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ABSTRACT
Purpose To evaluate the therapeutic efficacy of dexamethasone
(DM) and methotrexate (MTX) entrapped within polysialic acid
(PSA)-trimethyl chitosan (TMC) nanoparticles using an in vitro
model of rheumatoid arthritis (RA).
Methods The loading capacity of the PSA-TMC nanoparticles
was determined. An RA in vitro model was developed by stimu-
lating a synovial cell line with a proinflammatory mediator. Multi-
plex immunoassay was used to determine changes in the secre-
tion of interleukin-6 (IL-6), interleukin-8 (IL-8), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) by the in vitro
model following administration of the DM- and MTX-loaded
nanoparticles.
Results The loading capacity of the PSA-TMC nanoparticles was
approximately 0.1 mg of drug/mg of nanoparticle. When applied
to our in vitromodel of RA, there were no significant differences in
the concentrations of IL-6 and IL-8 when comparing the free
drugs and drug-loaded nanoparticles, administered at concentra-
tion of 0.1 mg/ml and 1.0 mg/ml, respectively.
Conclusions The present study verified that MTX and DM are
able to retain bioactivity when loaded into PSA-TMC nanoparti-
cles. Although in vitro efficacy was not increased, the in vivo efficacy
will likely be enhanced by the site-specific targeting conferred by
nanoparticle entrapment.

ABBREVIATIONS
DM Dexamethasone
DMARD Disease-Modifying Antirheumatic Drug
GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-8 Interleukin-8
MTX Methotrexate
PSA Polysialic Acid
RA Rheumatoid Arthritis
TMC Trimethyl chitosan
TPP Tripolyphosphate

INTRODUCTION

Conventional therapeutics for rheumatoid arthritis (RA) are
plagued by severe, potentially life threatening consequences as
a result of non-specific organ toxicity (1,2). For example,
methotrexate (MTX), the current gold standard in RA treat-
ment, has been in use as an oncology drug since 1950 and as a
disease-modifying antirheumatic drug (DMARD) since 1970.
Although the mechanism of action in RA remains largely
unclear, MTX is speculated to either reduce proliferation of
infiltrating inflammatory cells or suppress the release of pro-
inflammatory mediators (3). The drug is recognized to be
hepatotoxic and patients undergoing treatment receive peri-
odic liver function tests and liver biopsies. Despite the latter
precautions, cirrhosis and fibrosis are known side effects, and
fatalities have been reported (4,5). Furthermore, the bioavail-
ability, as well as the peak serum concentration, of orally
administered MTX varies considerably between patients.
The large variability in pharmacokinetic parameters likely
contributes to the observed toxicity (1,2). Likewise, dexameth-
asone (DM), a widely used glucocorticosteroid, is associated
with severe side effects, including insulin resistance and
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osteoporosis (6). Given the high incidence of adverse side
effects, in conjunction with the variability in drug effectiveness,
a number of investigators have sought to identify a carrier
system that favors DMARD delivery to the inflamed joint
tissue, minimizes concurrent organ toxicity, and improves
the pharmacokinetic properties.

In designing an appropriate drug delivery system for RA, a
lack of immunogenicity and non-cytotoxicity are requisite
material properties. Polysaccharides are a logical, versatile
choice for the formation of biodegradable, non-
immunogenic nanoparticles. Due to variations in chemical
composition, polysaccharides exhibit overall neutral, negative,
or positive charge states. In addition, the macromolecular
chains possess a number of functionalities, particularly amines,
hydroxyl groups, and carboxylic acids that are easily amena-
ble to modification (7). Although a number of polysaccharides
have been explored, chitosan is the most used polysaccharide
in the realm of targeted drug delivery (8). Often, the cationic
free or quaternized primary amines of the polymer are used
for ionic crosslinking through a polyanion crosslinker, such as
tripolyphosphate (TPP) (9–12). Chitosan can also be electro-
statically associated with negatively charged natural polymers,
such as hyaluronic acid, alginate, heparin, peptides, and
nucleic acids (7).

