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ABSTRACT

Treatment of osteoarthritis (OA) by administration of corticosteroids is a commonly used method in clinics using
anti-inflammatory medicine. Oral administration or intra-articular injection of corticosteroids can reduce the
pain and progress of cartilage degeneration, but they are usually insufficient to show local and long-term anti-
inflammatory effects because of their fast clearance in the body. In this study, we suggest an injectable anti-OA
drug depot system for sustained drug release that provides long-term effective therapeutic advantages. Amphi-
philic poly(organophosphazene), which has temperature-dependent nanoparticle forming and sol-gel transition
behaviors when dissolved in aqueous solution, was synthesized for triamcinolone acetonide (TCA) delivery.
Because hydrophobic parts of the polymer can interact with hydrophobic parts of the TCA, the TCA was
encapsulated into the self-assembled polymeric nanoparticles. The TCA-encapsulated polymeric nanoparticles
(TePNs) were well dispersed in an aqueous solution below room temperature so that they can be easily injected
as a sol state into an intra-articular region. However, the TePNs solution transforms immediately to a viscose 3D
hydrogel like a synovial fluid in the intra-articular region via the conducted body temperature. An in vitro TCA
release study showed sustained TCA release for six weeks. One-time injection of the TePN hydrogel system in an
early stage of OA-induced rat model showed a great inhibition effect against further OA progression. The OA-
induced knees completely recovered as a healthy cartilage without any abnormal symptoms.

1. Introduction

their target-specific action and remaining periods are poor after IA
administration [9-11].

Osteoarthritis (OA) is the most common type of degenerative joint
disease [1]. Degeneration and inflammation of the joint lead to chronic
pain, stiffness, and a progressive loss of articular cartilage that cannot be
regenerated afterward [1,2]. Even though the degenerated joint could
be replaced with artificial prostheses for the end-stage of osteoarthritis,
the artificial prostheses are also limited and may invite additional sur-
gery for artificial-joint replacement [3,4]. Other therapeutic strategies
such as intra-articular (IA) administration of autologous chondrocytes
[5], platelet-rich plasma [6], or visco-supplementation like hyaluronic
acid (HA) onto the eroded cartilage could be other options for regen-
eration of damaged articular cartilage [7,8]. However, the resultant
anti-OA effects of these methods are frequently unsatisfactory because
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As a medicinal therapy, oral administration of analgesics, nonste-
roidal anti-inflammatory drugs (NSAIDs), specific cyclooxygenase
(COX)-2 inhibitors, and opioids would be the first option [1,9]. How-
ever, this treatment method is restrictively effective for the care of
symptomatic pain and rarely effective for the topical treatment of
inflammation [12]. Moreover, NSAIDs, COX-2 inhibitors, and opioids
frequently lead to significant side effects on the gastrointestinal (GI)
system, heart, and brain [12,13]. Therefore, these oral drugs should be
prescribed carefully for older people who have underlying diseases with
the GI system, heart, and brain. To increase the bioavailability of the
administered medicine at the target site and reduce the possible sys-
temic side effects, direct IA administration of corticosteroids such as
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Scheme 1. Schematic diagram of one-time injection of the TePN hydrogel system for long-term osteoarthritis treatment.

methotrexate, diclofenac, and triamcinolone acetate (TCA) are also
available [14-16]. However, their fast clearance has been reported; the
half-lives of methotrexate, diclofenac, and TCA are from 0.56 to 2.9, 5.2,
and 1.47 h, respectively [17-20]. These short retention times are not
sufficient to diminish the persisting inflammatory responses.

For this reason, the development of a new strategy for the ultimate
treatment of OA and timely prevention in the early stages has gained
increased attention. Potential new OA treatment methods with long-
term active anti-OA drug delivery systems have been attempted in
various forms, such as liposomes [17,21], nanoparticle [22,23], micro-
particles [24,25], and hydrogels [26-28]. Liposomes and nanoparticle
and macroparticle systems showed considerably extended periods of
sustained anti-OA drug release over weeks to months [29,30]. However,
these systems are unsuitable for exact localization at the target site and
have unfavorable drug loading process with low release efficiency [31].
On the other hand, hydrogel-based drug delivery systems can provide
localized drug depot advantages which can extend the drug release
period and offer a physically supportable 3-dimentaional (3D) space like
a synovial region. These properties may further reduce damage to the
synovial joint by reducing the physical friction in inflammatory arthritis.
Moreover, a thermoresponsive sol-gel transformation ability can pro-
vide noninvasive administration advantages [32]. However, there are
reported limitations of the hydrogel-based anti-OA drug delivery sys-
tems—they showed drug release characteristics only up to few days [20,
33].

