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Abstract

With the aim of devel oping nanoparticles for targeted delivery of methotrexate (MTX) to
inflamed joints in rheumatoid arthritis (RA), an amphiphilic polysaccharide was synthesized by
conjugating 53-cholanic acid to a dextran sulfate (DS) backbone. Due to its amphiphilic nature,
the DS derivative self-assembled into spherical nanoparticles (220 nm in diameter) in agueous
conditions. The MTX was effectively loaded into the DS nanoparticles (loading efficiency:
73.0 %) by a simple dialysis method. Interestingly, the DS nanoparticles were selectively taken
up by activated macrophages, which are responsible for inflammation and joint destruction, via
scavenger receptor class A-mediated endocytosis. When systemically administrated into mice
with experimental collagen-induced arthritis (CIA), the DS nanoparticles effectively
accumulated in inflamed joints (12-fold more than wild type mice (WT)), implying their high
targetability to RA tissues. Moreover, the MTX-loaded DS nanoparticles exhibited significantly
improved therapeutic efficacy against CIA in mice compared to free MTX alone. Overal, the
data presented here indicate that DS nanoparticles are potentially useful nanomedicines for RA

imaging and therapy.
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1. Introduction

Rheumatoid arthritis (RA) is a complex chronic amimatory disease characterized by
increased vascular permeability and the conseaemtvasion of immune cells such as
activated macrophages and lymphocytes [1-3]. Algfothe precise cause of RA remains
unknown, activated macrophages have been founce tthéd most prominent cells in the
inflamed joints of patients with RA and are belidwe make a major contribution to articular
inflammation and joint damage pathogenesis [4,Thlerefore, the targeting of activated
macrophages and inflammatory cytokines such as rtunexrosis factoe: has been
considered an effective way to relieve symptomBAf5, 6].

Methotrexate (MTX), a disease-modifying anti-rhetimdrug, has been widely used both
alone and in combination with biologics to treat .RAowever, due to its extensive and
random distribution in the body, MTX often causesiaus side effects such as hair loss,
nausea, headaches, and skin pigmentation [7]. d fealf of all MTX-treated patients
experience side effects, which limit the long-tewuse and tolerability of this drug [8]. One
strategy for overcoming this challenge is to depeh@anocarriers for MTX that target the
drug to activated macrophages in the inflamed regaf RA and reduces the fraction of drug
reaching toxicological targets.

Nanomedicine has emerged as promising therapduoticeeatment of intractable diseases
such as atherosclerosis and cancer because nadegagkhibit unique properties including
(i) prolonged circulation in the bloodstream folleavby systemic accumulation at the disease
site, (ii) visualization of target tissues or malks events in the tissues, (iii) targeted drug
delivery to the target tissues, and (iii) contrdlrug release at desired action sites, [9-12]. In

recent years, polymeric nanoparticles have beerogeg for RA therapy because they can
1



passively accumulate into inflamed synovial tisstes to the leaky nature of the vasculature
[13-15]. Moreover, the therapeutic efficacy of thesanoparticles can be significantly

enhanced by using nanocarriers capable of recagnihiir target cells via specific receptor-

ligand interactions [16, 17].

In the early stage of RA, activated macrophagesbéxkignificant overexpression of
scavenger receptors, which can bind and internalkidized low-density lipoprotein and
polyanionic macromolecules [18-20]. Dextran sulf@®s) and its derivatives have received
increasing attention in biomedical applicationsaase of their remarkable biocompatibility
and biodegradability [21-23]. Notably, DS acts dgand for macrophage scavenger receptor
class A (SR-A), which is overexpressed by activatextrophages [24, 25]. Therefore, we
hypothesize that DS-based nanoparticles might tefedg reach inflamed joints by both
passive and active targeting mechanisms, making ttieal drug carriers for RA therapy.

To effectively deliver MTX to the inflamed joint® iIRA, we prepared DS nanoparticles
(DSNPs) consisting of a DS hydrophilic shell andhyalrophobic drug reservoir off}5
cholanic acid. We hypothesized that the DS surtzcthe nanoparticle allows for specific
binding to SR-A on activated macrophages, followgdeceptor-mediated endocytosis and
intracellular release of MTX (Fig. 1). The physibemical characteristics of DSNPs (e.g.
particle size and morphology) and theér vitro cellular uptake were monitored using
macrophages and endothelial cells. To assess Rt#dnility, we examined then vivo
biodistribution of DSNPs after their systemic adistiration into mice with collagen-induced
arthritis (CIA). In addition, the therapeutic effeof MTX-loaded DSNPs were evaluated by
measuring the extents of synovitis, bone destroctamd cartilage destruction in mice with

CIA. The potential of DSNPs as imaging probes ttewheine therapeutic efficacy was also



investigated by observing the extent of fluoreseent the inflamed joints. This study
demonstrates for the first time that DSNPs canr@tiy be used for imaging and therapy of

RA.

