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Abstract

Background and purpose: Rheumatoid arthritis (RA) is a chronic inflammatory disease associated with
systemic complications and progressive disability. Systemic side effects and poor drug delivery to joints limit
current treatments. This study aimed to enhance the efficacy of tofacitinib (Tofa) by synthesizing novel pH-
triggered biocompatible polymers, both folate-targeted and non-folate-targeted.

Experimental approach: First-generation polymers were synthesized and characterized using FT-IR and 'H-
NMR spectroscopy. The critical micelle concentration of the copolymers was evaluated, and Tofa-loaded
micelles were prepared using the dialysis method. The physical properties of the micelles were assessed using
FE-SEM and dynamic light scattering. Cytotoxicity of Tofa/ chondroitin sulfate-maleic-dexamethasone
(Tofa/CHS-Mal-DEX) and Tofa/folic acid-polyethylene glycol-chondroitin sulfate-maleic-dexamethasone
(Tofa/FA-PEG-CHS-Mal-DEX) micelles was evaluated on the fibroblastic L929 and RAW264.7. The cellular
uptake and anti-inflammatory effects were investigated in the activated Raw 264.7 cell line.
Findings/Results: Tofa/CHS-Mal-DEX and Tofa/FA-PEG-CHS-Mal-DEX micelles exhibited particle sizes
of 188 nm and 173.06 nm, respectively, with entrapment efficiencies of 51% and 72.76%. The release profiles
exhibited that about 40% of Tofa was released from micelles over 62 h in physiological pH, whereas in acidic
conditions, this significantly decreased to 2 h. Micelles demonstrated improved uptake efficiency, resulting in
a significant reduction in IL-6 levels compared to free Tofa. None of the micelle formulations indicated
cytotoxic effects on fibroblastic L929 and Raw 264.7 macrophage cell lines.

Conclusion and implications: The developed folate and non-folate-targeted micelles were not toxic and
biocompatible for enhancing the therapeutic potential of Tofa in RA and improving drug delivery.

Keywords: Chondroitin sulfate, Dexamethasone, Folic acid, Tofacitinib, pH-sensitive copolymers,
Rheumatoid arthritis.

INTRODUCTION

Rheumatoid arthritis (RA) is a destructive Nccous this article online

inflammatory  disease  characterized by

symmetric, peripheral polyarthritis, which Website: htp://rps.mui.ac.ir

results in functional disability, substantial pain,
and joint deformity (1).

DOI: 10.4103/RPS.RPS_40_25

*Corresponding author: J. Emami
Tel: +98-3137927111, Fax: +98-313668001 1
Email: Emami@pharm.mui.ac.ir



RA patients are typically supported by
treatment strategies including corticosteroids
and non-steroidal anti-inflammatory drugs
(NSAIDs) for controlling inflammation and
pain; the disease-modifying anti-rheumatic
drugs (DMARD:s) for preventing joint damage;
biological response modifiers that selectively
inhibit special molecules involving five
different modes of action such as tumor
necrosis factor-alpha (TNF-a) inhibitors
(infliximab, etanercept, adalimumab,
certolizumab, golimumab), T cell co-
stimulation blockade (abatacept), interleukin-6
(IL-6)  receptor inhibitors (tocilizumab,
tofacitinib (Tofa), baricitinib), B cell depletion
(rituximab), and IL-1 inhibition (anakinra) of
the immune system (2-4). Unfortunately, these
drugs exhibit toxicity, short half-lives, and
adverse extra-articular effects when used in
large doses for long periods. Their non-
selective distribution also remains a major
clinical concern (5).

Tofa is a small-molecule inhibitor that
modulates intracellular signaling pathways and
primarily inhibits Janus kinase 1 (JAK1) and
JAK3, which mediate signaling of the receptors
for the common y-chain-related cytokines IL-2,
4,7,9, 15, and 21, as well as interferon gamma
and IL-6. The oral formulation of this drug is
approved as an immediate-release tablet and
may be administered at a dose of 5 mg twice
daily for a total daily dose of 10 mg. While this
dosage demonstrated significant clinical
efficacy in alleviating RA symptoms compared
to placebo (1,4), it also correlated with
diminished patient compliance in the use of the
drug and a higher incidence of adverse effects,
specifically elevated serum transaminases
indicative of liver injury, neutropenia,
increased cholesterol levels, elevation in serum
creatinine, and increased risk of infections. In
human subjects, lymphopenia, neutropenia, and
anemia are the Tofa side effects that lead to
discontinuation of therapy if severe (6,7). The
pharmacokinetic  profile of Tofa is
characterized by an elimination half-life of 3.2
h, with time to maximum plasma concentration
(tmax) of 0.5 to 1 h. In RA, dexamethasone and
Tofa work synergistically by dual suppression
of lymphocyte proliferation and targeting
separate arms of the immune response,
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glucocorticoid  receptor  pathways  and
JAK/STAT signaling, resulting in enhanced
suppression of inflammation and the potential
for lower and safer corticosteroid dosage (8,9).
In collagen-induced arthritis rat models, Tofa
alone had a modest effect, but dexamethasone
significantly reduced inflammation. Their
combination produced additive benefits,
reducing paw swelling more effectively than
either drug alone (9).

