related changes in the suspension during polymerization. Using
other UV exposure times of 30, 65, 130 and 520 s did not change the PEG MP size or the
relative span under the conditions tested (data not shown).

Increasing the AOT concentration from 0.5 to 5 mM decreased the D90 from 254 + 16 to
103 £ 21 pym and decreased the volumetric yield from 88 + 9 to 21 + 4%, while the relative
span remained unchanged at between 1.5 and 1.7 (Fig. 3B). Based on the above general
relations, MP with D90 as small as 48 and 39 um were prepared by using the parameters
[AOT] = 50 mM, speed = 750 rpm, UV intensity = 365 mW cm=2, UV time =480 s, [PI] =1
mg ml~1 and [AOT] = 50 mM, speed = 400 rpm, UV = 72 mW cm~2, UV time = 260 s, [PI]
= 0.5 mg mI~1, respectively. However, the yield of particles thus obtained was only 3%,
hence these conditions were not explored further. Overall, by varying the process
parameters, spherical MP with average D90 in the range of 39-515 pum were prepared.

3.3. MP mechanical characterization

The viscoelastic properties of MP can be controlled by varying the PEG-DA:PEG ratio and
by varying the particle size. Regardless of the particle size, increasing the PEG-DA:PEG
ratio increased the shear storage modulus (G’) and shear loss modulus (G”) of the MP (Fig.
4A). For MP prepared at 400 rpm, the G’ increased from 523 + 31 to 1599 + 110 Pa and the
G” increased from 38 + 3to 111 + 5 Pa when PEG-DA:PEG ratio (v/v) was increased from
50 to 100% while the size stayed the same. Similarly, for MP prepared using a stirring speed
of 800 rpm, the G’ increased from 188 + 63 to 1257 + 105 Pa and the G” increased from 15
+ 6 to 100 + 13 Pa with increasing PEG-DA:PEG ratio without a change in MP size. For a
given PEG-DA:PEG ratio, the G’ and G” increased with decreasing particle size. At all
PEG-DA:PEG ratios and particle sizes, G” is at least one order of magnitude smaller than G
’. The G” was lower than G’ at all frequencies of measurement from 1 to 10 Hz (Fig. S4).
The complex viscosity of the MP decreased as the frequency of oscillation was increased,
suggesting a shear-thinning behavior for the MP (Fig. 4B). Decreasing the PEG-DA:PEG
ratio or decreasing the particle size decreased the complex viscosity of the MP. All of the
changes in G’ and G” described here were statistically significant.

3.4. In vitro cytocompatibility

We tested whether the PEG MP or materials leached from the MP are cytotoxic using
NIH/3T3 cells as model mammalian cells. PEG50 particulates of uncontrolled size that were
not exposed to hexane or AOT at any step of their synthesis were made by shearing a
PEG50 gel through needles and used as the control. The same concentrations (ranging from
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0 to 50 mg ml~1) of PEG50 MP and PEG50 particulates were incubated over NIH/3T3 cells
for 3 days and the cell viability was evaluated using the MTT assay. More than 80% of the
cells were viable when exposed to PEG50 at concentrations ranging from 0.1 to 50 mg mI~1,
with the lowest normalized viability of 80.9 + 0.8% seen at the highest MP concentration
(Fig. 5A). In addition, minimal to no toxicity was seen when cells were grown in medium
that was incubated for 3 days with just the MP or particulates (Fig. 5B).

3.5. Introduction of amine groups for potential surface functionalization

Amine groups were introduced in the MP by replacing the PEG in the PEG50 MP with
PEG-diamine. The PEG50-amine MP thus prepared had an average of ~33 + 2 free amine
groups per nm?2 of the MP surface, as estimated using the TNBS assay. If the amines are
assumed to be uniformly distributed throughout the spherical MP and the outer 5% layer of
the MP represents its functionalizable surface, about 14% of the amines, i.e. 4.7 + 0.3 free
amine groups, are present per nm? of the MP surface. After reaction with amine-reactive
sulfo-NHS-acetate, the amine groups of the PEG50-amine MP decreased to ~15%,
suggesting that 85 + 10% of the amines are accessible and reactive to small-molecule
reactants.