2. Materialsand Methods

2.1. Materials

DS sodium salt (MW = 36 — 50 kDa) was purchasechfMP Biomedicals, LLC (Aurora,
OH, USA). 4-Nitrophenyl chloroformate, 4-dimethyleno pyridine (DMAP), methotrexate,
and B-cholanic acid were obtained from Sigma-Aldrich @8t. Louis, MO, USA). The
near-infrared fluorescence (NIRF) dye FPR-675 waschimsed from DKC Corporation
(Incheon, Korea). All other chemicals were of atiabl grade and used without further
purification. Macrophages (RAW264.7) and bovinetiaoendothelial cells (BAECS) were
purchased from the American Type Culture Collecti@®ockville, MD, USA). All
experimental involving live animals were carried au accordance with the relevant laws
and institutional guidelines of Sungkyunkwan Unsmt The Sungkyunkwan University

institutional committees have approved all the expental protocols.

2.2. Synthesis of the amphiphilic DS derivative

The amphiphilic DS derivative was synthesized bwyjegation of the hydrophobicps
cholanic acid to the hydrophilic DS backbone. ByieDS (100 mg, 0.262 mmol) and 4-
nitrophenyl chloroformate (158 g, 0.786 mmol) weatssolved in dimethyl sulfoxide

(DMSO)/pyridine (15 mL, 1/1(v/v)), and DMAP (9.6 m@.0786 mmol) was added as a
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catalyst [26]. The reaction mixture was stirred emdrgon for 4 h at°C. The reaction
product was then precipitated in 300 ml of dietbyther/ethanol (1/1, v/v), filtered, and
washed with an excess amount of diethyl ether. Aetimyl 3-cholanic acid (13.81 mg,
0.0356 mmol), prepared as reported previously W&k added to 10 mL of DMSO/pyridine
(2/1, vlv) containing 4-nitrophenyl-activated dextrsulfate (100 mg, 0.178 mmol). The
reaction mixture was stirred under argon for 48 BEC. After the solution was concentrated,

the product was dialyzed against excess water wsid@alysis membrane (Spectra/Per

MWCO = 12 — 14 kDa) for 72 h. The chemical struetwf the amphiphilic DS was
characterized using df-NMR instrument (DD2 600 MHz FT NMR, Agilent Teabiogies,

Santa Clara, CA, USA), for which the polymer wassdived in ©3;0D/D,0/(CD3),SO.

2.3 Preparation and characterization of drug-loadetparticles

MTX-loaded DSNPs (MTX-DSNPs) were prepared by godgndialysis method as follows:
First, amphiphilic DS (100 mg) was dissolved inrf@Dof anhydrous THF/distilled water (1/1,
v/v). After addition of MTX (11.1 mg), the mixtuneas sonicated for 3 min af@ using a
probe type sonicator (VCX-750, Sonics & Materidewtown, CT, USA) and dialyzed

(Spectra/Pdt6, MWCO = 6-8 kDa) against distilled water for 12otremove unloaded MTX

molecules. The purified solution was filtered (P& syringe filter) and lyophilized to obtain
a yellow powder. To quantify the amount of MTX epsalated in DSNPs, we broke down
the nanostructure of MTX-DSNPs to the soluble MTiXdaDS conjugate by dissolving
MTX-DSNPs in the co-solvent of THF and distilledtesa(1/1, v/v). The amount of the MTX
in the solution was determined by measuring therasice of MTX at 303 nm using a UV-

vis spectrophotometer (Optizen 3220UV, Mecasys (., Daejeon, Korea) and calculated
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based on the calibration curve. For the calculatdnloading efficiency, we used the
following calculation:

Encapsulation efficiency (%) = (weight of loaded Kweight of MTX in feed) x 100

Forin vitro andin vivo fluorescence imaging, DSNPs were labeled with BPR{.em =
675nm,Aex = 720nm). In brief, DSNPs and FPR-675 wereestiin phosphate buffer (10

mM, pH 8.0) for 24 h at room temperature. The r@syisolution was dialyzed (Spectra/Bor

6 MWCO = 6-8 kDa) against distilled water for 3 dayollowed by lyophilization. As a
control, dextran-based nanoparticles (Dex-NP) wweepared in an identical manner.