Establishing a drug delivery system based on
joint targeting may be an attractive option
accomplished by combining nanotechnologies
of receptor-mediated active and passive
targeting. Similar to the classic enhanced
permeability and retention (EPR) effect
observed in tumor tissues, colloid-based
targeted drug delivery systems by a process of
extravasation through leaky vasculature and
subsequent  inflammatory cell-mediated
sequestration (ELVIS), connected with suitable
ligand for particular receptor overexpressed on
cells involved in the pathogenesis of RA can
target drugs specifically to the region of
inflammation (5,10-12) and promote efficient
uptake of the particles into the diseased cells via
a ligand-receptor mediated endocytosis (13). In
RA, chronic inflammation causes the synovial
blood vessels to become leaky due to cytokines
like TNF-a and IL-1pB, allowing nanoparticles
to extravasate passively into the inflamed
tissue. Once in the joint, these particles are
actively taken up and retained by immune cells
such as macrophages and neutrophils, which
are abundant at the inflammation site. This
process enhances local drug concentration and
reduces systemic side effects. Unlike the EPR
effect observed in tumors, where poor
lymphatic  drainage allows for passive
accumulation of drugs, the ELVIS mechanism
includes both vascular leakiness and active
sequestration by inflammatory cells, making it
particularly effective for inflammatory diseases
such as RA (10-12). Polymeric micelles are
exciting modern drug delivery systems that trap
lipophilic drugs in their central hydrophobic
domain, delivering their cargo to target tissues.
Numerous studies on the evolution of
polymeric micelles in targeted drug delivery
systems have been conducted and site-specific
drug delivery can be accomplished by
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conjugating targeting agents. After arriving at
the target area, these micelles release drugs by
external stimulus, thereby enhancing the
therapeutic efficacy and minimizing possible
side effects (14-16). Synovial fibroblasts
contain cells that have much higher CD44, a
major pathogen that facilitates inflammation,
cell migration, and activation of lymphocyte
signaling receptors on their surface than other
cells (17,18). One of the most important natural
extracellular matrices, glycosaminoglycans, is
hyaluronic acid, which connects to CD44
receptors and has been used in different
investigations for targeted purposes. In
addition, other amino glycans, involving
heparan sulfate and chondroitin sulfate, can
also attach to these receptors. Several studies
demonstrate that some aminoglycans, such as
chondroitin sulfate, can link to similar areas of
the hyaluronic acid binding sites of CD44
receptors and compete with hyaluronic acid for
binding to these receptors (19). Recently, Wang
et al. developed self-assembled ROS-
responsive  nanoparticles of cholesterol-
chondroitin sulfate by the inflammation-
responsive di selenide bonds, and encapsulated
Tofa and SP600125, as two kinase inhibitors, in
aqueous media. This nano-drug delivery system
can gather in inflammatory sites in arthritis
areas and release its payloads for RA treatment
(15). In addition to the CD44 receptor, folate
receptor P, present on the surface of RA
synovial macrophages, is another desirable
candidate for active drug delivery in RA
treatment because of its high binding affinity to
folate (20). Moreover, the folic acid (FA)
molecule has been widely used as a targeting
agent in various drug carriers because of its
small molecular size, less immunogenicity,
high stability, and inexpensive cost (21).

The acidic pH of the microenvironment of
joint inflammation and endolysosomes (pH
about 4.5-5.5) creates an ideal opportunity to
employ pH-sensitive drug delivery systems,
which can respond to the local pH changes by
releasing their therapeutic cargo specifically at
the site of inflammation (22). Because of the
two adjacent carboxylic groups in each
monomer unit, maleic acid copolymers are
classified as weak anionic polyelectrolytes and
undergo a two-step dissociation process. First
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dissociation: maleic acid (H2MA) loses one
proton to form a mono-protonated species
(HMA"). Second dissociation: the mono-
protonated species (HMA) loses another
proton to form the fully deprotonated maleate
ion (MA?). At low pH, the high concentration
of H ions favors the protonation of the maleate
ions, shifting the equilibrium towards the
undissociated maleic acid form (H:MA). At
high pH, the lower concentration of H* ions
favors the dissociation of maleic acid, leading
to the formation of more maleate ions (MA?).
These dissociation processes result in an
enlarged pH-sensitivity window, allowing them
to respond distinctly to changes in pH, which
makes them useful in pH-sensitive controlled
drug release systems (23,24). To the best of our
knowledge, the polymeric micelles with
targeting agents of chondroitin sulfate and FA
for RA drug delivery have not been reported.