As previously reported, our laboratory has developed
nanoparticles via complexation of N-trimethyl chitosan
(TMC) with a unique polysaccharide, polysialic acid
(PSA), in the presence of TPP. By incorporating PSA,
nanoparticles were obtained with a smaller size relative to
previously developed chitosan and TMC nanoparticulate
systems (13). Based upon the pioneering work of
Gregoriadis et al. in the development of PSA-therapeutic
conjugates (14–18), PSA functions to prevent undesirable
uptake by the reticuloendothelial system, thereby extending
circulatory stability and facilitating site-specific delivery of
associated therapeutics by passive accumulation in areas of
leaky vasculature, such as tissue affected by RA (19–21).
Despite demonstrated success, colloidal carrier systems of-
fer an advantage over previously designed PSA conjugates
in that the bioactivity of the entrapped therapeutic can be
more readily retained.

This study aims to verify that two DMARDs, MTX and
DM, remain therapeutically effective when entrapped within
the previously developed PSA-TMC nanoparticles (13).
MTX- and DM-loaded nanoparticles were administered to
an in vitro model of RA generated from interleukin-1β (IL-1β)
activated SW-982 synovial cells. Following treatment of the
in vitromodel for 24 h, the concentrations of the following pro-
inflammatory proteins within the supernatant were evaluated
using multiplex immunoassay on the Luminex® Platform:
interleukin-6 (IL-6), interleukin-8 (IL-8), and granulocyte-
macrophage colony-stimulating factor (GM-CSF). The three
proteins chosen are representative of the pro-inflammatory

cytokines, chemokines, and growth factors that are upregulated
in those that suffer from RA (22,23).

MATERIALS AND METHODS

Materials

Polysialic acid (PSA) was purchased from Nacalai USA, Inc.
(San Diego, CA, USA). Sodium hydroxide (extra pure, pel-
lets), sodium tripolyphosphate (pure, TPP), acetonitrile
(HPLC grade), and chitosan (Mw 100 Da–300 kDa) were
obtained from Acros Organics (New Jersey, USA). Sodium
iodide (puriss), methyl iodide (reagent plus), 1-methyl-2-
pyrrolidinone (anhydrous), ethanol (re- agent alcohol), ammo-
nium acetate, deuterium oxide, and acetic acid (ACS reagent
grade) were procured from Sigma (St. Louis, MO, USA).
Hydrochloric acid (ACS plus grade) was acquired from Fisher
Scientific (Hanover Park, IL, USA). MTX and DM were
purchased from Enzo Life Science (Farmingdale, NY, USA).
All chemical reagents were used without further purification.

Cell Culture

The SW-982 human synovial sarcoma cell line was acquired
from ATCC (Manassas, VA). Dulbecco’s Modified of Eagle’s
Medium (DMEM) supplemented with 4.5 g/L glucose, L-
glutamine & sodium pyruvate was procured fromMediatech,
Inc. (Manassas, VA). Fetal bovine serum (FBS) and penicillin-
streptomycin were purchased from Lonza, Inc. (Allendale,
NJ). Alexa Fluor® 488 was obtained from Life Technologies
(Grand Island, NY).

Preparation and Characterization of DMARD-Loaded
PSA-TMC Nanoparticles

Drug-loaded PSA-TMC nanoparticles were prepared from
PSA and TMC (55% degree of substitution) following a
previously published protocol (13). Briefly, 6.4 mg of TMC
were dissolved in 3 ml of 0.3% acetic acid in a glass vial. In a
separate glass vial, 3.2 mg of PSA, 1 mg of TPP, and 2.4 mg of
MTX or DM were mixed well in 2 ml of DI water. The PSA
solution was sonicated for 10 min and then added drop-wise
to the TMC solution with stirring. Stirring was continued for
30 min to ensure nanoparticle formation. For DM, non-
encapsulated drug was removed by centrifuging at
1,000 rpm for 5 min prior to nanoparticle isolation. The
DM pellet was retained to assess the loading properties of
the nanoparticles, while the collected supernatant was subse-
quently used to obtain DM-loaded nanoparticles. MTX has
higher aqueous solubility and could, therefore, not be re-
moved via centrifugation, as previously reported (13). Centri-
fugation for 15 min at 3,000 rpm yielded MTX- or DM-
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loaded nanoparticles as a white pellet. Similar to the proce-
dure previously described for MTX (13), an Ultrafast Liquid
Chromatography System (UFLC, Shimadzu Scientific Instru-
ments, Japan) equipped with an SPD-20AV UV detector, an
SIL- 20A autosampler, a DGU-20A3 degasser, and a Shim-
pack XR-ODS/C8/Phenyl column was used to quantify the
amount of DM that was not encapsulated and acquired upon
centrifugation at 1,000 rpm. The mobile phase was a 70:30
mixture (v/v) of water:acetonitrile, and the detection wave-
length was set to 238 nm. A calibration curve were construct-
ed by using PeakFit 4.2 software to determine the area under
the peak of at least five known concentrations of free drug in
the mobile phase ranging from 0.39 mg/L to 100 mg/L.
Loading efficiency (LE) and loading capacity (LC) were deter-
mined with the following equations:

LE ¼ mDM ;added−mDM ;unencapsulated

m DM ;added
� 100 ð1Þ

LC ¼ mDM ;added−mDM ;unencapsulated

mNanoparticles
ð2Þ

where mDM,added is the mass of DM added to the PSA solu-
tion, mDM,unencapsulated is the mass of DM that has not been
encapsulated into the nanoparticles, and mNanoparticles is the
mass of the nanoparticles used for DM loading.

The sizes and zeta potentials of DMARD-loaded PSA-
TMC nanoparticles were measured via a Malvern Zetasizer
NanoZS90 (Malvern Instruments Ltd., Malvern, UK). The
size distribution of nanoparticles was reported as the polydis-
persity index (PDI). Nanoparticles were suspended in DI
water at a concentration of 2 mg/ml and transferred into
disposable microcuvettes and disposable capillary cells
(Malvern Instruments Ltd., Malvern, UK) for size and zeta
potential measurements, respectively. For dynamic light scat-
tering, the temperature was set to 25ºC and scattered light
was detected at 173°. All measurements were performed in
triplicate.

The release profile of DM from the PSA-TMC nanopar-
ticles was determined in a manner identical to that previously
reported for MTX (13). In brief, isolated nanoparticles were
resuspended in 5 ml of DI water, and the resultant solution
was transferred to dialysis tubes with a large MWCO of
12,000–14,000 (Spectrum Laboratories, Rancho Dominguez,
CA, USA). The dialysis tube was placed in 45 ml of DI water
at 37°C without shaking. At select time intervals from 10 min
to 48 h, 1 ml of external mediumwas withdrawn and replaced
with fresh medium. The amount of DM released at each time
interval was established via UFLC using the conditions de-
scribed above.

In Vitro Cytotoxicity of Nanoparticles

WST-8 assay (Cayman Chemical Company, Ann Arbor, MI)
was conducted on the SW-982 cell line, following the manu-
facturer’s instructions, to assess the cytotoxicity of the drug-
loaded nanoparticles. Cells were seeded into a 96-well cell
culture plate (2×104 cells per well) and were cultured with
DMEM plus 10% FBS for 24 h at 37°C, 5% CO2. Following
sterile filtration, drug-loaded nanoparticles were added to
yield a series of concentrations from 0.3125 mg/mL to
20 mg/mL, and the cultures were incubated for an additional
24 h. 10 μL of WST-8 solution and 100 μL media were then
added to each well. After a 90 min incubation period, absor-
bance was measured with a Synergy 2 multimode microplate
reader (BioTek Instruments, Winooski, VT) at 450 nm. The
cytotoxicities of free TMC and TMC-PSA nanoparticles
without drug were also evaluated. IC50 values were deter-
mined using the Hill slope model with Kaleidagraph software.
Each experiment was repeated independently at least three
times.

Cellular Uptake of Nanoparticles In Vitro

Fluorescently-labeled TMC was synthesized by dissolving
15 mg of TMC in 3 ml of 0.1 M sodium bicarbonate buffer
(pH 8.3), followed by the addition of 400 μl of Alexa Fluor®
488 carboxylic acid, succinimidyl ester, mixed isomers in
DMSO (1 mg/ml). After stirring at room temperature for
1 h with protection from the light, the solution was dialyzed
against DI water (Spectrum Laboratories, Inc., MWCO=6–
8 kDa) for 48 h. Removal of unreacted, water soluble Alexa
Fluor® 488 was ensured through use of a dialysis membrane
with a large molecular weight cut off. Furthermore, due to the
excess of reactive amine groups on TMC relative to Alexa
Fluor® 488, the amount of unreacted tag was presumed to be
negligible. Fluorescently-labeled TMC was isolated by lyoph-
ilization, and conjugation of the fluorescent moiety to TMC
was verified by 1H NMR (see Supplementary Material
Fig. S2);. The isolated, fluorescently labeled TMC was com-
plexed with PSA as described above.