The hydrodynamic sizes and zeta potentials of #moparticles were measured at 1mg/ml
concentration in distilled water (pH 6.5) using eta&sizer instrument (Nano ZS, Malvern,
UK), for which the nanoparticles were diluted irstdied water. The morphologies of the
nanoparticles were obtained by transition electraoroscopy (TEM, CM30, Philips, CA,
USA). For TEM measurement, nanoparticles were dedppgn a 400-mesh copper grid and
stained with 5 % (W/V) uranyl acetate solution. Tswaface properties of DSNPs were

characterized by using energy dispersive X-raytspgscopy (EDS).

2.41nvitro drug release behavior and cellular uptake of tiparticles

To assess their drug release behawiaitro, MTX-DSNPs were dispersed in PBS (pH 7.4)
and transferred to a cellulose membrane tube (BpPc6, MWCO = 6-8 kDa). The
dialysis tube was then placed in the release mediudnshaken at 100 rpm in a water bath at
37°C. At predetermined time intervals, the releaseiomdvas refreshed by transferring the

tube into the fresh release medium. The extent whuiative drug release was then



determined by measuring the absorbance at 303 img adJV-vis spectrophotometer.

The cellular uptake of the DSNPs was evaluatedgusiiacrophages (RAW264.7) and
endothelial cells (BAECs). RAW264.7 macrophagesenarltured in high glucose DMEM
(Welgene Inc., Daegu, Korea) containing 10 % FB& & antibiotic—antimycotic solution
(20,000 units/ml penicillin, 10 mg/ml streptomyciaed 25 ug amphotericin B, Welgene Inc.,
Daegu, Korea) at 3T in a humidified 5 % C@atmosphere. BAECs were cultured in low
glucose DMEM with 20 % FBS and 1 % antibiotic—antimtic solution at 3% in a 5 %
CO, atmosphere. Cells were seeded into 35-mm cowd bbittom dishes (2 x 1@ells/dish)
and maintained for 48 h. RAW264.7 macrophages waetrated with lipopolysaccharide
(LPS, 100 ng/ml) for 48 h. The medium was thenaegdl with 2 ml of serum-free medium
containing FPR-675-DSNPs (100 pg/ml), followed loyimcubation at 2C or 37C for 15
min or 30 min. The cells were then washed with P@8 7.4) and fixed with 4%
paraformaldehyde.

To confirm the SR-A-mediated endocytosis of DSNRs, LPS treated RAW 264.7 cells
were exposed 2 ml of serum-free medium containiegftee DS polymer (5 mg/ml) for 60
min. Then, the cells were incubated with FPR-679NBS and FPR-675-Dex-NPs for
additional 30 min. The intracellular localizatiof the nanoparticles was observed using a
confocal laser microscope (Leica TCS SP8, Leicarddigstems GmbH, Germany) with 405

diode (405 nm), Ar (458, 488, 514 nm), and He-Nz8(6n) lasers.

2.5.Invivo biodistribution of the nanoparticles

The CIA animal model consisted of male DBA1/J m{ée8 weeks old) prepared as

previously described [27, 28]. Briefly, mice wergected intradermally at the tail with 200
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ug of bovine type Il collagen (CIl) (2 mg/ml, Choedr Redmond, WA, USA) emulsified in
100 pl of Complete Freund’s Adjuvant (4 mg/ml). On day, 2nice received a booster
immunization of CIl emulsified in Incomplete FretmdAdjuvant. At 42 days after the
primary immunization, FPR-675-DSNPs were inject&d the tail vein of wild-type (WT) or
CIA mice at a dose of 5 mg/kg. The time-dependenivo biodistribution was then observed
using a Spectral Ami X imager (Spectral Instrumeitsaging, Tucson, AZ, USA).
Fluorescence images were obtained using wavelermfti&75 nm (excitation) and 730
(emission). NIRF images were quantified using ImBRge Plus (Media Cybernetics,
Rockville, MD, USA). Organs were dissected at 4&fter systemic administration of
nanoparticleskx vivo fluorescence images were obtained using the Qp88 system (ART
Advanced Research Technologies Inc., Montreal, @ana he laser power and count time
settings were optimized tol8V and 0.3 s per point.

For immunohistochemical analysis of inflamed joimisthe CIA model, dissected knee
joints were fixed in 10 % neutral buffered formaliefore decalcification for 6 h using
Decalcified Solution-Lite (Sigma-Aldrich Co.). P#ma sections of the knee joints were then
cut into 5 pum slices. The tissue sections weréeratd and immunostained with monoclonal
anti-SR-A antibodies (Biorbyt Ltd, Cambridge, UK)dafluorescence-conjugated secondary
antibodies (Alexa-488: Molecular Probes®, EugeneR, QUSA) according to the
manufacturer’s instructions. Fluorescence imagesewebtained using an LSM 510

MetaDuoScan confocal microscope (Carl Zeiss Mianading GmbH, Jena, Germany).