Due to the pH-sensitive characteristic of maleic
anhydrides (25), and because of the therapeutic
and targeting potential of chondroitin sulfate in
targeting synovial tissue cells, in the present
study, a pH-sensitive chondroitin sulfate-
maleic-dexamethasone copolymer was first
synthesized and subsequently used for targeting
the inflammatory tissue, the chondroitin sulfate
copolymer was conjugated with polyethylene
glycol (PEG). Thus, we focused on the
synthesis and some of the physical properties of
chondroitin sulfate-maleic-dexamethasone
(CHS-Mal-DEX) and FA-PEG-CHS-Mal-DEX
micelles containing Tofa separately or in
combination. The in vitro cell culture studies
were also investigated in detail.

MATERIALSAND METHODS

Materials

Chondroitin sulfate sodium (CHS; MW: 10
kDa) from Biotech Company (India), , Tofa
citrate from Nano Alvand Company (Iran),
DEX from Iran Hormone Company (Iran), FA,
dicyclohexyl carbodiimide (DCC), N-hydroxy
succinimide (NHS), maleic anhydride (Mal),
polyethylene glycol-di-amine (MW: 3 kDa),

and dialysis bag (molecular weight
cutoff, MWCO: 2 kDa, 8-10 kDa and 10-12
kDa) from  Sigma-Aldrich  Company

(Germany). Anhydrous dimethyl sulfoxide



(DMSO0), formamide and dimethylformamide
(DMF) from Samchun Company (South
Korea), acetone, sodium hydroxide, and
methanol from Merck Company (Germany).
Trypsin, fetal bovine serum (FBS), and
Dulbecco's modified eagle medium (DMEM)
high glucose from BIO-IDEA (USA, New
York), KPG-MIL-6 ELISA kit for
measuring mouse IL-6 from Karmania Pars
Gene (Iran).

Synthesis of CHS-Mal-DEX copolymer
The two-step esterification reactions
accomplished the synthesis of CHS-Mal-DEX

conjugate.  Firstly, the Mal-DEX was
synthesized by an esterification process
previously reported (26). Briefly, DEX

(0.25 mmol, 100 mg) was dissolved in 10 mL
glacial acetic acid in a dried one-neck flask, and
Mal (0.5 mmol, 30 mg) was added to the flask.
Then, three drops of sulfuric acid were mixed
to catalyze the esterification reaction and stirred
at room temperature for 24 h. The mixture was
then added to 25 g of ice to stop the reaction and
precipitate Mal-DEX. Then, the resulting
precipitate was centrifuged at 13,000 rpm for 15
min and dried with nitrogen gas. Subsequently,
CHS was linked with Mal-DEX by the
esterification reaction between the hydroxyl
group of CHS and the carboxyl group of Mal-
DEX (27). The Mal-DEX (0.017 mmol, 8.6
mg), DCC (0.051 mmol, 10.52 mg), and 4-
dimethylaminopyridine (0.034 mmol, 4.153
mg) were dissolved in 3 mL anhydrous DMF
and stirred for 24 h under the protection of
nitrogen to activate the COOH group of Mal-
DEX. Then, different amounts of CHS,
dissolved in 5 mL of formamide with gentle
heating, were inserted into the reaction mixture
and continued for 48 h under a nitrogen
atmosphere. The mixture was added into a 3-
fold volume of acetone and the final precipitate
was centrifuged. To separate unreacted
material, the precipitate was added to dialysis
membranes (MWCO: 8-10 kDa) and dialyzed
against methanol and phosphate buffer (0.001
mM, pH 7.4) for 24 h and 48 h, respectively.
Then, the resulting product was lyophilized by
a freeze dryer (Model ALPHA 2-4 LD plus,
Christ Company, Stuttgart, Germany) to obtain
the CHS-Mal-DEX pure powder.
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Synthesis of FA-PEG

Briefly, FA (88.3 mg, 0.2 mmol), DCC
(123.6 mg, 0.6 mmol), and NHS (69.3 mg, 0.6
mmol) were dissolved in anhydrous DMSO
under nitrogen protection in a dried 3-neck
flask and stirred for 24 h in the dark condition
at room temperature to activate the COOH
group of FA. After that, PEG-di-amine (300
mg, 0.1 mmol) in DMSO was poured into the
activated folate solution and the reaction
mixture was stirred for 24 h under the same
conditions. Finally, the mixture was dialyzed
(MWCO: 2 kDa) against methanol and
deionized water for 24 h and lyophilized to
acquire the FA-PEG pure yellow powder
(28,29).

Synthesis of FA-PEG-CHS-Mal-DEX

The CHS-Mal-DEX co-polymer was
attached to the FA-PEG by the amidation
reaction between the free amine group of
FA-PEG and the COOH group of CHS. Briefly,
FA-PEG (0.015 mmol, 7 mg) was dissolved in
anhydrous DMSO and CHS-Mal-DEX was
dissolved in the mixture of formamide and
anhydrous DMSO with gentle heating and then
mixed with the FA-PEG solution and stirred for
8 h under nitrogen gas. After that, DCC and
NHS were added to the solution and the
reaction was resumed for 72 h at room
temperature. The mixture was then diluted by a
3-fold volume of phosphate buffer (0.001 mM,
pH 7.4), and afterwards dialyzed (MWCO: 10-
12 kDa) against methanol followed by
phosphate buffer (0.001 mM, pH 7.4) for 24 h
and consequently, was lyophilized to achieve a
pale-yellow powder (28,29).