To observe nanoparticle internalization, SW-982 cells
were seeded onto lysine-coated 35 mm Glass Bottom Culture
Dishes (MatTek Corporation, Ashland, MA) at a density of 1
million cells/dish. The lysine coating was necessary to prevent
undesirable adhesion of the positively charged nanoparticles
to the plate. After a 24 h incubation period in DMEM plus
10% FBS at 37°C and 5%CO2, the media was removed, and
sterile-filtered, fluorescently-labeled PSA-TMC nanoparticles
in 1X PBS were added. Media from the control cells that did
not receive nanoparticles was simultaneously replaced with
PBS. Cells were incubated for an additional 30 min at 37°C
and washed with PBS three times before imaging with a
Nikon Eclipse Ti inverted microscope.
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In Vitro Assessment of Bioactivity

SW-982 cells were seeded into a 96-well cell culture plate
(5,000 cells/well) in the presence of a pro-inflammatory
simulant, interleukin-1β (IL-1β) (R&D Systems, Minneapolis,
MN), at a concentration of 1 ng/mL. The low concentration
of the stimulating agent was able to induce a significant pro-
inflammatory response from synovial cells, consistent with
previous studies (24–27). After 24 h of incubation, MTX- or
DM-loaded nanoparticles were added to the IL-1β stimulated
cells following sterile filtration. Prior to addition, theMTX- or
DM-loaded nanoparticles were suspended in DMEM plus
10% FBS at a concentration of 1.0 mg/ml. Control groups
included stimulated cells without treatment, stimulated cells
with addition of free (unloaded) nanoparticles, and stimulated
cells with 0.1 mg/mL or 1.0 mg/ml DMARD. After 24 h,
culture supernatant was collected and stored in aliquots at
−80°C until pro-inflammatory protein analysis. Supernatant
samples were analyzed for pro-inflammatory proteins (IL-6,
IL-8, and GM-CSF) using a Bio-Plex Precision Pro human
cytokine assay panel (BIO-RAD, Hercules, CA) on a
Luminex® 200 system (Aust in, TX) fol lowing a
manufacturer-provided protocol. Each experiment was re-
peated independently at least three times.

Data Analysis

Proteins levels are expressed relative to those obtained from
untreated control cells. Data is presented as the mean ±
standard deviation (N≥3). All treatment groups (untreated
control, 0.1 mg/mL MTX or DM, 1.0 mg/mL MTX or
DM,MTX- or DM- loaded nanoparticles, free nanoparticles)
were compared by one-way ANOVA with Fisher’s LSD post
hoc tests. p<0.05 was considered to be significant.

RESULTS

Preparation and Characterization of DMARD-Loaded
PSA-TMC Nanoparticles

The loading efficiency and loading capacity of PSA-TMC
nanoparticles for DM were determined to be 41.3±7% and
0.10±0.02 mg DM/mg nanoparticles, respectively. The
values are comparable to those previously obtained in the
preparation of MTX-loaded PSA-TMC nanoparticles (LE=
46.3±13%, LC=0.10±0.03 mg MTX/mg nanoparticles)
(13).

Likewise, as provided in Table I, the size of DM-loaded
nanoparticles was slightly greater than that previously ob-
served for free nanoparticles and comparable to that deter-
mined for MTX-loaded nanoparticles. All of the nanoparticle
formulations yielded a low polydispersityand a zeta potential

value greater than 30 mV. The slight increase in size, in
conjunction with the lack of an observable effect on zeta
potential, indicates that the DMARDs were being entrapped
within the nanosized carriers, as expected.