2.6.1nvivo andex vivo fluorescence imaging

At 42 days after the primary immunization, 200f FPR-675-DSNPs and FPR-675-Dex-
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NPs were injected into the tail vein of CIA miceaalose of 5 mg/kg. The time-dependent
vivo biodistribution was then observed using a IVIS lnenlll In Vivo imaging system
(Caliper Life Science, Hopkinton, MA, USA). Fluooesice images were obtained using
wavelengths of 660nm (excitation) and 710 (emigsibiRF images were quantified using

embedded software.

2.7. Therapeutic efficacy of drug-loaded nanopleasic

The CIA mice were treated by intravenous injecod200ul of MTX (2.5 mg/kg), MTX-
DSNPs (2.5 mg MTX/kg), empty DSNPs, or vehicle (lPBSce every four days, starting on
the day of the booster injection. Each treatmers ingected at 21, 25, 29, 33, and 37 days.
Mice were monitored every other day to measuret joiiemmation, scored as follows: 0 =
normal, 1 = mild swelling and erythema confinedttie midfoot and ankle joint, 2 = mild
swelling and erythema extending to the midfoot ankle joint, 3 = moderate swelling and
erythema extending from the metatarsal joints ¢ahkle, 4 = severe swelling and erythema
encompassing the foot, ankle, and digits. These gwes were summed for each mouse,
giving a maximum possible score of 16 [29]. Pawekhess for both the right and left paws
was determined using calipers. For histologicalysmis, dissected knee joints were fixed in
10 % (v/v) buffered formalin solution, decalcifieding Decalcified Solution-Lite for 6 h,
embedded in paraffin, and sliced into 5 mm-thicktisas. Sections were stained with H&E
and examined under a fluorescence microscope (B&binpus, Optical Co. Ltd., Tokyo,
Japan). The extents of synovitis, bone destructowl, cartilage destruction were evaluated
using a five-point scale as follows: grade 0 (ngnsiof inflammation), grade 1 (mild

inflammation with minimal hyperplasia of the synalilining layer without cartilage
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destruction), and grades 2 through 4 (increasimgyeds of inflammatory cell infiltration or

cartilage and bone destruction).

2.8. Evaluation of the therapeutic effects of DSNPs

To evaluate the therapeutic effects of the DSNis nice were divided into four groups:
(&) WT, (b) non-treated CIA (non-boosted mice, a%g), (c) non-treated CIA (boosted mice,
38 days), and (d) MTX-DSNP-treated CIA mice (bodstece, 38 days). MTX-DSNPs (2.5
mg/kg of MTX) were injected intravenously into Ciiice. The MTX-DSNP treatment
schedule was the same as above (5 injections aheg bnce every three days). After
receiving the MTX-DSNPs, all mice were injectedravenously with FPR-675-DSNPs (5
mg/kg). At 12 hours post-injection of the FPR-67SNIPs, the skin of the knee joint was
removed from each mouse and the extent of nanofgariccumulation was monitored.
Fluorescence images were obtained using an OV+1@dl animal imaging system (Olympus,
Center Valley, PA, USA) set to the bright field atmeg Cy5.5 channelhéx = 620—-650 nm
with Aem = 680-710 nm). Immunohistochemical staining pa$ormed by incubation with
monoclonal anti-CD31 antibodies (1:200 dilution; c&m, Cambridge, UK) at room
temperature for 2 h. A Dako REAL EnVision Detectdystem (Dakocytomation, Carpinteria,
CA, USA) was according to the manufacturer’s inginns. The 5um-thick slides were
counterstained with hematoxylin (Sigma), after vkhignages were captured using an

OLYMPUS BX51 microscope (Olympus, Tokyo, Japan).

2.9. Statistical analysis

The statistical significance among the groups waalygaed using one-way ANOVA.



Differences with g value <0.05 were considered to be statisticallyifigant. Statistical

significance was assigned f@r<0.05,” p <0.01 and™ p <0.001.

3. Results
3.1. Preparation and characterization of DSNPs

One strategy for increasing the therapeutic efficat MTX is to develop nano-sized
carriers that can effectively accumulate at infldnents and release MTX inside the target
cells. To prepare an amphiphilic DS derivative ¢dpaof forming self-assembled
nanoparticles as a potential carrier of MTX, DS whsmically modified with aminoethyl
5B-cholanic acid by a simple two-step procedure (Ba@). In this procedure, the hydroxyl
group of DS was reacted with 4-nitrophenyl chlorofate, followed by conjugation of
aminoethyl B-cholanic acid via amide bond formation. The cheingtructure of the DS
derivative was confirmed by inspection of tld NMR spectrum, which showed the
anomeric proton peak of DS at 5.27 ppm, the phegrglup peaks of 4-nitrophenyl
chloroformate at 7.8 and 8.7 ppm, and the methyligmpeak of aminoethylpscholanic acid
at 0.9 ppm (Supplementary Fig. S1). The degreeub$tgution, defined as the number of
aminoethyl B-cholanic acid per 100 sugar residues of DS, wésated to be 9. It was
calculated based on the integration ratio of thensaric proton peak of DS at 5.27 ppm and
methyl group peak of aminoethygf&holanic acid at 0.9 ppm.