FA-PEG-CHS-Mal-DEX
characterization
Synthesis of the final targeted copolymer
(FA-PEG-CHS-Mal-DEX), non-folate-targeted
copolymer (CHS-Mal-DEX), FA-PEG, and
Mal-DEX was confirmed by Fourier transform
infrared (FT-IR; (Rayleigh, WQF-510/520,
China, 400-4,000 cm’') and 'H-nuclear
magnetic resonance ('H-NMR;  (Bruker
Biospin, 400MHz, Germany). For the FT-IR
evaluation, a suitable quantity of the
lyophilized powder and KBr was ground and
turned into a compressed disk. For 'H-NMR

copolymer
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examination, each targeted and non-folate-
targeted copolymer was dissolved in the
appropriate mixture of DMSO-ds: D20 (1:4),
and FA-PEG was dissolved in DMSO-d6
(28,29).
Determination of critical micelle
concentration

Pyrene as a hydrophobic fluorescence probe
was used to determine the critical micelle
concentration (CMC) of CHS-Mal-DEX and
FA-PEG-CHS-Mal-DEX by the fluorescence
spectroscopy method (28,30,31). Briefly,
5 x 10 mol/L of pyrene solution in acetone
was added to glass tubes and then the solvent
was evaporated by a stream of nitrogen gas.
Afterward, polymer solutions with various
concentrations (0.025 to 1000 pg/mL) were
added to each tube to obtain the final pyrene
concentration of 5 x 107 mol/L. The mixture
was shaken for 48 h at 37 °C in the dark.
Then, the pyrene’s fluorescence emission
spectra in different polymer solutions were
screened by a spectrofluorometer (Jasco
FP 750, Tokyo, Japan) at the excitation
wavelength of 336 nm. The intensity ratio
of the first peak (I1, 375 nm for CHS-Mal-DEX
and I1, 370 nm for FA-PEG-CHS-Mal-DEX)
to the third peak (I3, 387 nm for CHS-Mal-DEX
and I3, 380 nm for FA-PEG-CHS-Mal-DEX)
was drawn against the logarithm of
polymer concentration, from the pyrene
emission spectra. Finally, two tangents were
plotted and the CMC value was taken from the
intersection.

Preparation of free drug base

To prepare the drug-free base, 4 mg of Tofa
citrate was dissolved in 8 mL of deionized
water. Then, ethylene diamine at different
molar ratios (1, 3, 6, and 9) was added, and each
solution was stirred for 24 h under dark
conditions at room temperature to eliminate
citrate, and the free base of Tofa was
precipitated. Finally, the precipitant was
washed twice with deionized water and white
powder was collected (32,33).

Preparation of polymeric micelles
Tofa was incorporated into polymeric
micelles using either the probe-type
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ultrasonication technique or
method.

the dialysis

Probe-type ultrasonication technique

A probe-type ultrasonication technique was
used to prepare Tofa-loaded polymeric
micelles. CHS-Mal-DEX and FA-PEG-CHS-
Mal-DEX (10 mg) were dispersed in distilled
water and stirred for 2 h at room temperature.
Tofa (1 and 2 mg) was dissolved in anhydrous
methanol, and then the Tofa solution was
injected dropwise into the polymer solution
with stirring at different rpm (300 and 600) at
room temperature. The mixture was
ultrasonicated (2 and 3 s on and off,
respectively) for 2.5, 5, and 7.5 min with an
output power of 40 W (JY 92-I1 Ultrasonic
Processor, Shanghai, China) in an ice bath after
stirring at room temperature for 24 h. The
resultant Tofa-loaded micellar solution was
centrifuged at 3500 rpm for 10 min and the
supernatant was collected (34).

Dialysis method

Ten mg of each copolymer (CHS-Mal-DEX
and FA-PEG-CHS-Mal-DEX) was dissolved in
9 mL of DMSO: H20 (2:1) and Tofa (2 mg) pre-
dissolved in 1 mL of DMSO was injected
dropwise and stirred for 6 h; then 6 mL of
deionized water was added and stirred for 14 h.
The solution was loaded into a dialysis bag
(MWCO: 8-10 kDa) obtained from Spectrum
Labs, Inc., Houston, TX, and dialyzed against
deionized water (500 mL, 4 h). The solution of
micelles was collected and frozen at -80 °C for
2 days and lyophilized to obtain dried micelles
(35).

Characterization of Tofa-loaded polymeric
micelles
Morphological evaluation of polymeric
micelles by scanning electron microscope and
Transmission electron microscope

The optimized formulation was coated with
gold and surface morphology was observed
under a field emission scanning -electron
microscope (FE-SEM; QUANTA FEG 450,
FEITM, USA) at 15 kV. Polymeric samples
were adsorbed on the carbon-coated grid. For
transmission electron microscope (TEM)
observation, a drop of sample solution was



placed onto a carbon-coated copper grid and
dried for 15 min in air. Finally, TEM (EM10C,
Germany), operated at a voltage of 80 kV, was
used for observation.