Fractional release of DM from the PSA-TMC nanoparti-
cles (Fig. 1) mirrored that previously observed for MTX (13).
The release profile was fit to the following equation derived
from Fick’s second law assuming a spherical geometry, a
homogeneous distribution of drug within the nanoparticle,
and a constant nanoparticle radius:

mDM tð Þ
mDM ;0

¼ 6
π2

X

n¼1

∞
1

n2
e
−DDM n2π2 t

R2 ð3Þ

where DDM is the diffusion coefficient, R is the nanoparticle
radius, t is the time in seconds, and mDM(t) and mDM,0 are the
masses of DM at times t and t=0, respectively, that remain in
the nanoparticle. As indicated by the inset of Fig. 1, the
diffusion model did not describe the experimental data well
during the initial period of release . The latter deficiency in the
model, in conjunction with a low calculated diffusion coeffi-
cient of 9.02 × 10 −13 cm2/s, suggests that drug dissolution
prior to diffusion is the rate limiting factor in controlled release
from the nanoparticle (28).

In Vitro Cytotoxicity PSA-TMC Nanoparticles

As summarized Table II with the calculated IC50 values, the
free and DMARD-loaded nanoparticles were non-cytotoxic
towards the SW-982 cells up to high concentrations. Consis-
tent with our prior study using MH7A synovial cells, the
inherent cytotoxicity of quaternized chitosan was significantly
reduced upon complexation with PSA to form nanoparticles
(13). Free MTX and DM did not have a significant impact on
cellular proliferation up to the maximum concentration tested
(4 mg/ml) (see Supplementary Material Fig. S1); therefore,
IC50 values for the free drugs could not be calculated. Of note,
the IC50 value for the PSA-TMC nanoparticles did not
change with DMARD loading, providing additional evidence
that MTX and DM do not impact cellular proliferation at the
therapeutic concentrations tested. Based upon the established
loading capacity of 0.1 mg drug/mg nanoparticles, the free

Table I Physical Characterization of DMARD-Loaded Nanoparticles

Size (nm) Zeta potential
(mV)

PDI

PSA-TMC Nanoparticles 102.2±14.5 33.4±1.6 0.12±0.02

MTX-loaded Nanoparticles 128.7±5.3 32.7±0.9 0.10±0.02

DM-loaded Nanoparticles 120.7±11.1 34.8±2.5 0.12±0.02
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drug concentration was only ~1.5 mg/ml at the IC50 values
determined for the drug-loaded nanoparticles.

Cellular Uptake of Nanoparticles In Vitro

By modifying TMC with a green fluorescent tag prior to
nanoparticle formation, uptake of the PSA-TMC cells by
synovial SW-982 cells could be observed with the aid of a
fluorescent, inverted microsope. As illustrated in Fig. 2, the
nanoparticles acculmulated within the cells following a short
incubation period (~30 min).

In Vitro Assessment of Bioactivity

MTX-loaded nanoparticles significantly suppressed IL-8 se-
cretion relative to the untreated control group (Fig. 3). The
amount of IL-8 suppression was comparable to that achieved
with low concentration (0.1 mg MTX/ml) and high concen-
tration (1.0 mg MTX/ml) MTX treatment. Low and high
concentration MTX treatment also showed significant

inhibition of GM-CSF secretion as compared to the untreated
control group, the MTX-loaded nanoparticle group, and the
free nanoparticle group. Free MTX treatment (low and high
concentration) also resulted in a significant decrease in IL-6
secretion relative to the free nanoparticle group; however, a
significant difference from the untreated control group was
not observed, and only high concentration MTX treatment
yielded a significant reduction from the MTX-loaded nano-
particle group. The nanoparticles alone significantly increased
GM-CSF secretion, although this effect was diminished
through incorporation of MTX.

DM-loaded nanoparticles significantly suppressed IL-6 and
IL-8 secretion relative to the untreated control group and had
comparable efficacy to low (0.1 mg DM/ml) and high (1.0 mg
DM/ml) concentration freeDM treatment (Fig. 4). For IL-6, a
significant difference was also observed for groups that re-
ceived free DM treatment or DM-loaded nanoparticle treat-
ment relative to the free nanoparticle group. Furthermore,
although there was no significant difference from the control,
treatment with DM-loaded nanoparticles, low concentration
free DM, and high concentration free DM resulted in signif-
icantly lower GMC-SF levels relative to treatment with free
nanoparticles.

DISCUSSION

Drug carrier systems offer a solution to the drawbacks, such as
low solubility, unpredictable pharmacokinetics, and non-site
specific distribution, commonly associated with conventional
DMARDs that often result in adverse side effects (4–6). In the
current study, an in vitro model of RA based upon IL-1β
activated synovial fibroblasts, the so-called conductors of joint
destruction (29,30), was used to demonstrate that the bioac-
tivity of DMARDs can be maintained when loaded into PSA-
TMC nanoparticles.