The DSNPs had a unimodal size distribution (22091 nm) and a spherical shape (Fig.
2b and Supplementary Fig. S2). Elements of C(r&dyreen) and S(blue), which represent

the dextran sulfate polymer on the nanoparticlesrewdetected by the elemental mapping
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analysis (Supplementary Fig. S3). In particulagrgg signals of S (blue) on the nanoparticles
verify that the dextran sulfate was located ondindace of the DSNP nanoparticles. Also we
confirmed the long-term colloidal stability of DSBIPDSNPs maintain the hydrodynamic
size in PBS (pH 7.4) for at least 7 days (SupplaargrFig. S4). Moreover, DSNPs showed
no significant size changes in the 10% FBS contgimiondition for 12 h. After 12 h post-
incubation, DSNPs had a hydrodynamic size of 222.23.62 nm. The zeta potential value
of the DSNPs was highly negative (-47.5 = 1.26 miM)jch might be due to the DS sulfate
groups on the nanoparticle surface. Hydrophobic M¥&s readily encapsulated into the
DSNPs by the dialysis method. The encapsulatidnieficy and MTX content of the MTX-
DSNPs prepared in this study were 73.0 % and 73ygrespectively (Table 1). The DSNPs
decreased in size to 173.4 + 4.12 nm after MTX psgtion, implying the formation of
compact nanoparticles [30]. Next, threvitro drug release kinetics of the nanoparticles were
determined for two days in PBS (pH 7.4) (Fig. 24X was rapidly released from the
DSNPs in the initial 3 h (51.8 2.97%), followed by sustained release for the remg

period of time.

3.2.1nvitro cellular uptake of the DSNPs

To evaluate the cellular uptake of the DSNPs, RAW2Z26macrophages and BAEC
endothelial cells were treated with FPR-675-label#sNPs (red). In these experiments,
macrophages were activated with LPS to induce titegulation of the DS receptor SR-A
[31]. Fluorescence images show that DSNPs wersigoificantly internalized into the RAW
264.7 (LPS +), RWA 264.7 (LPS -), and BAEC cells43%€. However, after incubation of
RAW264.7 cells (LPS +/-) and BAEC cells with DSN&s37C, strong fluorescence signals
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were detected in RAW264.7 cells (LPS +). Signifitanveaker fluorescence signals were
observed in RAW264.7 cells (LPS -) than those inWR&4.7 (LPS +). Noticeable
fluorescence intensities were not detected in BAEIR incubated with DSNPs at %7 (Fig

3a and Supplementary Fig. S5). The results cleddynonstrate that cellular uptake
mechanism of DSNPs is energy-dependent, SR-A-megtliahdocytosis. Interestingly, no
significant fluorescent signals were observed eandélls pretreated with the DS polymer, and
treated with FPR-675-labeled DSNPs (DS pretreatyelkas in the cells treated with FPR-
675-labeled Dex-NPs (Dex-NPs). On the other hattdng DSNP fluorescent signals were
observed when the cells treated with FPR-675-labBIENPs without pretreatment of DS
polymer (Fig. 3b). These results suggest that DSWNe@® effectively internalized into the

activated macrophages through SR-A-mediated endsisyt

3.3.1nvivo biodistribution of the DSNPs

Next, thein vivo biodistribution and RA-targeting ability of the DN8s were investigated
using an optical imaging system after intravenayection of FPR-675-labeled DSNPs into
WT and CIA mice. Real-time NIRF images of the whbied legs were obtained over time
up to 48 h. No significant fluorescence was obsgmehe legs of the WT mice for 48 h (Fig.
4a). On the other hand, strong DSNP fluorescence abgerved in the legs of CIA mice.
Moreover, the inflamed joints were clearly discmaied from the surrounding normal tissues.
In particular, the fluorescence intensity graduatigreased at the inflamed joints over time,
with a maximum intensity reached at 12 h post-inpe; implying high RA targetability of
the DSNPs.