A hybrid system of nanoscaled drug delivery and 3D hydrogel for-
mation could fulfill the requirements of a powerful tool for successful
OA treatment. For this purpose, a poly(organophosphazenes), which has
substituted hydrophobic and hydrophilic side chains, could be a good
candidate as an injectable in situ hydrogel-forming, and biodegradable
drug delivery carrier with favorable drug loading process and long-term
drug release characteristics [34-36]. In an aqueous solution, the poly-
mer exists in the form of unfolded chains or nanosized spherical particles
according to changes in hydrophobicity with temperature alterations
[37,38]. Based on these characteristics, various drugs with hydrophobic
parts can be encapsulated into polymeric nanoparticles (PNs) by
participating in the self-assembly process of PNs. In addition, the poly-
meric nanoparticles could form the 3D hydrogel networks above a
certain concentration [39,40].

In this study, localized and sustained TCA delivery using the poly
(organosphosphazenes) based PN hydrogel system was studied in an OA-
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induced rat model. TCA was chosen as a model drug of NSAIDs which is
required to deliver because of its limitations such as adverse effect and
fast clearance [18]. As the main force of the PN self-assembly is a hy-
drophobic  interactions between hydrophobic side chains,
water-insoluble TCA could easily be loaded into the hydrophobic core of
the PN during the PN self-assembly process and formed the TCA
encapsulated PN(TePN) particles. TePN solution turned into 3D hydro-
gel after intra-articular injection and the formed 3D TePN hydrogel
released TePNs for months. Finally, long-term release of TCA treats OA
through inhibited matrix proteinase (MMP) expressions only within the
cartilages via decreased pro-inflammatory cytokine expressions and
increased anti-inflammatory cytokine expressions. Effective prevention
and long-term anti-OA treatment with fewer side effects were observed
in in vitro and in vivo OA model (Scheme 1).

2. Materials and methods
2.1. Materials

Hexachlorocyclotriphosphazene was purchased from Sigma-Aldrich
(USA) and purified by sublimation at 55 °C under vacuum (about 0.1
mmHg). Poly(dichlorophosphazene) was prepared as described previ-
ously [42]. Methoxy poly(ethylene glycol) with molecular weight of
750 Da (Sigma-Aldrich, USA) was substituted to a-amino-o-methoxy
poly(ethylene glycol) (AMPEG) to substitute to the poly(organo-
phosphazene) backbone as described in our previous work. The
-Isoleucine ethyl ester hydrochloride (IleOEteHCl)(A&Z food additives,
HangZhou, china, aminoethanol (Sigma-Aldrich, USA), glutaric anhy-
dride (Alfa Aesar, USA), and 4-(dimethylamino) pyridine (DMAP)(Alfa
Aesar, USA) were purchased. Tetrahydrofuran (THF) and trimethyl-
amine (TEA) were dried by reflux over sodium metal and barium oxide
respectively under dry nitrogen. Triamcinolone acetonide (TCA) was
purchased from TCI (Japan). All other reagents were purchased from
commercial suppliers.

2.2. Synthesis of poly(organophosphazenes)

All reactions were carried out under dry nitrogen atmosphere by
using standard Schlenk-line techniques.
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2.2.1. Synthesis of precursor polymer (PP, aminoethanol poly
(organophosphazene))

Precursor polymer (PP) was prepared as elucidated below. First,
IleOEteHCI (10.8 g, 55.22 mmol) was suspended in dry THF(200 mL)
and the reaction flask was cooled down. Second, poly(dichlor-
ophosphazene)(10.00 g, 8.63 mmol) was dissolved in dry THF (200 mL),
then slowly added to the prepared reaction flask containing IleOEteHCl
(23.64 g, 12.08 mmol) which dissolved in dry THA and TEA. The re-
action mixture was stirred at dry ice bath for 12 h and then at 45 °C for
24 h. Third, AEtOH (1.42 g, 2.33 mmol) and AMPEG750 (13.59 g, 18.12
mmol) were dissolved in dry THF, and added to the reaction mixture.
The reaction mixture was stirred at room temperature for 24 h and at
45 °C for another 24 h. The reaction mixture was filtered and poured
into n-hexane to obtain a precipitate, which was then reprecipitated
twice in the same solvent system. The polymer product was further
purified by dialysis with a dialysis membrane (Spectra/Por, MWCO:
10-12 kDa) against methanol for 4 days at room temperature and
against distilled water for 4 days at 4 °C. The dialyzed solution was
freeze-dried to obtain PP. Yield: 73.7%. 'H NMR(CDCl3), §(ppm):
0.8-1.0 (s, 6H), 1.1-1.3(b. 3H), 1.3-1.6(b, 2H), 1.6-1.9(b, 1H), 2.8-3.3
(b, 2H), 3.4-3.8(b, 73H), 3.9 (s, 1H), 4.0-4.3(b, 3H).

