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V
arious near-infrared (NIR) resonant
nanomaterials, such as Au nano-
shells,1,2 Au nanorods,3,4 and carbon

nanotubes,5,6 have been widely studied
because they strongly absorb NIR light and
produce localized cytotoxic heat upon NIR
irradiation. In addition, multifunctional na-
noparticles that can deliver both heat and
drug simultaneously to the selected region
have been also developed.7�10 So far, the
studies using these nanomaterials have been
mainly focused on cancer treatments.1�10

However, a limited penetration depth of

NIR light hinders their practical application
in the cancer treatments. Here, we explore
the use of multifunctional nanoparticles in
the treatment of rheumatoid arthritis (RA)
that involves small synovial joints within the
penetration depth of NIR light. Synovial pro-
liferation of RA resembles solid tumors in
many ways, including the leaky nature of
theassociatedbloodcapillaries;11 thus,multi-
functional nanoparticles are expected to be
useful for RA treatment.
Rheumatoid arthritis is themost common

inflammatory arthritis and is a major cause
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ABSTRACT

We have developed RGD-attached gold (Au) half-shell nanoparticles containing methotrexate (MTX) for the treatment of rheumatoid arthritis (RA), where

MTX is the most widely used disease-modifying anti-rheumatic drug (DMARD) for the treatment of RA, and RGD peptide is a targeting moiety for

inflammation. Upon near-infrared (NIR) irradiation, heat is locally generated due to Au half-shells, and the drug release rate is enhanced, delivering heat

and drug to the inflamed joints simultaneously. RA is a chronic inflammatory disease characterized by synovial inflammation in multiple joints within the

penetration depth of NIR light. When combined with NIR irradiation, these nanoparticles containing a much smaller dosage of MTX (1/930 of MTX solution)

showed greater therapeutic effects than that of a conventional treatment with MTX solution in collagen-induced arthritic mice. This novel drug delivery

system is a good way to maximize therapeutic efficacy and minimize dosage-related MTX side effects in the treatment of RA. Furthermore, these

multifunctional nanoparticles could be applied to other DMARDs for RA or other inflammatory diseases.

KEYWORDS: rheumatoid arthritis . multifunctional nanoparticles . chemo-photothermal treatment . NIR resonance .
photothermally controlled drug delivery
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of disability.12 RA has a progressive disease course with
structural damages and worsening functional capacity
in the affected joints.13 Disease-modifying anti-rheu-
matic drugs (DMARDs) are the main strategy for the
treatment of RA, and methotrexate (MTX) is the most
widely used DMARD for the treatment of RA.14,15 MTX
can be prescribed alone or with other DMARDs or
biologic agents for combination therapy. However,
despite its good therapeutic efficacy, the long-term
administration of MTX may induce serious systemic
complications, including infection, hepatitis, and bone
marrow suppression.16,17 From a clinical point of view,
increasing the dose of MTX in RA patients, who have
several refractory joints or MTX dose-related side
effects, or continuiting MTX in patients who have
systemic disease, such as interstitial lung disease, viral
hepatitis, or bone marrow dysfunction, may provoke
more unwanted adverse effects. Therefore, the novel
delivery systems to maintain a high concentration of
MTX within the joint spaces, which is the main area of
inflammation, by administration of small dosage of
drugs and to reduce side effects in accordance with

systemic administration of MTX would be an attractive
and effective tool for RA treatment.
For the treatment of RA, we developed MTX-loaded

poly(DL-lactic-co-glycolic acid) Au half-shell nanoparti-
cles (MTX-PLGA-Au) and conjugated arginine-glycine-
aspartic acid (RGD) peptides to the surface of the Au
half-shell, where the RGD peptide is a targeting moiety
for inflammation.18 The nanoparticles injected into
collagen-induced arthritic (CIA) mice were effectively
delivered to the inflamed joints due to RGD peptides
conjugated to thenanoparticles, and theaccumulationof
nanoparticles was enhanced in the inflamed joints. Upon
NIR exposure, heat was generated due to Au half-shells
and drug was rapidly released from PLGA nanoparticles,
allowing photothermally controlled drug delivery. Com-
pared to conventional treatment, the application of
multifunctional nanoparticles in CIA mice had superior
therapeutic efficacy with a much smaller dosage of MTX.