Ex vivo NIRF images of the organs and joints of WT and @lige were obtained at 48 h
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post-injection (Fig. 4b). For both WT and CIA mio®nsiderable fluorescence was detected
in the liver and kidney, which might be due to Wetdoy the reticuloendothelial system and
renal clearance of the nanoparticles, respectivetgrestingly, in CIA mice, the knee and
ankle showed stronger fluorescence than all therotingans, indicating that most of the
DSNPs accumulated in the inflamed joints. Quamigagnalysis of the NIRF intensities
revealed that the ankles and knees of CIA micedmmfoximately 12-fold and 6-fold more
DSNPs than those of WT mice (Fig. 4c). These resauggest that DSNPs can effectively
reach the inflamed joints of mice with RA, perhapa the enhanced permeability and
retention effect [32].

To further confirm the involvement of the SR-A TSNP uptake, we examined the tissue
distributions of the SR-A and DSNPs by immunohis@nistry (Fig. 5). Images of the knee
joints of WT and CIA mice were obtained at 48 hopwst-injection. As expected, the
activated macrophage receptor SR-A was upreguiattte inflamed synovium of CIA mice
compared with the synovium of WT mice. Interestnglgnificant DSNP fluorescence was
detected in the inflamed synovium; this fluoreseaghal also colocalized with that of SR-A.

To clearly demonstrate active targeting effectsR#atargetability of the nanopatrticles,
we further investigated thim vivo biodistribution and RA targeting activity of DSNHs
comparison with those of Dex-NPs in CIA mice (Fé@). Interestingly, the inflamed tissues
of the mice injected with DSNPs showed strongeoritscence signals than those treated
with Dex-NPs. At 12 h post-injection, DSNPs accuated in the inflamed tissues of CIA
mice 2-fold more than Dex-NPs (Fig. 6b). In patdiécuthe fluorescence intensity of Dex-
NPs gradually decreased at the inflamed joints twe®, whereas the fluorescence intensity

of DSNPs increased and remained strong up to Thdse results indicate that both DSNPs
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and Dex-NPs can accumulate at inflamed joints ley ghssive targeting, but DSNPs can

further target the disease tissues via the SR-Aate] active targeting to RA.

3.4.1nvivo therapeutic efficacy of MTX-DSNPs

To evaluate the anti-inflammatory effects of MTX4Ss, the clinical scores of the
inflamed joints were determined in the CIA mice toweeks after the first immunization.
The forelimb and hindlimb joints of the CIA mice rgeassigned clinical scores on a scale
ranging from O to 4 to reflect the severity of arfimation and swelling. MTX-DSNPs (2.5
mg/kg of MTX) were administrated every 3 days itte tail vein of each mouse. Vehicle
(PBS, pH 7.4), non-loaded DSNP, and free-MTX (2d/kg of MTX) were used as controls.
The vehicle-treated group exhibited serious inflation of the joints after 24 days, as
reflected by the rapid increase in clinical scdreg( 7a). Compared to the vehicle-treated
group and non-loaded DSNPs-treated group, theMi¢-treated group showed much lower
clinical scores for the entire duration of the expent. Of particular note, the MTX-DSNP-
treated group had the lowest clinical scores. Gbeist with the inflammation results, the
paw thickness was highest in the vehicle groupofad by the free MTX group and finally
by the MTX-DSNP group (Fig. 7b). These data cledrgicate that the MTX-DSNPs
significantly improved clinical outcomes, includiagthritis indices and paw thickness. These
therapeutic effects might result from passive andgtive targeting of the DSNPs, followed
by the release of MTX.

To further evaluate the therapeutic efficacy of MiEX-DSNPs, histological analysis was
performed on the knee joints of the vehicle-, DSNWTX-, and MTX-DSNP-treated mice

(Fig. 7c). The knee joints from vehicle-treated CiAice showed inflammatory cell
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infiltration, extensive synovitis and pannus forioaf destruction of articular cartilage, and
bone erosion. On the other hand, the knee joiots firee MTX-treated CIA mice exhibited
slightly less signs of inflammation. However, comgzhto the knee joints from free MTX-
treated mice, the knee joints from MTX-DSNP-treateide exhibited significantly reduced
cartilage erosion, neutrophil infiltration, and syral inflammation (Figs. 7d-f). In addition,
histological analyses of major organs also dematesirthat there are no significant changes
in major organs after administration of MTX-DSNRufplementary Fig. S6). These results

are consistent with the therapeutic effects ofMieX-DSNPs.