2.2.2. Synthesis of carboxylic acid termini-functionalized poly
(organophosphazene) (CP)

Carboxylic acid termini-functionalized poly(organophosphazene)
(CP) was synthesized. In order to substitute the hydroxyl termini to
carboxylic acid termini, glutaric anhydride (2.85 g, 24.99 mmol) and 4-
(dimethylamino)pyridine (DMAP)(3.06 g, 24.99 mmol) were added to
the reaction flask containing PP (10 g, 12.25 mmol) which was dissolved
in dried THF. The reaction mixture was stirred at room temperature for
12 h, and then heated up to 40-45 °C for another 24 h. The final product,
CP, was dialyzed with a dialysis membrane against methanol for 3 days
at room temperature and against water for 3 days at 4 °C. The purified
CP was gained via freeze drying. The newly appeared peak at 2.1-2.32
ppm (b, 4H, CHj) represents the generated glutaric acid termini that
does not exist in the CP 'H NMR. Yield: 96%. 'H NMR(CDCI3), §(ppm):
'H NMR (300 MHz, CDCls, 5), d (ppm): 0.8-1.0 (s, 6H, CHs), 1.1-1.3 (b,
3H, CHj3), 1.3-1.6 (b, 2H, CHy), 1.6-1.9 (b, 1H, CH), 2.1-2.32 (b, 4H,
CHy), 2.8-3.3 (b, 2H, CHy), 3.4-3.8 (b, 62H, CHy), 3.9 (s, 1H, CH),
4.0-4.3 (b, 3H, CHa).

2.3. Characterization of the CP

Structures of the synthesized CP were estimated by measuring 'H
NMR (Varian Gem-ini-300 spectrometer operating at 300 MHz in the
Fourier transform mode with CDCI3). Surface charge of the CP in
aqueous solution was measured by Zetasizer Nano ZS (Malvern In-
struments Ltd., Malvern, UK). The molecular weight (MW) of CP was
calculated by a gel permeation chromatography system (Tosoh, EcoSEC
HLC-8320 GPC) with a refractive index detector and two Styragel col-
umns (TSKgel SupermultiporeHZ-M and TSKgel SuperHZ-2500) con-
nected in line at a flow rate of 0.35 mL/min at 25 °C. THF containing 0.1
wt % of tetrabutylammonium bromide was used as a mobile phase.
Polystyrenes (MW: 162; 580; 1920; 3090; 9590; 27,810; 70,500;
133,500; 290,300; 729,500; 1,074,000; 2,703,000) were used as
standards.

2.4. Biocompatibility study

2.4.1. Cytotoxicity study of the CP

Cytotoxicity test of the CP was performed with mouse fibroblast cell
lines (NIH3T3). Cells were seeded in a 96-well plate(SPL, Korea) with a
density of 2 x 10*/well, and the cells were attached overnight in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin in humidified atmosphere
of 5% CO3 at 37 °C. The culture media was changed after 24 h with a
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fresh DMEM, and various concentrations of the CP were treated (0 mg/
mL to 10 mg/mL in DMEM, n = 6). After 24hr/48hr/72hr, the MTT
solution (3-(4,5-dimethylthiazole-2-yl1)-2,5 diphenyltetrazolium bro-
mide) was treated and incubated for 3 h after suction of medium. The
precipitates were dissolved in 100 pl of DMSO and the absorbance of the
resulting purple solution was determined at excitation wavelength of
570 nm, using Spectra MAX 340 (BIO-RAD, Hercules, CA). The cell
viability (%) was calculated from [ab]test/[ab]control x 100%.

2.4.2. Mutagenicity study of the CP

The mutagenicity of the CP was assessed with several auxotrophic
strains of bacterium salmonella typhimurium. The amount of revertant
colonies generation were evaluated to determine the mutagenicity
(Ames test). For examination of T98 and T100 were performed with
sterilized liquid medium (2.5% Oxoid Nutrient Broth No. 2). After 10 h
of incubation inside shaking bath (37 °C, 200 rpm) 0.1 mL of cultured
bacteria was mixed with 2 mL of top agar, 0.1 mL of CP solution, and S9
fraction. This mixture was then carefully poured onto previously pre-
pared Petri dish which is containing 20 mL of minimal glucose agar plate
and incubated until it solidified. After 48 h of incubation at 37 °C, the
number of colonies was calculated. Phosphate buffered saline (PBS) was
used as a negative control and 2-nitrofluorene, benzo(a)pyrene, and
sodium azide were used as positive controls which are specific to each
bacterium T98 and T100. All the negative and positive controls were
conducted in a same manner. Minimal glucose agar plate was prepared
by using Bacto agar (Difco), Vogel-Bonner medium E, and 2% glucose.

2.5. Preparation of self-assembled polymeric nanoparticles(PNs) and
TCA-encapsulated polymer nanoparticle (TePN)

The synthesized CP were dissolved in PBS solution at 4 °C with
magnetic stirrer (12 wt% CP solution was prepared, the ten times
diluted). The prepared CP solution was observed by dynamic light
scattering (DLS) with Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK) and by transmission electron microscopy (TEM, CM30
electron microscope, Philips, CA). The observed sizes and shapes of the
self-assembled PNs were confirmed. The TCA-encapsulated polymer
nanoparticles (TePN) were prepared with three different concentrations
of TCA (0.3, 1.0 and 1.5 mg/mL). TCA were added to the PNs solution
directly, and gently mixed. The mixed solution was incubated for 30 min
in room temperature to induce TCA encapsulation. The characteristics of
TePN were verified with DLS and TEM.