RESULTS AND DISCUSSION

The multifunctional nanoparticles used in our ex-
periments are shown in Figure 1a. First, we prepared

Figure 1. (a) Schematic fabrication process of RGD-MTX-PLGA-Au nanoparticles. (b) In vivo NIR absorbance images of
inflamedandnoninflamedpaws in CIAmouse injected intravenouslywith RGD-MTX-PLGA-Aunanoparticles (150μL, 1mg/mL
dispersed in PBS). (c) Time-lapse in vivo NIR absorbance images of inflamed paws in CIA mice injected intravenously
with MTX-PLGA-Au nanoparticles (150 μL, 1 mg/mL dispersed in PBS, left column) or RGD-MTX-PLGA-Au nanoparticles
(150 μL, 1 mg/mL dispersed in PBS, right column). (d) Number of pixels in which the absorbance intensity was above
3.82 � 103 au as a function of time for nanoparticle-treated mice (left axis) and the amount of Au accumulated in the
inflamed paws extracted from the nanoparticle-treatedmice 24 and 72 h after intravenous injection (right axis). Themass
of Au was measured using ICP-MS. Data represent mean values for n = 3, and the error bars represent standard deviation
of the means.
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MTX-loaded PLGA (MTX-PLGA) nanoparticles. Next, Au
film (15 nm) was deposited onto the MTX-PLGA nano-
particle monolayer prepared on a Si substrate using a
thermal evaporator, resulting in a half-shell structure
(MTX-PLGA-Au). After depositing the Au film, Au-
deposited MTX-PLGA nanoparticles were released into
1 wt % SH-PEG-COOH solution from the substrate by
sonication and collected by centrifugation. For tar-
geted delivery, cyclic RGD peptide, which binds Rvβ3
integrins expressed on angiogenic vascular endothe-
lial cells at sites of inflammation,19,20 was conjugated
on the Au surface (RGD-MTX-PLGA-Au). The size of
these nanoparticles was 100�115 nm in diameter. The
ultraviolet�visible/NIR absorption spectrum of MTX-
PLGA-Au or RGD-MTX-PLGA-Au nanoparticles exhib-
ited a pronounced peak at approximately 810 nm
due to Au half-shells (Figure S1 in the Supporting
Information), suggesting that both nanoparticles can
be used for photothermal treatment and in vivo NIR
absorbance imaging.

In order to evaluate the in vivo targeting efficacy
of RGD-MTX-PLGA-Au nanoparticles to inflamed joints,
we intravenously administered 150 μL of RGD-MTX-
PLGA-Au nanoparticle solution (1 mg/mL) to a CIA
mouse. The injected nanoparticles were monitored by
measuring in vivoNIR absorbance at 5min and24husing
the eXplore Optix System (Figure 1b). We noted the color
change in the inflamed paw, whereas a significant color
change was not observed in the noninflamed paw,
indicating that nanoparticles were selectively delivered
to and accumulated in the inflamed joint.
CIA mice treated with MTX-PLGA-Au or RGD-MTX-

PLGA-Au nanoparticles exhibited a change in in vivo

absorbance intensity over time due to localization of
nanoparticles in the inflamed paws (Figure 1c). The
number of pixels with absorbance intensity g3.82 �
103 au increased up to 24 h after intravenous admin-
istration and then decreased, possibly due to a
slow release of nanoparticles by leaky angiogenic
vessels (Figure 1d).11 To quantify the accumulation of