3.6. Encapsulation and release of dexamethasone from MS—MP hybrid particles

Rhodamine was encapsulated in PLGA MS, and the PLGA-Rhodamine MS were then
incorporated inside PEG MP. Rhodamine was used as a model of a small-molecule drug and
its fluorescence was used to characterize the distribution of PLGA MS inside the PEG MP.
Confocal microscopy revealed that Rhodamine-PLGA MS (median size 4 um) can be
encapsulated inside the PEG MP and the MS are distributed throughout the volume of MP
(Fig. 6). No MS were seen to be adsorbed to the surface of the MP. Dexamethasone was
used as an example of an anti-inflammatory drug molecule to demonstrate the proof-of-
context of incorporation and release of a drug molecule from the hybrid PLGA—-drug NS-
PEG MP particles. PLGA NS (median size 112 nm) loaded with dexamethasone were also
encapsulated in the PEG MP using a similar process. About 18% of the PLGA NS in
suspension were encapsulated inside the PEG MP to give a loading of 750 g of
dexamethasone per mg of MP. Preliminary experiments showed that ~74% of the
encapsulated drug was released from the PEG NS—-MP, compared to 86% that was released
from NS alone within the first 24 h (data not shown). However, additional experimentation
is needed to fully characterize the drug release profile.

4. Discussion

The size, stiffness and surface chemistry of injectable materials are important in determining
the injection site and in vivo performance. New methods to produce adequate quantities of
soft injectable biomaterials which provide independent control over these particle
characteristics are therefore desirable. We used suspension photopolymerization and semi-
IPN technology to produce spherical hydrogel MP of independently tunable size and
stiffness. While the method is generally applicable to acrylated (bio)polymers and was used
to prepare MP of acrylated HA, gelatin and their semi-IPNs, PEG MP were used for detailed
characterization. The D90 and relative span value were used to report the particle size
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distribution (PSD) in this study because they are commonly used to report size data of
particles with a non-symmetric PSD and have been used for other suspension-polymerized
systems [30]. The relative span represents the breadth of size distribution, with a smaller
span suggesting a lower polydispersity. Unless otherwise noted the MP prepared in this
study had a relative span of ~1.5, which being lower than 2, suggests a low polydispersity
[30]. The gelatin MP, the semi-IPN MP of HA methacrylate—gelatin and the PEG MP
prepared at twice the normal P1 concentration or UV intensity were visibly “sticky”. This
stickiness caused some aggregation of the MP that may have contributed to their relatively
higher span values.

As with suspension or emulsion polymerization systems used to prepare PLGA MS or
polystyrene MP [30,46], increasing stirring speed or surfactant concentration decreased the
size of PEG50 MP. The droplet size and eventually the MP size in suspension
polymerization systems are decided by the competition between the rate of droplet break-up
and coalescence. A higher AOT concentration stabilizes the water-in-oil suspension and
reduces the likelihood of PEG-precursor droplets coalescing before polymerization, leading
to smaller MP. Similarly, higher energy input in the form of faster stirring helps in
overcoming the surface tension forces of smaller droplets and keeps them separate until they
have gelled. A larger span at 400 or 500 rpm relative to that at higher speeds suggests that
the energy input at lower speeds is probably not high enough to shear the droplets as
consistently as at higher speeds, thereby leading to higher polydispersity at lower speeds.

Higher stirring speeds or AOT concentrations also increased the opacity of the suspension,
which possibly limited the UV transmittance and hence the yield. Increasing the UV
exposure time to ~4 times longer than usual or increasing the UV intensity to the maximum
possible using our equipment (365 mW cm™2) to counter the effect of the increase in opacity
did not improve the yield, which suggests that either the UV transmittance is not an issue or
the increase in UV intensity was not high enough. Further, as the UV intensity was increased
to the maximum value, evaporation of hexane due to heating was observed. Although it is
conceivable that the yield is lowered by particles smaller than 40 um passing through the 40
pum cell strainer used to separate the MP, we observed minimal improvement in yield even
when the MP were separated solely via centrifugation without the use of a cell strainer. It is
possible that the volume of the particles less than 40 um lost was not significant and/or not
many particles were lost during filtration. Indeed, particles smaller than 40 pm were seen in
the PSD curves of the MP, suggesting that at least some particles were not lost, possibly due
to sticking to the larger particles and/or due to clogging of the cell strainer holes by the
larger particles. However, centrifugation was not solely used to separate the MP, as it did
not remove enough wash solution to allow reliable measurements of the MP properties.
Doubling the PI concentration gave larger and stiffer PEG100 MP, suggesting that the
precursor droplets were gelled before they could be broken down further.