In accord with our prior study (13), DMARD-loaded nano-
particles were successfully prepared via combination of TMC
with PSA in the presence of TPP and MTX or DM. Electro-
static interaction of the positively charged ammonium groups
of TMCwith the negatively charged carboxylic acid groups of
PSA results in charge neutralization, a consequent reduction
in hydrophilicity, and the formation of stable, intermolecular
complexes (31–33). While an in-depth analysis of mechanism
is beyond the scope of the current study, the high flexibility of
PSA in solution is thought to result in an enhanced ability to
conformationally match with TMC that, in turn, allows for
the formation of a smaller particle size relative to nanoparti-
cles formed from the combination of chitosan or TMC with
other anionic polysaccharides (31). The inclusion of TPP,
although not required for nanoparticle formation, facilitates
inter- and intra-molecular crosslinking of the chitosan, which
consequently results in a narrower size distribution and

Fig. 1 Fractional release of dexamethasone from PSA-TMC nanoparticles as
a function of time. The dashed line represents the release profile derived from
the diffusion model.

Table II IC50 Values for TMC, PSA-TMC Nanoparticles, and DMARD-
Loaded Nanoparticles

IC50 (mg/ml)

TMC 5.16±0.20

PSA-TMC Nanoparticles 15.82±1.44

MTX −−*

DM −−*

MTX-loaded Nanoparticles 14.20±1.20

DM-loaded Nanoparticles 16.01±0.42

*MTX and DM did not significantly impact cellular proliferation over the range
of concentrations tested
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enhanced stability (32,33). As discussed in greater depth else-
where, the observed sizes and zeta potentials obtained for
DMARD-loaded nanoparticles (Table I) are expected to min-
imize accumulation within healthy tissue, reduce undesirable
uptake by the reticuloendothelial system, and facilitate deliv-
ery to the inflamed tissue by exploiting the leaky vasculature
that characterizes RA (13).

Similar to what was previously observed for fractional
release of MTX from the nanoparticles, controlled release of
DMwas facilitated over a 24 h period (13). As indicated by the
inset of Fig. 1, the diffusion model (Eq. 3) did not describe the
experimental data well during the initial period of release.
The latter deficiency in the model, in conjunction with a low
calculated diffusion coefficient of 9.02 × 10-13 cm2/s, suggests
that drug dissolution prior to diffusion is the rate limiting

factor in controlled release from the nanoparticle (28). A slow
release rate is desirable in order to provide the nanoparticles
with sufficient time to accumulate within the targeted tissue
without a significant loss of entrapped drug.

While some toxicity is permissible in carrier systems de-
signed for cancer therapy, the primary goal of inflammation
reduction in RA treatment demands minimal toxicity. Con-
sistent with our previous studies using the MH7A synovial
fibroblast cell line (13), the free DMARDs, the PSA-TMC
nanoparticles, and the DMARD-loaded PSA-TMC nanopar-
ticles showed negligible cytotoxicity towards the synovial SW-
982 cell line up to high concentrations. The SW-982 cell line
was used in lieu of theMH7A cell line in the current study due
to evidence suggesting that the MH7A cell line may not
accurately mimic the cytokine profile observed RA (27).

Fig. 2 Color composite of fluorescence microscopy images demonstrating nanoparticle uptake at room temperature by human synovial sarcoma SW-982 cells.
To facilitate fluorescence microscopic evaluation, TMC was conjugated to Alexa Fluor® 488 prior to PSA-TMC nanoparticle formation. Use of identical imaging
settings permits direct comparison of fluorescence intensities. Higher intensities indicated more cellular uptake of nanoparticle by cells. Left image: cells not
incubated with nanoparticles results in negligible signal. Right image: cells incubated with nanoparticles and showed active cellular uptake. Both groups were
incubated for 30 min and washed three times with PBS before imaging.