2.6. Thermosensitive sol-gel transition behaviors of the TePN solution

The viscosity of the aqueous PN solution (12 wt%) was measured by
a Brookfield RVDV-III + visco-meter between 5 and 75 °C under a fixed
shear rate of 0.1 s™!. The measurements were processed with a set
spindle speed of 0.2 rpm and with a heating rate of 0.33 °C/min. The
measurement of rheology (MSC 102, Anton Paar, DE) was performed
with the PN solution(12 wt% of PN in PBS) and the TePN solutions (0.3,
1.0, and 1.5 mg/mL of TCA was added to the prepared 12 wt% of PN
solution). The measurement of storage modulus (G') and loss modulus
(G") were conducted with a gap length of 0.3 mm at an oscillating fre-
quency of 1 Hz, 5% of the oscillating strain, and temperature in 4 °C and
60 °C.

2.7. In vivo degradation study of the TePN hydrogel

TePN solution (1.5 mg/mL of TCA, 200 pL) was injected to backs of
mouse (Balb/c nude mice, 6 weeks, male, from Orient Bio, Korea) sub-
cutaneously using a 31-gauge needle. Locally generated TePN hydrogels
were identified right after the injection. The remained TePN hydrogels
were weighted every pre-determined day.
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Fig. 1. Biocompatibility study of poly(organophosphazene) (a) Mutagenicity of PN was examined with negative control (N.C.) and positive controls. T98 and T100
are used as auxotrophic strains of bacterium Salmonella typhimurium. (*S9 was used as an activator for chemical substances that require metabolic activation to
become mutagenic) (n = 3) (* indicates p < 0.01 vs 2-nitropyrene or Sodium azide, # indicates p < 0.01 vs Benzo(a) pyrene). (b) Cytotoxicity test of various

concentrations of the PN (NIH 3T3 cell, n = 8).

2.8. In vitro release of TCA from TePN

TePN solution was prepared with 12 wt% PN solution with 0.3, 1.0,
and 1.5 mg/mL of TCA, respectively. 0.3 mL of the prepared TePN so-
lutions were loaded into tube, and hydrogel formation was identified by
temperature increase to 37 °C. To the hydrogel, 6 mL of PBS solution
gently added, and the tubes were incubated in water bath (KMC-
12055W1, Vision, Korea) at 37 °C under mild shaking motion (50 rpm).
The PBS solution was changed to fresh PBS solution at each time point.
The amount of released TCA was measured by High Performance Liquid
Chromatography (HPLC, Agilent) using water/acetonitrile(50/50, v/v
%) as eluents with UV detection at 240 nm and calculated by established
standard sample.

2.9. In vivo anti-OA effects of the TePN hydrogel system

2.9.1. Intra-articular injection of TePN in osteoarthritis(OA) bearing rats

Monosodium iodoacetate (MIA, Sigma-Aldrich, USA)(0.5 mg/50 pl)
was injected to intra-articular region of Sprague Dawley(SD) rat(6
weeks, male from Orient Bio, Korea)(n = 6 for each group) to induce OA.
After 1 week, OA induced rats were treated with 0.3 mL of TePN solu-
tions by intra-articular injection. Non-treated MIA-induced OA rat
model were used as control. Rats were sacrificed 8 weeks after the in-
jection of TePN for further analysis.

2.9.2. Intra-articular structures and X-ray, micro-computed tomography
(u-CT) scanning

After sacrificing the rats at 8 weeks post injection, separated knee
joints were cut down from the femur and tibia. The separated knee
samples were scanned using X-ray (In-Vivo Series, DXS PRO,
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Fig. 2. Characterization of poly(organophosphazene) nanoparticles. (a) Structure of amphiphilic poly(organophosphazene) and their self-assembly behavior. TEM
images of self-assembled PN (b), TCA aggregate (c) and TePN (d). (e) Hydrodynamic diameters of self-assembled PN, TCA aggregate, and TePN in PBS solution (n

= 6).

Carestream, USA) and p-CT (Aibira CT system, Carestream, USA). The
distance of destroyed cartilages were measured using the p-CT images
and image J software.

2.9.3. Histological analysis

All collected tissues were embedded in paraffin and sectioned with a
microtome (thickness 8 pm). For histological evaluations, tissue sections
were deparaffinized, rehydrated, and stained. The histological profiles
of individual kness joint were observed by light microscope (Nikkon;
E400, Japan) after staining with hematoxylin and eosin (H&E) and
safranin-O.