Figure 2. (a) Thermal images of CIAmice treatedwith saline, MTX-PLGA-Au nanoparticles (150 μL, 1mg/mL dispersed in PBS), or
RGD-MTX-PLGA-Au nanoparticles (150 μL, 1 mg/mL dispersed in PBS) before and after NIR exposure (1.59 W/cm2, 10 min)
of the right paw. (b) Profiles of MTX release from RGD-MTX-PLGA-Au nanoparticles with and without NIR irradiation of 0.38
(48 �C) or 0.53 (54 �C) W/cm2 for 10 min at the initial time. Data represent mean values for n = 3, and the error bars represent
standard deviation of the means. (c) TEM images of RGD-MTX-PLGA-Au nanoparticles measured after MTX release experiments
without (top) or with NIR irradiation of 0.38 (48 �C, middle) or 0.53 (54 �C, bottom) W/cm2 for 10 min at the initial time.
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nanoparticles in the inflamed joints, we measured the
mass of Au in the inflamed paws 24 and 72 h post-
injection using an inductively coupled plasma mass
spectrometer (ICP-MS) (Figure 1d). In two paws of the
CIA mice treated with RGD-MTX-PLGA-Au nanoparticles,
0.23 μgof Auwas found at 24 h, corresponding to 0.9%of
the injected nanoparticles, whereas 0.16 μg of Au (0.7%)
was measured in the inflamed paws treated with MTX-
PLGA-Au nanoparticles. These results indicate that nano-
particles were more effectively delivered to the inflamed
region via active targeting compared to passive targeting.
Heat is locally generated by NIR irradiation because

the Au half-shells have an absorption peak in the NIR
region. To determine the temperature increase upon NIR
exposure, we measured the temperature of CIA mice
treated with saline, MTX-PLGA-Au nanoparticles or RGD-
MTX-PLGA-Au nanoparticles 24 h post-injection using a

thermal imaging camera (FLIR-T250, FLIR, Sweden) when
the right inflamed paw was exposed to 1.59 W/cm2

NIR light for 10 min using a laser diode (λ ≈ 808 nm)
(Figure S2a). Before NIR exposure, the temperature was
approximately 36 �Cover thewhole body, corresponding
to the body temperature of themouse. However, after 10
min of NIR irradiation, the temperature of the irradiated
paw increased to 39, 42, and 48 �C for the mice treated
with saline, MTX-PLGA-Au nanoparticles, and RGD-MTX-
PLGA-Au nanoparticles, respectively (Figure 2a). These
temperatures are not high enough to induce irreversible
tissue damage. The regions that were not exposed to NIR
light experienced a smaller increase in temperature
(Figure S2b), confirming that heat can be delivered to
only the inflamed regionusing a laser-guided light source.
Biodegradable PLGA nanoparticles degrade more

rapidly with increasing temperature.8,21 In order to study

Figure 3. (a) Clinical index versus time for CIA mice injected intravenously with saline (group 1), MTX solution (35 mg/kg �
4 times, group 2), RGD-MTX-PLGA-Au nanoparticles (0.15 mg/kg of MTX, group 3), RGD-MTX-PLGA-Au nanoparticles
(0.15 mg/kg of MTX) with NIR irradiation (1.59 W/cm2, 10 min, group 4), or MTX-PLGA-Au nanoparticles (0.15 mg/kg of
MTX) with NIR irradiation (1.59 W/cm2, 10 min, group 5). The clinical index is the sum of the clinical scores for four paws
(maximum scores = 16). The evaluated paws were scored from 0 to 4 according to the following scale: 0 = no evidence of
erythema and swelling, 1 = erythema and mild swelling, 2 = erythema and mild swelling extending from the ankle to the
tarsals, 3 = erythema and moderate swelling extending from the ankle to metatarsal joints, and 4 = erythema and severe
swelling encompassing the ankle, foot, and digits or ankylosis of the limb. Error bars represent standard deviation (n = 5).
Clinical indices were significantly different among groups (*p < 0.0001). Multivariate linear mixed models were used to
calculate summary estimates at different time points. (b) Histology of joint tissues extracted from a normal mouse (NA) and
CIA mice 28 days after each treatment. H&E (synovial inflammation, original magnification,�40,�100), safranin-O (cartilage
erosion, original magnification,�100), and immunohistochemical staining for IL-1β, IL-6, and TNF-R (original magnification,
�400) stained representative joint sections from experiment. (c) Semiquantitative analysis of histopathological evaluation
(synovial inflammation and cartilage erosion) and immunohistochemical staining for IL-1β, IL-6, and TNF-R in CIA mice. The
bars represent the standard deviation. Asterisks (*) represent significance compared to untreatedmice with *p < 0.05 (n = 5).
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the effect of 10 min NIR irradiation on the MTX release
rate, we measured the release profile at 37 �C with and
without 10 min NIR irradiation (Figure 2b). The release
rate of MTX from nanoparticles was nearly constant
withoutNIR irradiation, resulting in a linear releaseprofile.
However, 10 min NIR irradiation induced a burst release
ofMTX for 12 h, after which the release rate was reduced.
These results indicate that the MTX release rate from
nanoparticles can be controlled by NIR light.
After measuring MTX release, the nanoparticle mor-