Importantly, the effect of the process parameters on the size and yield of MP was
independent of the PEG-DA:PEG ratio used to make the MP. Therefore we were able to
vary the stiffness (G’) of the MP from ~190 to 1600 Pa by controlling the PEG-DA:PEG
ratio without compromising the control on the MP size. The data in Fig. 4A suggests that it
should be possible to vary MP size while keeping the stiffness constant. The range of G/
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values is similar to that of the HA-based soft-tissue fillers, which have G’ values of ~90-
3000 Pa [47]. In addition, the shear loss modulus is at least an order of magnitude lower than
the shear storage modulus. This suggests that the MP behave as a viscoelastic gel system.
The range of D90 for the controlled-size MP that also had practically useful yields was from
~100 to 500 um. This size range is similar to that of HA-based dermal fillers, which have an
average size range of 300-700 um [19]. The complex viscosity (n”) of a filler is a measure
of its injectability through a needle and impacts on its utility for different injection sites and
purposes [47]. For example, fillers with high n*are generally used for facial sculpting and
lifting, which need materials that would not spread easily. The n"of the PEG MP (230-22 Pa
sat 1 Hz) is lower than the range of " reported for HA-based fillers [47], possibly because
of the lower MW and the branching of the PEG used here relative to the HA. However, the
ranges of stiffness and viscosity can be increased by using other polymers of different MW.
For example, we prepared MP with a G’ of 15,760 Pa by using PEG-DA and PEG (1:1, 300
mg ml~1 both) of MW 700 and 545 Da, respectively. Overall, hydrogel MP of tunable size,
shape and viscoelastic properties that are in the range of current clinically used injectables
can be prepared with natural or synthetic polymers using the method reported here.

The MTT results for cytotoxicity of PEG50 MP and hydrogel particulates were similar
irrespective of whether the cells were incubated directly with the material or with medium
exposed to the material. These results suggest that the 20% decrease in cell viability seen
with higher concentrations of PEG50 MP was not due to toxicity specific to PEG50 MP, but
could possibly be due to the decrease in nutrients reaching the cells because of a layer of MP
on the cells. In addition, the higher cell viability observed when cells were grown in medium
exposed to MP/hydrogel particulates relative to those incubated under MP/hydrogel
particulates suggests that the leachates, if any, did not cause any measurable cytotoxicity.
However, in vivo studies in animal models are required to fully characterize the
biocompatibility of the PEG MP.

It is known that the cellular response to an implanted material can be influenced by surface
properties such as electric charge or the presence of peptides [12,13,48-50]. In the case of
fillers used to treat urinary incontinence, it has been suggested that surface functionalization
of the MP with tissue-binding proteins may limit their migration away from the injection site
[51]. The semi-IPN platform used to prepare the PEG MP not only provides opportunities to
control the viscoelastic properties but also allows the possibility of altering the surface
chemistry of the MP. To enable the functionalization of the MP, we introduced amine
groups in the PEG MP because amines have been used to modify surfaces by covalent
attachment of (bio)molecules [38,52]. The PEG50-amine MP reported here had ~4.7 amine
groups per nm2 on the surface of the MPm and ~85% of the amines were accessible to small
molecules. These amines can be potentially conjugated with (bio)molecules such as the
RGD peptide. Since only 1 fmol cm™2 or six molecules of RGD peptide per pm? is sufficient
to increase cell adhesion, the surface amine density of the MP is about 108 times this
minimum requirement. Further experiments on the conjugation of bioactive molecules to
MP, however, are needed to fully explore the possibility of surface functionalization of the
MP.

Acta Biomater. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chan et al.

Page 12

Filler materials may be mixed with therapeutics to alter their in vivo effects on or tolerability
to the patient. For example, dermal fillers are often mixed with lidocaine to reduce pain
during injection [53]. Using another small hydrophobic drug, such as dexamethasone, and a
fluorescent dye, such as Rhodamine, we showed that PLGA NS/MS can be encapsulated
inside the PEG MP and that the dexamethasone was released from the PEG MP over time.
Incorporation of drugs in fillers via encapsulation in PLGA NS/MS may provide
opportunities to prepare fillers with tunable drug loading and controlled release profile (e.g.
by encapsulating monodisperse drug-loaded PLGA NS/MS [54]). Such NS/MS-MP
conjugates can be used instead of or in conjunction with the physical mixing the drugs with
the fillers. These results demonstrate a proof of principle that this method can be used to
load drugs in the hydrogel MP. Additional experimentation is needed to further determine
and control the drug release through the MP.