2.9.4. RNA isolation and real-time polymerase chain reaction

Blood samples were collected at each time point (after OA induction,
1-, 4-, and 8 weeks after the TePN hydrogel treatment). RNA was iso-
lated using RNA blood kit (QIAamp, QIAGEN) according to the manu-
facturer’s instruction. cDNA was synthesized using Accupower
CycleScriptRT Pre Mix (dT20) (BIO-RAD) following the manufacturer’s
protocol. Real-time polymerase chain reaction (PCR) amplification and
detection were performed using an ABI7300 Real-Time Thermal cycler
(Applied Biosystems, Foster City, CA, USA). Gene expressions of pro-
inflammatory cytokines such as metalloproteinase-3 (MMP-3), MMP-
13, interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) and anti-
inflammatory cytokines such as IL-4, IL-10, and IL-13 were examined,
respectively. The sequences of each gene markers are listed in
(Table S1).
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3. Results and discussion
3.1. Synthesis and characterization of poly(organophosphazene)

Poly (organophosphazene), which mainly contains a hydrophobic -
isoleucine ethyl ester (IleOEt) and hydrophilic a-amino-w-methoxy poly
(ethylene glycol) (AMPEG) on its side chains, was synthesized and used
as a temperature-responsive and in situ gelling drug depot system. In
addition, carboxylic acid termini were introduced to mimic the extra-
cellular matrix of the natural cartilage, which is mainly composed of
chondroitin sulfate and hyaluronic acid, and interact with several cy-
tokines relevant to homeostasis and regeneration of cartilage (Fig. S1).

The molar ratios of the substituted side chains were calculated using
NMR spectra. The concentration of I[leOEt, AMPEG, and carboxylic acid
was 70%, 10.5%, and 13.5% in the final polymer, respectively. The
substituted rates of each composites of the polymer were evaluated by
integrations of the specific peaks, 0.8-1.0 ppm for 6 protons of IleOEt/
2.1-2.32 ppm for 4 protons of carboxylic acid/3.4-3.8 ppm for 62
protons of AMPEG in 'H NMR data (Fig. S2). The electric charge of the
final polymer was characterized by zeta potential measurement as —4.0
+ 1.6, negative charge to mimic extracellular matrix of cartilage, and
GPC analysis with polystyrene standards showed a molecular weight of
50,085 Da.

3.2. Biocompatibility study of poly(organophosphazene)

Biocompatibility is an indispensable factor for the development of
new drug delivery carriers. The Ames test is commonly test to evaluate
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TePN solutions.

the potential mutagenicity of testing chemicals, which is related to
carcinogenic potential. For the mutagenicity test, Salmonella typhimu-
rium TA98 or TA100 were treated with 200 pg of the polymer. The
polymer-treated group showed approximately the same revertant col-
onies as the negative controls. (Fig. 1a). These no-cytotoxicity and
mutagenic responses imply the safety of the synthesized polymer, and
these results may support the possibility that the polymer could be used
as a bioavailable material. Especially for anti-OA treatment, the TCA
carrier requires highly biocompatible properties because the carrier
should not promote the immune responses at the site of lesion. For this
reason, the investigated biocompatibilities of the synthesized poly
(organophosphazene) are appropriate as an anti-OA drug delivery
carrier.

Cellular toxicity and mutagenicity tests are required to generate
toxicity data for new drug or bioavailable materials. For these reasons,
the toxicities of the synthesized poly(organophosphazene) were inves-
tigated by MTT assay and Ames test. The cytotoxicity of the polymer was
treated with the NIH 3T3 cell line (from 0 mg/mL to 30 mg/mL con-
centration of polymer in media). Twenty-four hours after treatment,
90-95% cell viability was observed at every polymer concentration
(Fig. 1b). Even after treatment of the polymer with same composition
with the CP for 48, 72 h, there were no cytotoxic effects and it means the
CP is a cytocompatible material. (Fig. S3).
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3.3. Characterization of self-assembled PNs and TCA encapsulation

Side chains on the polymer were occupied with hydrophobic and
hydrophilic moieties to have balanced amphiphilicity. The polymer
exists as spherical nanoparticles in an aqueous environment to minimize
the exposed area of the hydrophobic IleOEt units on the polymer against
water molecules. Moreover, water-insoluble drugs such as TCA interact
with the hydrophobic core parts of the PNs (Fig. 2a). The self-assembled
PNs and TePNs were investigated by TEM and size distribution studies.
The round-shaped PNs were identified by the TEM image (Fig. 2b), and
their size was ~140 nm around 25 °C (120 mg/mL of PNs in phosphate
buffered saline (PBS) solution) with an error range of <4 nm. TCA, a
poor water-soluble drug, showed irregular nano- and microsized crys-
tallin in PBS solution (1.5 mg/mL TCA in PBS) with a range from 232.9.
to 3343 nm with an error range of >1450 nm in the DLS and TEM data
(Fig. 2c and Fig. S4). However, the microsized TCA aggregates dis-
appeared from the size distribution after mixing and incubation with the
PN-dispersed PBS solution. Only ~140 nm sized particles were
measured with an error range of <4 nm in the mixture solution of TCA
and PN (120 mg/mL of PNs and 1.5 mg/mL of TCA in PBS solution)
(Fig. 2d). This result supports the successful encapsulation of TCA onto
the PN nanoparticles. The average sizes and poly dispersity index (PDI)
values of these particles are summarized in Fig. 2e and Fig. S5. The size
changes and significant decrease strongly support our prediction that
TCA could be well encapsulated into the hydrophobic core of the PN by
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Fig. 4. Biodegradation study of PN hydrogel system. (a) Visualization of the injectability and hydrogel formation of TePN hydrogel system. (b) Time-dependent

hydrogel degradation after injection of 12 wt% PN solution (n = 3).

its hydrophobic interactions.