Determination of zeta-potential and particle size

The polymeric micelles’ particle size, Zeta
potential, and polydispersity index (PDI) in
aqueous media were determined by dynamic
light scattering (DLS) utilizing Malvern Zeta-
sizer Nano-ZS (Malvern Instruments Ltd., UK)
at room temperature.

Determination of encapsulation and loading
efficiencies

Tofa-containing micellar solution (200 pL)
was diluted with 9.8 mL of methanol and
treated with ultrasonics in a water bath at
room temperature for 20 min. Afterward,
the Tofa content was determined by UV
spectrophotometry at a detection wavelength of
287 nm. Finally, the percentage of entrapment
efficiency (EE) and loading efficiency (LE)
were calculated using the following equations:
Q)

Weight of the drug in the micelles

EE (%) =
(A)) Weight of the feeding drug

X 100

Weight of the drug in the micelles
Weight of the micelles

LE (%) = x 100

@)

In vitro release of Tofa from polymeric
micelles

The release of Tofa from polymeric micelles
in PBS (0.01 M) with different pHs (5 and 7.4)
at 37 °C was determined in vitro. The
lyophilized micelle powder loaded with Tofa in
various weight ratios to the copolymer was
dissolved in PBS 0.01 M, pH 7.4. The resulting
solution was placed in a dialysis bag (MWCO:
10-12 kDa), and the bag was immersed in a
glass beaker with a 30 mL release medium with
agitation of 100 rpm at 37 °C. At predetermined
time intervals, samples were withdrawn and
replaced with fresh medium maintained at the
same temperature. The content of Tofa in the
samples was determined by the UV spectroscopy
method at a detection wavelength of 287 nm.

Micellar stability study

Tofa-loaded polymeric micelles with a
drug/polymer (D/P) ratio of 5, prepared by the
dialysis method, were used to perform stability
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studies. The particle size of Tofa-loaded
micelles in PBS containing 10% FBS was
recorded by the DLS method over 48 h and
defined as ti. The average diameter of micelles
in PBS before FBS treatment, to, was also
measured. The ratio of particle sizes was
calculated as ti/to. For long-term stability, the
lyophilized powder of Tofa-loaded micelles
was stored in a refrigerator at 4 °C for two
months. Then, the changes in particle size, Zeta
potential, and drug content during the storage
were measured (28,29).

I'n vitro cell culture studies

The RAW264.7 and L929 cell lines were
grown in 25-cm? flasks and incubated in 5%
CO2, 95% humidity, and 37 °C, in high-glucose
DMEM medium, supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL
streptomycin.

Evaluation of L929 and RAW 264.7 cells
viability

The viability of fibroblastic L929 cells and
RAW 264.7 cells exposed to different
formulations was evaluated by MTT assay. For
this purpose, the L.929 and RAW 264.7 cells
were poured into 96-well plates with a
population of 5 x 103 and 8 x 103 cells per well,
respectively. After incubation for 24 h at 37 °C,
cells were treated with different formulations
containing free drug (0, 0.5, 1, 2.5, 5, and
10 pg/mL), CHS-Mal-DEX micelles containing
Tofa (0, 0.5, 1, 2.5, 5, and 10 ug/mL), and FA-
PEG-CHS-Mal-DEX micelles containing Tofa
(0, 0.5, 1, 2.5, 5, and 10 pg/mL). Then, 20 uL
of MTT solution (5 mg/mL in PBS) was added
to each well, followed by incubation for another
3 h. Next, the culture medium was decanted,
and 150 uL of DMSO was added to dissolve the
precipitates and the absorbance was detected by
a Thermo MK3 ELISA reader at 570 nm. The
assays were conducted in 3 replicates for each
independent test. The statistical mean and
standard deviation were used to represent the
cell viability.

Cdlular uptake study

To test the intracellular delivery of
molecules by micelles developed in this study,
lipophilic coumarin (CMN), which shows
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green fluorescence, is loaded into CHS-Mal-
DEX and FA-PEG-CHS-Mal-DEX micelles.
Cellular internalization of CMN was studied
using fluorescence microscopy and flow
cytometry on RAW 264.7 cells. Briefly, RAW
264.7 cells were seeded in 12-well plates with a
cell density of 1 x 10° per well. The cells were
stimulated by lipopolysaccharide (LPS) for 24
h. Next, the medium was exchanged for fresh
medium and the cells were treated with CMN
solution, CMN-loaded CHS-Mal-DEX, and
CMN-loaded FA-PEG-CHS-Mal-DEX for 4
and 6 h. The medium in each well was emptied
and cells were washed with PBS (pH 7.4, 10
mM) and analyzed wusing fluorescent
microscopy (16,36).