Fig. 3 Relative protein secretion (black: GM-CSF; grey: IL-6; dark grey: IL-8)
of IL-1β-stimulated SW-982 cells after treatment with free nanoparticles (NP)
at a concentration of 1.0 mg/ml, free MTX at a concentration of 0.1 mg/ml
(0.1 MTX), free MTX at a concentration of 1.0 mg/ml (1.0 MTX), and MTX-
loaded nanoparticles at a concentration of 1.0 mg/ml (NP + MTX). The
dashed line at a relative concentration of 1 is intended to serve as a point of
reference for unstimulated control cells. * indicates a significant difference
versus untreated control cells (p<0.05); ‡ indicates a significant difference
versus free nanoparticles (p<0.05); and § indicates a significant difference
versus MTX-loaded nanoparticles (p<0.05).

Fig. 4 Relative protein secretion (black: GM-CSF; grey: IL-6; dark grey: IL-8)
of IL-1β-stimulated SW-982 cells after treatment with free nanoparticles (NP)
at a concentration of 1.0 mg/ml, free DM at a concentration of 0.1 mg/ml (0.1
DM), free DM at a concentration of 1.0 mg/ml (1.0 DM), and DM-loaded
nanoparticles at a concentration of 1.0 mg/ml (NP + DM). The dashed line at
a relative concentration of 1 is intended to serve as a point of reference for
unstimulated control cells. * indicates a significant difference versus untreated
control cells (p<0.05); ‡ indicates a significant difference versus free nanopar-
ticles (p<0.05); and § indicates a significant difference versus DM-loaded
nanoparticles (p<0.05).
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Furthermore, the SW-982 cell line was shown to accurately
mimic expression of the proinflammatory mediator associated
with RA, including IL-6 and IL-8, particularly after stimula-
tion with IL-1β (24–26). The negligible impact of MTX and
DM on the IC50 values suggests that any changes in the
secretion of proinflammatory mediators observed for the
in vitro model of RA were due to cellular response rather than
apoptosis. As illustrated in Fig. 2, the PSA-TMC nanoparti-
cles were internalized by SW-982 cells. This result confirmed
the potential for intracellular delivery of therapeutics via PSA-
TMC nanoparticles even in the absence of a targeting moiety
that would facilitate receptor-mediated endocytotic uptake.

Changes in the secretion of IL-6, IL-8, and GM-CSF by
the activated SW-982 cells were used to demonstrate that
DMARDs loaded into nanoparticles retained bioactivity and
were able to reduce the inflammatory response (Figs. 3,4). IL-6,
IL-8, and GM-CSF were selected as representative cytokines,
chemokines, and growth factors, respectively. A literature
survey suggested that the three chosen proteins are critical to
the pathogenesis of RA (23). IL-6 is involved in in immune
regulation, inflammation, and hematopoiesis.More specifically,
IL-6 is thought to simulate T and B cells (23,34), activate
osteoclasts, and induce expression of vascular endothelial
growth factor (VEGF) (34), which subsequently triggers the
angiogenesis that, in part, characterizes RA. IL-8 stimulates
the migration of inflammatory cells into the synovium, actives
synovial fibroblasts via an autocrine mechanism to induce se-
cretion of additional pro-inflammatory mediators, and pro-
motes angiogenesis (35,36). GM-CSF recruits and activates
inflammatory cells, particularly T-cells, while also inhibiting
differentiation of osteoclasts (23) . When administered in vivo,
DMARDs, including those used in the current study, have been
shown to reduce the levels of the select pro-inflammatory
mediators, thereby disrupting the pro-inflammatory network
associated with RA (37–39).

Despite the observations made in vivo, in vitro administration
of MTX has yielded variable responses. Although MTX is as
a folate antagonist in the treatment of cancer, the mechanism
of action for MTX in the treatment of RA is unclear (40–42)
and the inconsistencies in in vitro response reflect this lack of
understanding. For example, while Sung et al. reported a
significant reduction in IL-6 expression and secretion by acti-
vated synovial cells upon treatment with low-concentration
MTX (43), Inoue et al. and Seitz et al. reported that MTX had
no or marginal impact on IL-6 or IL-8 production (44,45).
The conflicting results suggest that alterations in the cytokine
milieu observed in vivo may not be a direct result of MTX
administration (46).