3.4. Thermosensitive sol-gel transition behaviors of the TePN solution

Above a certain concentration of the PN in aqueous solution, there
are clear viscosity and phase alternations according to temperature
changes. These phase transitions are caused by the weakening hydrogen
bonds between the hydrophilic PEG chains on the PN and water

molecules with increasing temperature, whereas the hydrophobic in-
teractions among the PNs increased. In this study, 12 wt% of PN solution
was prepared to have good injectability, sufficient viscosity, and
maximum storage modulus to be in gel state at the body temperature. As
shown in Fig. 3a, the PN solution showed a viscosity of 0 Pa s until 32 °C.
The viscosity values continuously increased from 32 °C and showed
518.75 Pa s at 37 °C. Similarly, both storage and loss modulus values
increased from 32 °C, and the storage modulus value (G') was greater
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Fig. 5. Sustained release profile of TCA from TePN hydrogel system in vitro. (a) Time-dependent hydrogel state of TePN hydrogels. (b) Cumulative TCA release

behaviors of the TePN hydrogels with each concentration of TCA.
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Fig. 6. In vivo anti-inflammatory efficiency of TePN after IA injection. (a) X-ray and (b) p-CT images of each group taken at 8 weeks after the treatment. Distance of
interarticular cartilage (DIC) in the left part (c) and right part (d) of the cartilage (n = 5, *: p < 0.01).

than that of the loss modulus value (G”) between 32 °C and 44 °C from
the rheology study. At 37 °C, the G’ and G” values were 1284.3 and 765
pa, respectively, that indicating a gel state (Fig. 3b).

As shown in Fig. 3¢, the sol-gel transition behaviors were monitored
after TCA loading because the physical properties of the drug delivery
hydrogel may considerably affect the drug release pattern or period. The
storage and loss moduli of the TePN solutions were measured after TCA
loading with three different doses. All the groups showed similar
changes in the storage and loss modulus values according to the tem-
perature changes. These results may demonstrate that the loaded TCA
was encapsulated homogeneously inside the PN and rarely affected the
sol-gel transition behaviors, and these properties facilitate predictability
of the hydrogel’s condition even with variable drug doses.

3.5. In vivo degradation of the TePN hydrogel

Because biodegradation is an essential requirement for a biomaterial
and drug delivery carrier, the hydrogel degradation rates and common
symptoms around tissues in which PN hydrogel was locally placed were
monitored. The prepared PN solution was injected under the skin of a
mouse with a 31-gauge needle. The formation of PN hydrogel was
directly identified after the injection, and the remaining PN hydrogels
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were weighed after a simple separation procedure from the skin at
intended time points (Fig. 4a). The amounts of remaining PN hydrogels
decreased with time until 42 d (Fig. 4b and Fig. S6). These biodegra-
dation properties, mild conditions for the formation of PN hydrogel, and
its long-term retention at the injected site indicates the suitability of
developed PN hydrogel system for use as a long-term depot drug de-
livery carrier.

3.6. Sustained release profile of TCA from TePN in vitro

Steroidal anti-inflammatory drugs such as TCA have a short retention
time after intra-articular administration and are cleared out quickly in
our body. Therefore, the long-period anti-inflammation effect would be
restrictive. The TePN hydrogel system could control the TCA release
pattern and period by controlling the dissociation and degradation rates
of the PN hydrogel because strongly interacting drugs tend to highly
depend on the degradation properties of the material [36]. The TCA
release behaviors were studied with freshly prepared TePN solution
containing three different concentrations of TCA. After formation of the
TePN hydrogel at 37 °C, each of the TePN hydrogels were soaked in a
PBS buffer. In contrast to the PN group showing rapid swelling less than
1 day, most hydrogels with TCA showed swelling after 1 week because
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hydrophobic interactions between TCA and the hydrogels enhance sta-
bility of the polymer structure in aqueous solution (Fig. S7). And all the
gels started mass losses after 4 weeks (Fig. 5a). It closely correlated with
TCA release patterns from the hydrogels during 42 days (Fig. 5b).
Inhibited initial burst of TCA was identified during the first 24 h in the
three TePN hydrogel groups with TCA concentrations of 0.3, 1.0, and
1.5 mg/mL and the observed values read as 14.45%, 9.55%, and 9.72%
compare to the total amount of loaded TCA, respectively. These results
are in contrast with the half-life of naked TCA without a delivery carrier
being only 1.27 h in the human body when administered directly. In
each TePN hydrogel group, approximately half the amount of loaded
TCA was released on days 7, 14, and 16 with values as 0.3, 1.0, and
1.5-mg/mL, respectively. The sustained-release process lasted until the
entire degradation of the TePN hydrogels. Meanwhile, the TePN
hydrogel group with the lowest TCA concentration showed a faster
release pattern than the other two groups. The low TCA concentration
possibly affects the loss of hydrophobic networks, rapid swelling, and
fast dissolution. In the TePN hydrogel groups with 1.0 mg/mL and 1.5
mg/mL of TCA, the time-dependent TCA release pattern was quite
linear. The degradation of the TePN hydrogel and the TCA release pe-
riods were almost similar. The suppressed initial burst release and
continuous TCA release demonstrate that the TCA strongly interacts
with the polymer and is well encapsulated by the PN.