To quantify the cellular uptake, CMN
solution, CMN-loaded CHS-Mal-DEX, and
CMN-loaded FA-PEG-CHS-Mal-DEX were
added to RAW 264.7 cells at a density of 2 x
10° cells per well of 6-well plates and cultured
for 6 h, respectively. Subsequently, the medium
was discarded, and cells were washed thrice
using cold PBS. Five hundred pL of trypsin was
added to each well and incubated for 5 min.
Then, each well was neutralized with 1 mL
complete culture medium, centrifuged at 1000
rpm/min for 5 min. The cell pellet was
resuspended in 300 pL of PBS and analyzed
using a BD FACS Canto II flow cytometer (BD
Biosciences, Oxford, UK) (16,36).

In vitro anti-inflammatory assay in activated
macrophages RAW264.7

For this purpose, RAW 264.7 cells with a
density of 5 x 10° cells per well were seeded
into 6-well plates. Then, cells were stimulated
by 1 pg/mL of LPS for 4 h to establish
inflammatory cell models. After 4 h, the culture
media of wells were removed and treated with
the culture media containing free drug (0.8
pg/mL), Tofa/CHS-Mal-DEX (0.8 pg/mL), and
Tofa/FA-PEG-CHS-Mal-DEX micelles (0.8
ug/mL), respectively, for 24 h. Finally, to
determine the concentration of IL-6, the cell
supernatants were collected and tested by an
ELISA kit (KPG-MIL-6) following the
manufacturer’s instructions. The LPS-treated
and untreated RAW264.7 cells were tested as
the positive (LPS™) and negative (LPS™) control
groups, respectively (15,16).
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Folate competitive inhibition assay

For the competition cell study, after 4 h of
cells stimulated by LPS, the culture media of
wells were removed and treated with the culture
media containing 40 pg/mL of FA. After 12 h,
Tofa/FA-PEG-CHS-Mal-DEX micelles (0.8
pg/mL) were added and incubated for 24 h.
Finally, the cell supernatants were collected and
assayed with an IL-6 ELISA kit (KPG-MIL-6).

A flow cytometry method assay was used to
investigate folate competitive inhibition
evaluation. After 12 h of cell incubation in FA-
containing media, the CMN-loaded FA-PEG-
CHS-Mal-DEX, CMN-loaded CHS-Mal-DEX,
and free CMN were added and incubated for 6
h. Subsequently, the amount of CMN in cells
was analyzed by a flow cytometer (BD
Biosciences, Oxford, UK) (34).

Statistical analysis

Data are presented as mean = SD of three
separate experiments and are compared by an
independent sample t-test for two groups, and
one-way ANOVA followed by Tukey post-hoc
test for more than two groups. P-values less
than 0.05 were considered statistically
significant in all cases.

RESULTS

Synthesis and characterization of CHS-Mal-
DEX and FA-PEG-CHS-Mal-DEX copolymers

In the current study, an amphiphilic
CHS-Mal-DEX  copolymer was initially
synthesized using Mal as a pH-sensitive spacer
between DEX and CHS via two-step
esterification reactions, as represented in
Fig. 1A. Mal-DEX was synthesized by the
reaction between the hydroxyl group of
DEX and maleic anhydride. Next, the
COOH group of Mal-DEX was activated and
then connected to the free hydroxyl groups of
the CHS backbone. To synthesize the FA-PEG-
CHS-Mal-DEX conjugate, the FA molecule
was first activated by DCC/NHS and then
linked to the diamine-PEG via the amide linker.
Then, the COOH group of CHS-Mal-DEX was
linked to the free NH2 of FA-PEG conjugate
by the amidation reaction. Figure 1B and C
illustrate the synthetic scheme of these
reactions.
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Fig. 2. FT-IR spectra of (A) dexamethasone and (B) dexamethasone-maleic.

Figures 2 to 9 illustrate the copolymer
structures confirmed by FT-IR and 1H-NMR.
Figure 2B depicts the FT-IR spectrum of
DEX-Mal with characteristic bands of
hydroxyl (OH) group of the carboxyl acid
(COOH) at 3210.72 cm-1, carbonyl (C=0O) of
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1660
4000 .10[!:} 20’1!!] 1 _;OEJ | [If‘]—(l 5!‘]1!
Wavenumber (cm')
carboxyl (COOH) group at 1730 cm-1,

carbonyl

(C=0) of the steric bond at

1750 cm-1, the C=C stretching peak at
1660 and ether (C-O-C) stretching vibration at
1228 while not presented for DEX in Fig. 2A
(27,37-39).
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The FT-IR spectra of CHS and CHS-Mal-
DEX (Fig. 3A and B) showed absorption bands
at 850, 1261.26, and 1648.71 cm-1
corresponding to C-O-S, S-O, and C-O
stretching vibration of the C=0 group
in acetylated amine (38,40,41). The intensity
of the OH stretching band of CHS at 3592.89
cm-1 decreased after conjugation of Mal-DEX
with CHS in the CHS-Mal-DEX spectrum (Fig.
3B). The C=0O of the new steric linkage
appeared at 1729.99 cm™!. Two strong bands at
1250.01 and 1063 cm™! indicate newly formed
C-O of phenyl alkyl ethers is also evident.
Additionally, the specific symmetric and
asymmetric stretching vibration bands CH2 and
CH3 of the DEX alkyl chain at 2923.88 and
3161 cm™ were seen in the spectrum of CHS-
Mal-DEX (38,40).