3.5. Potential of DSNPs as an imaging probe foragheutic monitoring

To further examine the therapeutic effects of thEXMDSNPs, FPR-675-labeled DSNPs
were intravenously injected into WT and CIA miceludfescence signals from the
nanoparticles were monitored at the knee jointsraémoval of the skin (Fig 8a). WT mice
did not exhibit any FPR-675-DSNP fluorescence,aatihg that DSNPs are not accessible to
the normal tissue because the endothelial laydrdrblood vessel acts as a diffusion barrier.
However, strong FPR-675-DSNP fluorescence was wbdan the inflamed legs of the non-
treated CIA mice, presumably due to the accumulatbDSNPs in the inflamed joints via
the leaky vasculature. Of particular note, wealoriscence was observed in the legs of
MTX-DSNP-treated CIA mice, implying minimal accumatibn of DSNPs is needed to
achieve therapeutic effects. Histological stainbh@D31 was also performed to observe the
blood vessel distributioex vivo in the knee joint (Fig. 8b). Compared to WT and T
DSNP-treated CIA mice, non-treated CIA mice exletitmore CD31 (brown) expression.

This finding implies that RA progression is involvén angiogenesis, which allows for
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selective accumulation of DSNPs at the inflamedtjoDverall, our findings indicate that
DSNPs can effectively deliver drugs to inflamednjsi and are also potentially useful as

optical probes for monitoring therapeutic efficacyCIA mice.

4. Discussion

Nanomedicine has been exploited as potent thelapaatimprove pharmacokinetics and
tissue-distribution of therapeutic agents over piast decades. In particular, it has been
extensively studied for targeted cancer therapyabse nano-sized structures passively
accumulate into tumor tissues through leaky tunasculatures after systemic administration.
Of note, since RA is also kwon as an angiogenespendent disease, the passive targeting
strategy has been applied to improve delivery iefficy of drugs to inflamed tissue for
effective treatment of RA. Many types of nano-sidedg delivery systems such as liposomes,
micellar and polymeric self-assemblies were empdagedeliver anti-inflammatory drugs to
the inflamed regions by the passive targeting etia{32, 33]. However, only a few studies
demonstrated active targeting approaches to treatafieRAin vivo [34-36]. In the previous
studies, nanoparticles modified with targeting rtiegesuch as a vasoactive intestinal peptide,
folate and anti-CD64 antibody were used for thgeted deliver of anti-inflammatory drugs
to inflamed tissues of RM vivo. To date, however, DS-based nanomedicine has et b
demonstrated for targeted drug delivery to iRAivo.

Herein, we report a RA-targeted drug delivery gsysteased on an amphiphilic DS
conjugate, where DS is employed as a hydrophillgmer backbone as well as a receptor-
mediated, active targeting ligand to improve taabeity of the system to RA tissues. Since

SR-A receptor proteins are upregulated by the nméid cells in RA synovial tissues such as
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activated macrophage and lymphocytes, it is exgettat DSNPs can actively permeate into
the inflamed cells, preceded by a passive accuronlaf DSNPs in the RA tissues. As

evident from the imaging studies, DSNPs precisatgdt inflamed tissues of experimental
CIA model (12-fold at ankles, 6-fold at knees), awdre selectively internalized into

inflamed cells; however, they did not show sigrfit accumulation in the normal tissues of
WT mice and cellular uptake into the control cellthout inflammation (Fig. 4,5).

Importantly, we further scrutinized the targetingahanism of DNSPs to RA tissues by
following methods. (i) First, we monitored the oddir uptake of DSNPs at different
temperature (£ and 37C) to understand if the internalization of DSNP#es on the
energy-dependent mechanism. Internalization of DSNRo the inflamed cells was
significantly impeded at low temperature®@} compared to that at 37 (Fig. 3a and
Supplementary Fig. S5). (i) Second, we studiedrbernalization mechanism of DSNPs via
the competitive inhibition study. Cellular uptaké @SNPs was monitored in the inflamed
cells upregulated with SR-A receptors as well athearcells on which SR-A receptors were
preoccupied with DS polymers as a competitive inbibinternalization of DSNPs into the
inflamed cells were selectively inhibited with tB&-A receptor blocked by the pretreatment
of the DS polymer (Fig. 3b). The results clearlgigate that cellular uptake of DSNPs into
the inflamed cells is based on the energy-dependedtSR-A mediated mechanism. (ii)
Moreover, we investigated the targeting mechaniSmMINPs by comparingn vitro cellular
uptake andn vivo RA-targeting of DSNPs with those of non-targetexkiNPs. Interestingly,
DSNPs showed significantly higher accumulationhe inflamed joints (2-fold) than non-
targeted Dex-NPs (Fig. 6). These results imply tbath DSNPs and Dex-NPs can

accumulate at inflamed joints by the passive targemechanism, but DSNPs can further
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accumulate and stay longer at the disease tissuegoiws the SR-A- mediated, active
targeting mechanism of DSNPs than Dex-NPs can. Kshemexcellent targeting of DSNPs to
RA, they could facilitate delivery of MTX to the sfiase tissues and subsequently lead to

excellent therapeutic outcomes (Fig. 7,8).