3.7. Effects of long-term anti-inflammation and cartilage degeneration
prevention by one-time injection of the TePN hydrogel in OA rat model

The effects of long-term anti-inflammation and inhibition of cartilage
degeneration were verified by a one-time injection of the TePN hydrogel
depot system. A rat model bearing monosodium iodoacetate (MIA)-
induced OA was prepared for the treatment of the TePN hydrogel
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system. The TePN injection was carried out 1 week after the generation
of OA to mimic the early stage of OA. In addition to the TePN hydrogel
groups, direct injection of the TCA solution and saline groups were
added as controls. Each 300 pl solutions of saline, TePN, and TCA were
prepared freshly and injected to the injured sites of the rats.

Eight weeks after the treatment, the knee joints of sacrificed rats
were dissected and it was found that only TePN-treated groups showed
clear and rare inflammatory reactions comparing with the other groups
(Fig. S8). X-ray and p-CT images were also taken for morphological
studies (Fig. 6a). The saline-treated group showed considerably pro-
gressed OA with serious cartilage defection and destroyed cartilage
bone. However, each TePN-treated group demonstrated well-
maintained morphological characteristics, indicating that the inflam-
mation in the early stage of OA was well suppressed by the sustain-
released TCA. Moreover, every TePN hydrogel group showed signifi-
cant improvement in anti-OA effects compared with the TCA-solution
groups. The destroyed cartilage status in direct TCA-solution injection
groups reflects its failure in long-term inflammation care and prevention
of cartilage degeneration. The pathological status of the cartilages in the
TCA solution groups was similar or worse than that in the saline treat-
ment group. This is because the possible side effects of direct IA injection
of TCA on chondrocyte toxicity, and the topical treatment with a high
dose of TCA may inhibit fibroblast growth and collagen synthesis by
decreasing hydroxyproline production, which leads to decreased struc-
tural stability of connective tissue around the knee [12]. For statistical
evaluation, the distance of interarticular cartilage (DIC) was measured
(Fig. 6b). Most of the DIC was similarly increased in the saline- and
TCA-solution treated groups in both the left and right parts, but only a
statistically significant difference was confirmed between the saline and
the high TCA-solution (1.5 mg/mL) groups in the left parts of the
cartilage. The severe destruction of cartilage may result from two
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Fig. 8. Real-time PCR analysis. Blood samples were collected at each time point (1 week after the generation of MIA-induced OA, 1, 4 and 8 weeks after the
treatment) to examine the gene expressions of pro-inflammatory cytokines such as MMP-3, MMP-13, IL-6, TNF-« (a) and anti-inflammatory cytokines such as IL-4, IL-
10, and IL-13 (b) (n = 6)(*: p < 0.01 vs saline group, #: p < 0.01 vs TCA solution treated groups).

reasons: 1) the possible toxicity of the direct TCA exposure in a short
time with a high dose, and 2) inadequacy of the continuous
anti-inflammation effect because of fast TCA clearance.

In addition, the contrasting results of well-prevented cartilage
degeneration in the TePN hydrogel groups and the failure of OA treat-
ment in direct TCA solution injection groups were demonstrated by
histological staining methods (Fig. 7). Hematoxylin and eosin (H&E)
and safranin O staining showed the morphological characteristics of
each experimental group. The saline- and TCA-solution-treated groups
showed thinning of the cartilage shape, losing the tissues with chon-
drocytes and disappearance of the characteristic red staining of gly-
cosaminoglycans identified in healthy cartilage. These results indicate
that the treatment of saline and TCA solution rarely influenced the
progression of OA after the occurrence of the early stage. However, the
TePN hydrogel groups showed morphological similarity with a normal
cartilage, and the cellular characteristics of chondrocytes were well
maintained. From this experiment, we can see that the sustained release
of TCA via a one-time injection of the TePN hydrogel system could
effectively prevent further inflammation and OA progression.
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3.8. Effects of sustained TCA release using TePN hydrogel system on
inhibition of pro-inflammatory genes and activation of anti-inflammatory
genes