phology was examined using a transmission electron
microscope (TEM) (Figure 2c). In the absence of NIR
light, PLGA nanoparticles were not degraded comple-
tely and the PLGA that was not covered with Au
was partly seen. In contrast, when nanoparticles were
irradiated with NIR light, PLGA nanoparticles were
mostly degraded and only Au half-shell nanoparticles
were clearly observed, supporting photothermally
controlled drug release.
In order to investigate the therapeutic effects of

multifunctional nanoparticles, we carried out compara-
tive efficacy studies (Figure 3a and Figure S3 and
movies S1 and S2 in Supporting Information). CIA mice
were divided into five groups (n = 5 mice per group),
and 150 μL of each treatment was administered via

intravenous tail injection, as summarized in Table 1. For
MTX, 35 mg/kg was injected four times every week. In
the mice treated with RGD-MTX-PLGA-Au nanoparti-
cles (0.15 mg/kg MTX) without NIR irradiation (group
3), the clinical indices slowly decreased until about day
20 and then increased again, though they were lower
than those of the saline-treated mice (group 1). How-
ever, when the mice were treated with RGD-MTX-
PLGA-Au nanoparticles (0.15mg/kgMTX) and exposed
to 1.59 W/cm2 NIR light for 10 min at 24 h after
intravenous injection (group 4), the clinical indices
were lower than those of the mice treated with free
MTX solution four times every week (group 2), which
might be due to photothermally controlled drug
release. For group 3, MTX was slowly released from
nanoparticles (Figure 2b); therefore, the released do-
sage of MTX was probably at a subtherapeutic level,
resulting in the small therapeutic effects. In contrast,
the temperature of the inflamed paw exposed to
NIR light increased to 48 �C (Figure 2a), leading to a
release of more than 20% of the loaded MTX within
12 h (Figure 2b). This dosage of MTX released locally
in the inflamed paw was likely above the therapeutic
dose, so high therapeutic efficacies were obtained
for group 4. We noted that the nanoparticles injected
into group 4 contained only 0.15 mg/kg of MTX,
which as 1/930 of the dose in group 2, suggesting that
the nanoparticle-based treatment would contribute to
minimizing dosage-related side effects. We also investi-
gated the effect of NIR power density on therapeutic
efficacy (Figure S4). The lowest clinical indices were
obtained with 1.59 W/cm2 NIR irradiation for 10 min.