A

1261.26
850

Transmittance (%)

1648.71

T T L T T
4000 3000 2000 1500 1000 500

Wavenumber (cm™)

The FT-IR spectrum of PEG and FA-PEG
(Fig. 4) exhibited a band at 1597 cm’!
corresponding to phenyl C=C stretching, which
was also observed in the spectrum of FA-PEG
(Fig. 4B). The band at 1110 cm™! in the PEG
(Fig. 4A) and FA-PEG spectra (Fig. 4B) is
related to the C-O stretching of PEG.
Furthermore, the band at 1683.66 cm™ in the
spectrum of FA-PEG (Fig. 4B), which is related
to the C=O stretching vibration of the new
amide bond, confirmed the formation of the
FA-PEG molecule. Figure 5 shows the IR
spectrum of FA-PEG-CHS-Mal-DEX, where
two characteristic bands at 1657 and 1789.88
cm’! are related to the formation of the new
amide bond in the CHS backbone and steric
bond of Mal-DEX conjugation, respectively
(28,29,38).
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Fig. 3. FT-IR spectra of (A) CHS and (B) CHS-Mal-DEX. CHS, Chondroitin sulfate; Mal, maleic; DEX, dexamethasone.
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Fig. 4. FT-IR spectra of (A) PEG diamine and (B) FA-PEG. PEG, Polyethylene glycol; FA, folic acid.
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Fig. 5. FT-IR spectra of FA-PEG-CHS-Mal-DEX. FA, Folic acid; PEG, polyethylene glycol; CHS, chondroitin sulfate;
Mal, maleic; DEX, dexamethasone.
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Fig. 6. 'THNMR spectra of (A) Mal-DEX and (B) DEX. Mal, Maleic; DEX, dexamethasone.
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The 1H-NMR spectrum of DEX-Mal
(Fig. 6A) peaked at 3.8 ppm, corresponding to
HC=CHCOOH groups of the Mal (42). The
hydrogen peaks of the ring A of DEX (Fig. 6B)
appeared at 7.29, 6.23, and 6.01 ppm in the
spectra designated by A, B, and C, respectively.
The peaks at 1.49, 0.88, and 0.78 ppm assigned
by the letters U, Y, and Z, respectively, are
attributed to the hydrogens of the CH3 groups
of DEX. The peaks exhibited by the letters E, F,
and D are related to the hydrogen of the OH
groups of the rings C and D of DEX, respectively.
These signals of the DEX spectrum were not
observed at the same chemical shifts in the spectrum
of CHS (Fig. 7A) and also appeared in the
spectrum of DEX-Mal-CHS (Fig. 7B and C)
(37,38,43).

In the spectrum of CHS (Fig. 7A), acetamide
methyl protons around 2 ppm appeared in the
upfield parts of the spectra, and the
polysaccharide H-1(anomeric) protons at 4.0 -
5.0 ppm appeared in the downfield parts of the
spectra. The peaks at around 4.2 and 4.7 ppm
relate to H-4 signals of GalNAc residue, and the
peaks at around 3.9, 4.1, and 4.5 ppm belong to
H-5, H-2, and H-1 signals of GalNAc residue,
respectively. The peaks at around 3.3, 3.5, 3.6,
3.7, and 4.4 are attributed to the H-2, H-3, H-5,
H-4, and H-1 signals of GIuUA residue,
respectively (44). All CHS signals were also
observed in the spectrum of DEX-Mal-CHS
(Fig. 7B and C). All these findings confirm the
successful conjugation of Mal-DEX onto the
CHS backbone. The degree of substitution (DS)
of CHS-Mal-DEX was measured by the peak
areas of X, Y, and Z groups of the Mal-DEX
(chemical shift from 0.78 to 1.06 ppm) and the
acetamido methyl group of CHS (chemical shift
from 1.8 to 2 ppm) using the equation (3)
provided below (27,37):

DS (%)

_ The integral of peaks from 0.78 to 1.06 X 63
" The integral of peaks from 1.8t0 2 x 2 x 21
x 100

3)

For 10 and 20 feed molar ratios of Mal-DEX
to CHS, DS was determined to be around 13.28
and 26.14 %, respectively.