The alteration of inflammatory gene expression was evaluated dur-
ing the experimental period. The expression levels of pro- and anti-
inflammatory genes were evaluated from the corrected blood samples.
A week after the generation of MIA-induced OA, gene expression levels
of pro-inflammatory cytokines, MMP-3, MMP-13, IL-6, and TNF-a,
increased 5.60, 4.25, 4.80, and 5.35 times higher than that of the normal
group, respectively (Fig. 8a). After the injection of TePN or TCA solu-
tions, contrasting gene expression patterns were observed in each
experimental group at 1, 4, and 8 weeks after the treatment. The
increased gene expression levels of pro-inflammatory cytokines
decreased with time in the TePN hydrogel groups, although the TCA
solution groups showed a continuous increase. Because the expression of
pro-inflammatory cytokines and MMPs leads to cartilage degeneration,
effective lowering of pro-inflammatory and MMPs cytokines may
demonstrate the successful prevention of cartilage degeneration. After 8
weeks, the levels of MMP-3, MMP-13, IL-6, and TNF-a cytokine genes in
the TePN hydrogel with the highest TCA concentration were identified
with 1.62-, 1.67-, 1.49-, and 1.62-times decreased values as compared to
that with the saline-treated group, respectively. In contrast, level of each
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pro-inflammatory cytokine gene continuously increased over time in the
TCA solution groups. Because directly administered TCA is cleared
rapidly, the anti-inflammatory effects are insufficient to prevent the
breakdown of the extracellular matrix and degradation of collagens in
cartilage with one-time IA injection of TCA solutions.

The anti-inflammatory cytokine genes, such as IL-4, IL-10, and IL-13,
were simultaneously monitored (Fig. 8b). These gene expressions are
related to stimulation of immune cells such as macrophages and to
certain T cells (Th2) on their survival, proliferation, and differentiation
[43]. In addition, the expression levels of these cytokines could be a
criterion for the inhibition of the synthesis of pro-inflammatory cyto-
kines such as interferon-gamma, interleukins, and TNF-o [44]. One week
after the generation of MIA-induced OA, the IL-4, IL-10, and IL-13 gene
expression levels in all treatment groups were almost similar to the
normal status. There were no significant differences among the treat-
ment groups up to 4 weeks after the induction of inflammation. How-
ever, after 8 weeks, each gene expression level was significantly
increased in the TePN hydrogel treatment groups. In addition, the in-
crease margins of the gene expression expanded according to the con-
centration of the loaded TCA. After 8 weeks, IL-4, IL-10, and IL-13 gene
expression levels in the TePN hydrogel with the highest TCA concen-
tration were 1.91, 2.25, and 1.92 times higher than to that in the saline
treated group, respectively. These results support the efficiency of sus-
tained TCA release and their long-term anti-inflammatory effects via a
one-time injection. There were no abnormal symptoms with respect to
body weight (Fig. S9). The TCA unloaded PN hydrogel treatment
showed no changes in the expression levels of pro- and
anti-inflammatory genes, thereby indicating that the carrier PN hydro-
gel system showed no effects on systemic inflammatory responses.

4. Conclusion

A long-term and effective anti-OA treatment system was developed
using poly(organophosphazene) nanoparticles that can encapsulate TCA
and form a hydrogel after administration into the body. The proposed
system aimed to overcome the rapid TCA efflux from the joint into
systemic circulation after IA injection of TCA. The injectable TePN
hydrogel system showed synergistic functions of physically supporting
3D hydrogel formation and sustained TCA release with a long-term anti-
inflammatory effect. The TePN solution could be injected as a solution
state around room temperature, and it transforms into hydrogel directly
after IA injection due to the body temperature. Then, the encapsulated
TCA is released slowly by loosening the TePN hydrogel networks and the
degradation of the polymer. As a result, the release of TCA continued
until the entire erosion and degradation of the TePN hydrogel. Released
TCA could bind to glucocorticoid nuclear receptors, which are widely
expressed in neurons and Schwann cells, the receptors undergo a
conformational change and are translocated to the nucleus [45]. From
these changes, gene transcription and induction of anti-inflammatory
responses occur through the inhibition of pro-inflammatory responses
cytokine release (e.g., TNFa and IL-1p) [46]. Cartilage degradation was
inhibited by the inactivation of MMPs via regressed pro-inflammatory
cytokines. The proposed system has advantages comparing with other
hydrogel based system such as 1) simple preparation with high drug
loading efficiency (simple mixing between polymer solution and TCA),
2) Long-term delivery for a month only within injected site (no adverse
effects), 3) Biocompatibility, 4) Cartilage environment mimics, and 5)
Enhanced TCA efficacy (nanoparticle based enhanced delivery efficacy).
Therefore, we believe that the proposed drug-encapsulating PN hydro-
gel system can be widely used as a platform delivery system for various
drugs that have poor water-solubility and fast-clearance behavior after
administration.
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