When the inflamed paws were exposed to 1.91 W/cm2

NIR light, the clinical index was not reduced. These
findings implied that moderate heat might relieve RA,
but too much heat aggravated it.
For comparison, the mice were also treated with

MTX-PLGA-Au nanoparticles (0.15 mg/kg), followed
by 10 min NIR irradiation (1.59 W/cm2, group 5).
Although the same dosage of MTX and the same
NIR light power were applied as in group 4, higher
clinical indices were found in group 5 than in group 4
(Figure 3a). To obtain therapeutic effects comparable
to group 2, a higher dosage of MTX-PLGA-Au nano-
particles (0.2 mg/kg) and higher NIR power (1.96
W/cm2) were required (Figure S5). These results dem-
onstrate that higher therapeutic efficacy can be
achieved by chemo-photothermal treatment com-
bined with targeted delivery compared to the treat-
ment without targeted delivery.
To confirm the therapeutic effects of the targeted

chemo-photothermal treatment, we performed histo-
logical examinations of joints 28 days after intravenous
injection (Figure 3b). Group 1 exhibited marked syno-
vial inflammation and cartilage erosion, whereas the
extent of synovial inflammation and cartilage erosion
was reduced in groups 2 and 4 (Figure 3c). Pro-inflam-
matory cytokines, including IL-1β, IL-6, and TNF-R, are
centrally involved in the pathogenesis of RA, and their
expressions are closely related to the inflammatory
activity of RA. Immunohistochemical staining showed
increased TNF-R, IL-6, and IL-1β expression around
the joint in group 1, whereas they were significantly
decreased in groups 2 and 4 (Figure 3c). There were no
significant differences between group 2 and group 4.
We performed three-dimensional micro-CT to assess
bony changes in the paws of CIA mice (Figure S6,
Supporting Information). The paws of saline-treated
CIA mice exhibited severe bone destruction. On the
other hand, the bony structures were relatively well
preserved in the paws of groups 2 and 4. To deter-
mine the extent of bone preservation, the bone
volume of the paws of CIA mice was measured. The
bone volume in the treated group tended to be better
preserved.

TABLE 1. Summary of Treatments Applied to CIA Mice for

Comparative Study of Therapeutic Efficacy

group administered contenta

dosage of MTX

(mg/kg)

NIR light

(W/cm2)b

1 saline
2 MTX solution 35 � 4 times
3 RGD-MTX-PLGA-Au nanoparticles 0.15
4 RGD-MTX-PLGA-Au nanoparticles 0.15 1.59
5 MTX-PLGA-Au nanoparticles 0.15 1.59

a Administrated content was injected intravenously by tail vein in a volume 150 μL
with a nanoparticle concentration of 1 mg/mL. b The arthritis was exposed to NIR
light for 10 min with a laser diode (λ = 808 nm) at 24 h post-injection.
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An important concern for nanoparticle-based
treatments is whether the injected nanoparticles
accumulate in organs or are cleared from the body.
To investigate the biodistribution of RGD-MTX-
PLGA-Au nanoparticles, we measured the Au accu-
mulated in major organs 1, 3, and 28 days after
intravenous injection using ICP-MS (Figure 4a). Nano-
particles were efficiently taken up by the liver, lung,
and spleen that are relatedwith the reticuloendothelial
system (RES), with less accumulation in the kidney or
heart. However, most nanoparticles were cleared from
the body after 28 days. In order to study the normal
tissue toxicity caused by the nanoparticles, we carried
out histological examinations of major organs 28 day
postinjection (Figure 4b). No tissue damage was evi-
dent compared to the nanoparticle-free control, imply-
ing that nanoparticles accumulating in major organs
did not induce in vivo toxicity.

CONCLUSION

We studied the therapeutic effects of RGD-MTX-PLGA-
Aunanoparticles inCIAmice.When thenanopartlceswere
injected intravenously into the CIA mice, in vivo NIR
absorbance images revealed that the nanoparticles selec-
tively accumulated in the inflamed region. Upon NIR
irradiation (1.59 W/cm2, 10 min), the temperature of the
inflamed paw increased to 48 �C, leading to the burst
release of MTX from the nanoparticles. Compared to
conventional treatment with MTX, the RGD-MTX-PLGA-
Au nanoparticle-based treatment combined with NIR
irradiation had greater therapeutic efficacy with a much
smaller dosage of MTX in the nanoparticles. These results
demonstrate that the targeted chemo-photothermal
treatment using multifunctional nanoparticles is a useful
and effective strategy for maximizing the therapeutic
efficacy and minimizing dosage-related side effects in
the treatment of RA.