5. Conclusion

An amphiphilic DS derivative, capable of formingalsie nano-sized particles and
specifically binding to SR-A on the activated maatrages, was prepared to investigate its
potential as a targeted nanomedicine for RA. Tiepamred DSNPs were readily taken up by
activated macrophages via SR-A-mediated endocyt8sistemically administrated DSNPs
accumulated selectively in the inflamed tissue &f Rhich was due to passive and active
targeting mechanisms. MTX-loaded DSNPs had signitly improved therapeutic efficacy
in vivo compared to free MTX. Overall, DSNPs have potérdg MTX carriers and as

imaging probes for RA.
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Figure captions

Fig. 1. Schematic illustration of DSNPs as nanocarriers for targeted RA therapy.

Fig. 2. (@) Synthesis of the amphiphilic DS derivative. (b) Size distributions of the DSNPs
and MTX-DSNPs in distilled water at 25°C. Insert TEM images of the nanoparticles. Scale
bar, 700 nm. (c) In vitro release profile of MTX from DSNPs in PBS (pH 7.4). Error bars
represent the standard deviation (n = 5).

Fig. 3. In vitro cellular uptake of DSNPs. (@) Confocal microscope images of RAW?264.7
(LPS, -) macrophages, RAW264.7 (LPS, + ) macrophages, and BAECs incubated with FPR-
675-labeled DSNPs are shown. (b) SR-A-mediated endocytosis of DSNPs. The confocal
microscope images of RAW264.7 (LPS, +/ free DS, -/DSNPs), RAW264.7 (LPS, +/ free DS,
+/DSNPs), and RAW?264.7 (LPS, +/ free DS, -/Dex-NPs). Scale bar, 50 um.

Fig. 4. Biodistribution of FPR-675-1abeled DSNPs in mice. (a) Time-dependent NIRF images
of whole hind legs of WT and CIA mice. (b) Ex vivo NIRF images of various organsin WT
and CIA mice. (c) Quantification of DSNP fluorescence intensity in each organ. Error bars
represent the standard deviation (n=3). " P < 0.001.

Fig. 5. Activated macrophage-targeting ability of DSNPs. (a) Distribution of DSNPs and SR-
A in the synovia of WT and CIA mice. SR-A expresson was examined using
immunohistochemistry. Scale bar, 50 um. (b) Quantification of DSNP and SR-A fluorescence
intensities in the synovium. Error bars represent the standard deviation (n = 3).

Fig. 6. Biodistribution of FPR-675-1abeled DSNP and FPR-675-labeled Dex-NP in mice. (a)
Time-dependent images of whole hind legs of CIA mice. (b) Quantification of fluorescence
intensity after intravenous administration of both nanoparticles. Error bars represent the
standard deviation (n = 3). " P < 0.001.

Fig. 7. Therapeutic efficacy of MTX-DSNPs. (a) The severity of arthritis was determined
using a visual arthritis scoring system for CIA mice treated with vehicle, DSNP, MTX, or
MTX-DSNPs. Error bars represent the standard error (n = 10). (b) Paw thicknesses were
measured using calipers. Error bars represent the standard deviation (n = 10). (¢) H&E
staining of knee joints excised from the mice. Scale bar, 200 um. Histological scores of (d)
cartilage erosion, (e) neutrophil infiltration, and (f) synovial inflammation are shown. Error
bars represent the standard error (n=5). P < 0.001, P < 0.05 compared with vehicle. **P
< 0.001, P < 0.01 compared with FreeeMTX. This figure is representative images of
repeated experiments (n = 3).

Fig. 8. NIRF imaging of the therapeutic effect of MTX-DSNPs in CIA mice. (&) In vivo
NIRF images of joints of the WT and CIA mice. NIRF images were obtained at 12 h post-
injection of FPR-675-labeled DSNPs. Scale bar, 500 um. (b) Distribution of CD31 in WT
and CIA mice. CD31 (brown) expression was analyzed by immunohistochemistry. Scale bar,
100 um.



Table 1. Physicochemical characteristics of the DSNPs.

Sample Size (nr) Zeta, potential Encapsulatio Drug loading
(mv)? efficiency (% (ng/ mg)g

DSNF 220.0£5.1 -47.52+1.2€ - -

DSNP-MTX 173.4+£4.12 -43.64 +2.37 73.05 73.05

aMeasured by using a Zeta-sizarH5).
PMeasured by using a UV-vis spectrophotometer.
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