In contrast to MTX, in vitro administration of DM has
yielded consistent, reproducible results that correlate with
in vivo observations. DM is believed to reduce inflammation
in the same manner as other glucocorticoids, where by bind-
ing to a glucocorticoid receptor (GR) directly impacts the

activity of activator protein-1 (AP-1) and nuclear factor
kappaB (NF-κB) (47). The latter transcription factors have
been definitively linked to the expression and secretion of most
pro-inflammatory cytokines and chemokines, including IL-6,
IL-8, and GM-CSF (48–50). In agreement with the latter
posited mechanism, several investigators have noted that
in vitro expression of IL-6 and IL-8 by activated synovial cells
is significantly reduced following exposure to DM (37,45,51).
Likewise, GM-CSF secretion has also been reduced, although
not to the same degree as IL-6 and IL-8 (52,53). In light of the
observations made by other investigators concerning the var-
iable in vitro anti-inflammatory activity of MTX and the
established strong anti-inflammatory activity of DM, we chose
to observe the impact of both therapeutics loaded into PSA-
TMC nanoparticles in the current study.

Based upon the results and the cytotoxicity studies, a con-
centration of 1 mg/ml was used for in vitro studies to ensure an
observable response without impacting cellular viability. Fur-
thermore, although the two concentrations of DMARD used
in this study are designated as low and high, the concentra-
tions of MTX used were similar to those used by other
investigators studying the in vitro impact of low concentration
MTX on RA (43). When applied to our in vitro model of RA,
the DM- and MTX-loaded nanoparticles, as well as the free
DMARDs, yielded significant reductions in the secretion of
IL-8 relative to the control, while only DM (free or encapsu-
lated within nanoparticle) led to significantly decreased IL-6
levels relative to the control. In contrast, MTX (free and
encapsulated) did not affect IL-6 concentrations relative to
the control group, although significant differences were ob-
served comparing treatment with free nanoparticles to free
DMARDs. The latter results are reflective of the potential
differences in the mechanism of action of MTX and DM, as
noted above, and are in agreement with the observations of
Inoue et al. and Seitz et al. (44,45).

For GM-CSF, only free MTX yielded an observable de-
crease in GM-CSF levels, although free DM showed a non-
significant reduction. Surprisingly, free nanoparticles signifi-
cantly enhanced GM-CSF secretion, although this effect was
somewhat diminished by incorporation of the DMARDs,
particularly DM. Carriers based upon chitosan and chitosan
derivatives are often reported as being non-immunogenic (54);
however, a careful search of the literature revealed that in
some cell types chitosan-based nanoparticles can induce or
enhance an inflammatory response (55–57). For example,
administration of chitosan nanoparticles to bone-derivedmac-
rophages led to increased and variable secretion of GM-CSF,
with little impact on IL-6 secretion (55). Given the positive
results obtained for IL-6 and IL-8, this possible induction of a
response by the SW-982 cells does not diminish the potential
of the PSA-TMC nanoparticles; however, a more thorough
evaluation of changes in the cytokine profile resultant from the
particles alone may be necessary prior to in vivo experiments.
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Of note, there were no significant differences in the con-
centrations of IL-6 and IL-8 when comparing the free
DMARDs and DMARD-loaded nanoparticles, administered
at concentration of 0.1 mg/ml and 1.0 mg/ml, respectively.
Based on the loading capacity of the DMARD nanoparticles
(0.1 mg/mg), the free DMARDs were administrated at equal
weight concentration relative to the DMARDs within the
nanoparticles. Thus, the results suggest that DMARDs loaded
into nanoparticles are able to retain bioactivity. Ideally, the
nanoparticles would have enhanced the therapeutic efficacy of
entrapped DMARDs; however, when applied in vivo the abil-
ity of the nanoparticles to passively target the diseased tissue is
anticipated to lead towards greater andmore predictable anti-
inflammatory responses of the entrapped therapeutics.

CONCLUSION

PSA-TMC nanoparticles were previously developed for
targeted delivery in the treatment of RA to reduce the non-
specific cytotoxicity of DMARDs. The physical characteristics
and DMARD-loading capacity of the nanoparticles were
suggestive of a suitable carrier system. In this study, an RA
in vitro model was used to validate that two common
DMARDs, MTX and DM, retain bioactivity and are able
to elicit a an anti-inflammatory therapeutic response when
entrapped in nanoparticles. The present study provides the
foundation for future studies aimed towards (1) improving the
site-specificity of the nanoparticles through surface modifica-
tion with a targeting ligand and (2) demonstrating in vivo that
the nanoparticles can be used to enhance the efficacy of
entrapped DMARDs through targeted delivery.
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