METHODS
Materials. Poly(DL-lactic-co-glycolic acid) (PLGA; L/G molar

ratio = 50:50; Mw = 20 000) was purchased from Wako (Japan).

Monothiol poly(ethylene glycol) with a carboxylic acid group

(SH-PEG-COOH, Mw = 5000) was purchased from Creative PEG-

Works (USA). The cyclic RGD (cyclic Arg-Gly-Asp-D-Tyr-Lys)

Figure 4. (a) Tissue distribution of nanoparticles in major organs at different times. The amount of Au was measured by ICP-MS
(t-test, one-tailed, paired, liver, p=0.026; lung, p=0.005; spleen, p= 0.031; heart, p= 0.002; kidney, p=0.039). Error bars represent
standard deviation (n = 5). (b) Histological sections ofmajor organs extracted 28 days after intravenous injection of saline (top) or
RGD-MTX-PLGA-Au nanoparticles with NIR irradiation (bottom, group 4). Images were acquired at 400� magnification.
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peptide was purchased from FutureChemCo. Ltd. (Seoul, Korea).
Methotrex, Pluronic F-127, and carbodiimide hydrochloride
(EDC) were purchased from the Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA).

Fabrication of RGD-MTX-PLGA-Au Nanoparticles. WepreparedMTX-
PLGA nanoparticles as previously reportedmethod9,10 and then
deposited 15 nm thick Au film onto an MTX-PLGA nanoparticle
monolayer prepared on a Si substrate using a thermal evapora-
tor. After depositing the Au film, Au-deposited MTX-PLGA
nanoparticles were released into 1 wt % SH-PEG-COOH solution
from the substrate by sonication and collected by centrifuga-
tion. The collected carboxylic-acid-terminated MTX-PLGA-Au
nanoparticles (74.6 μM) and EDC (746.7 μM) were dissolved in
25 mL of 0.2 M phosphate buffer (pH 6.0) and stirred at room
temperature. After 30 min, cyclic RGD (74.6 μM) in 3 mL of
distilled water was added and the pH value of the reaction
mixture adjusted to 8.0 by adding 0.5 M NaOH. The reaction
mixture was then left at room temperature for the RGDpeptides
to bind covalently to the COOH group of the SH-PEG-COOH
chains immobilized on the surface of the Au half-shells. After
12 h, RGD-MTX-PLGA-Au nanoparticles were collected by cen-
trifugation for 30 min at 100 000 rpm; the supernatant contain-
ing unreacted cyclic RGD was discarded. The resulting RGD-
MTX-PLGA-Au nanoparticles were characterized using a 1HNMR
spectrometer (300 MHz, DMSO-d6, 25 �C, TMS, Varian Gemini-
300 spectrometer) with δ values of 8.1�8.6 (�NH(NH2)dNH
of cyclic RGD), 5.2 (m, CH of PLGA), 3.6 (s, CH2 of PEG), and 1.5
(d, CH3 of PLGA).

Characterization of RGD-MTX-PLGA-Au Nanoparticles. The size and
zeta-potential of prepared nanoparticles dispersed in an aqu-
eous medium were measured at 25 �C by dynamic light
scattering (DLS, Zetasizer Nano ZS, Malvem Instruments Ltd.)
as summarized in Table S1. To determine the encapsulation
efficiency of MTX in nanoparticles, 5 mg of dried nanoparticles
was dissolved in 1 mL of methylene chloride and MTX was
extracted by adding 10 mL of phosphate-buffered saline solu-
tion (PBS, pH 7.4). The amount of MTX was measured using a
UV�vis spectrophotometer at 304 nm. The encapsulation effi-
ciency, which was expressed as the percentage of the actual
amount of MTX loaded in nanoparticles relative to the theore-
tical amount of MTX, was estimated to be about 2.5%.