The method reported here may be improved by addressing the limitations of scale and the
polydisperse nature of the MP. Scale-up of suspension polymerization systems has been well
studied, and such reactors are routinely used industrially [55]. While photopolymerization-
based systems may pose unique challenges for scaling up, batch reactors ~2 m high with
special UV lamps have been reported [56]. While the polydispersity of the MP may not be
as important as the particle size threshold in determining the in vivo reaction, lower
polydispersity may be desirable for manufacturers that wish to differentiate products based
on particle size, as is currently done in the case of Restylane® and Perlane®. Using specially
designed reactors or optimizing the viscosity and density of the dispersed and continuous
phase may help in lowering the polydispersity of MP [57]. The polydispersity may also be
decreased by filtering the MP through sieves. Upon filtering an MP suspension through a
metallic sieve 115 um in size, we found that the D90 decreased from 135 to 61 um and,
importantly, the relative span decreased from 1.54 to 0.74. Experimental variables such as
the geometry of the vessel, the stirrer size and the experimental conditions, which are known
significantly affect the size, polydispersity and yield of the MP [30,58], may be
systematically optimized to obtain the desired MP. Changing the identity, concentration and
functional groups of the non-crosslinked (bio)polymers can also be used to prepare MP with
desired characteristics, such as pH sensitivity or surface charge.

5. Conclusions

In conclusion, a suspension photopolymerization-based platform to synthesize soft, spherical
hydrogel MP of independently tunable size and stiffness for use as injectable biomaterials
has been reported. Acrylated PEG, HA and gelatin were used to prepare MP that were
injectable through 22 and 25 gauge needles with minimal distortion. Semi-IPN-based PEG
MP were used as a model system to evaluate the effect of process parameters on MP
characteristics. Increasing the stirring speed or the surfactant concentration decreased the
size of the MP. Doubling the UV intensity or the photoinitiator concentration increased the
MP size, but changing the UV exposure time had a minimal impact on the MP size. PEG
MP with D90 ranging from 115 to 515 pm and stiffness values varying from 190 to 1600 Pa
were prepared by systematically varying the process parameters. Importantly, the stiffness of
the MP could be varied independent of their size. In vitro studies suggested that the PEG MP
were cytocompatible. PEG MP with accessible amine groups at sufficient concentrations for
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tential surface modification were prepared. In addition, PLGA MS and NS were
capsulated inside the MP and the release of dexamethasone was demonstrated. Overall,

this work reports a method to prepare soft, injectable and functionalizable hydrogel
microparticles of natural or synthetic polymers with independently tunable size and stiffness
for use as biomedical fillers.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.actbio.2014.02.021.

Appendix B. Figures with essential color discrimination

Certain figures in this article, particularly Fig. 6, is difficult to interpret in black and white.
The full color images can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.02.021.
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Fig. 1.
Optical micrographs of (A) PEG100 MP, (B) PEG100 MP passed through a 25 gauge

needle, (C) hyaluronic acid MP, (D) Radiesse® Voice Gel, (E) Restylane® and (F)
Zyderm®, with India ink as the contrast agent.
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Fig. 2.
Particle size distribution of PEG100 MP.
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Particle size (90th percentile particle diameter, D90) and volumetric yield of PEG50 MP as a
function of (A) Stirring speed and (B) AOT concentration. *Statistically significant (p <
0.05). Values shown are mean + standard deviation (SD).
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Viscoelastic properties of PEG MP. (A) Shear storage modulus (G’) and shear loss modulus
(G”) of MP as a function of PEG-DA:PEG ratio and stirring speeds. (B) Complex viscosity
(n") of PEG MP prepared in this study. " Statistically significant (p < 0.05) for G’ and G,

respectively. Values shown are mean + SD.
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Fig. 5.

C?tocompatibility of PEG MP. (A) Normalized viability of NIH/3T3 cells incubated with
PEG50 MP and hydrogel particulates for 3 days as evaluated by MTT assay. (B) Normalized
viability of NIH/3T3 cells incubated with medium exposed to PEG50 MP and hydrogel
particulates for 3 days as evaluated by MTT assay. The light gray bars are for PEG50 MP

and the dark gray bar for PEG hydrogel particulates. ~" " Statistically significant (p < 0.05)
for PEG50 MP and PEG hydrogel particulates, respectively. Values shown are mean + SD.
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Fig. 6.
Confocal microscopy pictures of hybrid particles of Rhodamine-loaded PLGA MS

incorporated in PEG MP. The micrographs are at optical depths of (A) 100 pm, (B) 350 pm
and (C) 450 um from the surface of the PEG MP.
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