To determine the RGD content in RGD-MTX-PLGA-Au nano-
particles, the conjugate sample was dissolved in distilled water
and dried for hydrolysis. The sample was hydrolyzed in 6 N HCl
at 110 �C for 24 h and then derived with phenylisothiocyanate
(PITC). After microcentrifugation of the derived conjugate sam-
ple, its supernatant was filtered through a 0.45 μm filter and
analyzed by high-pressure liquid chromatography (HPLC) using
a C18 column (Waters Nova-Pak C18, 3.9 � 300 mm, 4 μm)
equipped with an oven (46 �C), HP 1100 series injector
(Autosampler), binary pump, and variable wavelength detector.
The solvent system (solvent A, 1.4 mM NaHAc, 0.1% TEA, 6%
CH3CN, pH 6.1; solvent B, 60% CH3CN) consisted of a linear
gradient (0�100%) of solvent B. To determine the amount of
each amino acid, the samples were detected at 254 nm at a flow
rate of 1.0 mL/min with injection volumes of 4 μL for the
standard curve and 10 μL for samples. The density of the
immobilized peptides in RGD-MTX-PLGA-Au nanoparticles
was 41.8 μg peptide/mg nanoparticles.

In Vitro Drug Release. For in vitro MTX release experiments,
10 mg of RGD-MTX-PLGA-Au nanoparticles was loaded into a
1000 Da cutoff membrane dialysis tube (Tube-O-DIALYZER,
G-Biosciences, St. Louis, MO, USA). The tubes were immersed
in a transparent vial filled with 10 mL of PBS (pH 7.4, 10 mM)
under mild constant shaking (150 rpm). The release experi-
ments were performed with and without NIR irradiation of 0.38
or 0.53 W/cm for 10 min at the initial time of the experiment at
37 �C. The release medium was replaced with fresh PBS at
determined intervals tomaintain release conditions. Theamount
of releasedMTXwasmeasured by UV�vis spectrophotometry at
304 nm. All measurements were performed in triplicate.

Induction and Treatment of Rheumatoid Arthritis. All animals were
treated in accordance with the guidelines and regulations for
the use and care of animals at Yonsei University, Seoul, Korea.
First, an intradermal injection of 200 μg of bovine type II

collagen (Condrex, Redmond, USA) emulsified in 200 μg of
complete Freund's adjuvant (Condrex, Redmond, USA) was
given in the base of the tail of male DBA/1J mice (8 weeks
old, SLC Inc., Shizuoka, Japan) to induce rheumatoid arthritis.
Next, a booster intradermal injection of 100 μg of bovine type II
collagen in incomplete Freund's (Condrex, Japna) was given to
mice at 21 days after the primary immunization. When arthritis
was fully developed, saline (group 1), MTX solution (group 2),
RGD-MTX-PLGA-Au nanoparticles (groups 3 and 4), or MTX-
PLGA-Au nanoparticles (group 5) were intravenously adminis-
tered to the mice, and groups 4 and 5 were exposed to 1.59
W/cm2NIR light for 10min at 1 day after intravenous injection of
nanoparticles (n = 5 mice each group). After injection, the mice
were observed twice per week for 4 weeks. The clinical index is
the sum of the clinical scores for four paws (maximum scores =
16). The evaluated paws were scored from 0 to 4 according to
the following scale: 0 = no evidence of erythema and swelling,
1 = erythema andmild swelling, 2 = erythema andmild swelling
extending from the ankle to the tarsals, 3 = erythema and
moderate swelling extending from the ankle to metatarsal
joints, and 4 = erythema and severe swelling encompassing
the ankle, foot, and digits or ankylosis of the limb.

In Vivo NIR Imaging. MTX-PLGA-Au nanoparticles or RGD-
MTX-PLGA-Au nanoparticles (150 μL, 1 mg/mL dispersed in
PBS) were injected intravenously into the CIA mice. The mice
were anesthetized with Zoletil50/Rompum (v/v = 3), a short
acting anesthetic, and maintained during the imaging process.
NIR absorbance images were obtained with an eXplore Optix
System (Advanced Research Technologies Inc., Montreal,
Canada). The absorbance at 710�750 nmwas detected through
a fast photomultiplier tube (Hammamatsu, Japan) and a time-
correlated single-photon counting system (Becker and Hickl
GmbH, Berlin, Germany). All data were calculated using the
region-of-interest (ROI) function of the analytical workstation
software.

Histology Study. The mice were anesthetized and sacrificed
28 days after each treatment. Joints were removed for histo-
pathological examination and fixed in 10% buffered formalin
saline at 4 �C for 1 week. The joints were decalcified in Calci-
Clear Rapid solution (National Diagnostics, Atlanta, USA), and
specimenswere processed for paraffin embedding. Joint tissues
were embedded in paraffin blocks, and 5 μm thick paraffin
sections were mounted on a glass slide for hematoxylin and
eosin (H&E) and safranin-O staining. The joint sections were
scored for changes in synovial inflammation and cartil-
age erosion, all on a scale of 0�4, which were evaluated as
previously described.22 Deparaffinized sections were incubated
with specific antibodies directed against IL-Iβ, IL-6 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), or TNF-R (Hycult Biotech-
nology, Uden, The Netherlands), followed by the appro-
priate peroxidase/DAB secondary antibodies (DAKO, Glostrup,
Denmark). Expression of the different cytokines in the synovial
tissue was scored semiquantitatively on a 4-point scale.23

A score of 0 represented no expression, 1 mild expression,
2 moderate expression, and 3 abundant expression of a cyto-
kine. All histologic analyses were preformed independently and
blindly by two individual assessors, and the average of their
scores was calculated.

For histological assessment of normal organ tissues, por-
tions of the heart, kidney, liver, spleen, and lung were extracted
28 days after the injection of saline or RGD-MTX-PLGA-Au
nanoparticles with NIR exposure (group 4). Tissue sections were
prepared as described above and stained with hematoxylin and
eosin.

Microcomputed Tomography (CT). Each experimental mice paws
were scanned using micro-CT system (NFR Polarys-G90, Nano-
focusray Int, Iksan, Korea). Images were acquired at 80 kVp,
150 mA, and 5 s/frame, with 360 views. The estimated radiation
dose was approximately 6.9 mGy using image acquisition pro-
tocol. Scanned paws reconstructed into the three-dimensional
structure and evaluated byNFR Polarys software (Exxim Comput-
ing Corporation, Pleasanton, USA). To confirm volumetric change
of arthritis joints, three-dimensional bone volume (BV) including
phalanges and metatarsal bones was measured using Aquarius
software (version 4.4.6, TeraRecon, Inc.).
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Biodistribution and Clearance. RGD-MTX-PLGA-Au nanoparti-
cles (150 μL, 1 mg/mL dispersed in PBS) were administered
intravenously into CIAmice (n= 3). Themicewere sacrificed 1, 3,
or 28 days after injection and the major organs (liver, heart,
spleen, kidney, joint, and lung) removed from each mouse.
Tissue samples were placed in amixed acidmatrix of aqua regia
and heated overnight at 80�90 �C. After additional heating at
130�140 �C for 2 h, the organic compounds were completely
removed and only ionized Au remained. This residue was
dissolved in 1 mL of 0.5 M HCl and analyzed by ICP-MS
(Agilent 7500C).

Statistical Analysis. All results were expressed as the mean (
standard deviation. When there was sufficient information for
every time point, multivariate linear mixedmodels were used to
calculate summary estimates at different time points. Statistical
significance was considered p < 0.05. All analyses were per-
formedusing SAS (version 9.2.4, SAS Institute Inc., Cary, NC, USA).
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