The 'H-NMR spectra of FA, FA-PEG, DEX-
Mal-CHS, and FA-PEG-CHS-Mal-DEX are
respectively shown in Figures 8A, 8 B, 7B, and
9. In Fig. 8A, the 'H-NMR spectrum of FA
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peaks at 1.9, 2.2, and 4.3 ppm are assigned to
the aliphatic protons of FA and peaks at 6.6,
7.6, and 8.6 ppm are attributed to the aromatic
protons (28,29,45,46). These signals were also
observed in the FA-PEG (Fig. 8B) and FA-
PEG-CHS-Mal-DEX (Fig. 9) spectra. In the
FA-PEG spectrum, -CH2- protons of PEG
contributed to the chemical shift at 3.4 ppm, and
the protons next to the amine group of the PEG
were observed around 1.7 ppm (29,45). In the
spectrum of FA-PEG-CHS-Mal-DEX, peaks
around 2 ppm correspond to the acetamide
methyl protons of CHS. The chemical shifts at
0.88 and 0.78 related to the hydrogens of
methyl groups of DEX and the peak at 1.06 is
contributed to the hydrogen of the D ring of
DEX assigned by the letter X. The signal at 3.4
ppm contributed to -CH2- protons of PEG, and
the peak at 8.6, 8.17, and 7.7 related to aromatic
protons of FA. The peaks from 3.3 to 4.5 ppm
correspond to sugar ring protons. All the
findings confirm the successful conjugation of
FA-PEG onto CHS-Mal-DEX.

Determination of CMC

The CMC was determined by measuring the
intensity ratio (Is/Ii) of the third peak, the
highest energy bands in the emission spectra of
pyrene and the first peak (28-30). Figure 10
shows the change in the value of (Is/I1) versus
the logarithm of CHS-Mal-DEX or FA-PEG-
CHS-Mal-DEX concentrations. As indicated in
Fig. 10, by increasing the concentration of
copolymers, the incorporation of pyrene into
the micelles resulted in a significant increase in
total fluorescence intensity. Thus, the intensity
of the third peak in the emission spectra of
pyrene increased more than that of the first
peak, and the fluorescence intensity ratio of Is/I1
increased. The CMC values of the CHS-Mal-
DEX and FA-PEG-CHS-Mal-DEX with DS
13.28% and 26.14 % were found to be 2.35,
1.321, 1.05, and 0.613 pg/mL in deionized
water, respectively.

SEM and TEM observation

Figure 11A and B exhibit the FE-SEM and
TEM images of the optimized formula of
Tofa/FA-PEG-CHS-Mal-DEX micelles, which
have a uniform spherical shape with a particle
size of around 80 nm in SEM and 50 nm in
TEM images.
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I ncorporation of Tofa into the micelles

In this study, to obtain the micelles with the
most optimal particle size and highest EE, first,
Tofa was loaded into the FA-PEG-CHS-Mal-
DEX polymeric micelles by two different
physical methods, namely dialysis and the
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probe-type ultrasonication technique at DS
20% (Table 1). Then, the best method was
selected and various designs were tested for
FA-PEG-CHS-Mal-DEX polymeric micelles to
find the optimized formulation of micelle
among various DS and D/P ratios.
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Table 2 shows the effect of initial drug and
incorporation methods on the EE and other
physical properties of the micelles. As shown in
Table 2, the polymeric micelles’ particle sizes
ranged from 138 to 390 nm with a PDI of 0.27
to 0.7. As illustrated in Fig. 12A, the DS and
D/P ratios’ parameters had a significant effect
on particle size (P < 0.05). Increasing the DS of
DEX led to a decrease in the particle size.
Decreasing the D/P ratio led to an increase in
particle size (P < 0.05).

As shown in Table 1, the zeta potential of the
micelles obtained from the Probe-type
ultrasonication  technique  became less
negative as the initial drug concentration
increased. In addition, the EE of the micelles
prepared with this technique was not
significantly changed by increasing the D/P
ratio. All of these results were probably due to
the surface interaction of the drug with
micelles. So, all of these findings confirm that
the dialysis technique is the best method for
micelle preparation.

In the present study, the pH-sensitive
micelles physically entrapped Tofa, as a
hydrophobic drug. As exhibited in Table 2, EE
is in the range of 44.11% to 82.63%. As
illustrated in Fig. 12B, by increasing the DS
ratio, the EE of Tofa in the micelles increased
significantly (P < 0.05) and the D/P ratio
decreased (P < 0.05). The third factor affecting
EE is solvent types (P < 0.001). According to
the results, micelles prepared in DMSO had
significantly higher EE compared to DMF.

In vitro drug release

As illustrated in Fig. 13 for micelles
(FA-PEG-CHS-Mal-DEX polymeric micelles
DS 20%, D/P 0.2) obtained from the Probe-type
ultrasonication technique due to surface
interaction of the drug with micelle and
presence of free drug, about 50% of the drug
was released in PBS (pH 7.4) during 24 h.
However, the micelles obtained from the
dialysis method released 35% of Tofa in PBS
(pH 7.4) during 96 h.

Table 1. Physical properties of FA-PEG-CHS-Mal-DEX with DS 20% with or without Tofa obtained from different

methods. Data are presented as mean + SD, n = 3.

Micelle preparation

i 0,
method Formulation D/P (mg) PS(nm) PDI ZP (mV) EE (%)
. . Tofa/FA-PEG-CHS-
Dialysis Mal-DEX 0.2 173.06+2.85 027+0.08 -17.10+£020 72.76 +2.01
FA-PEG-CHS-Mal- 29026 +8.00 035+0.03 -19.70+3.5 -
DEX
Probe-type
ultrasonication Tofa/FA-PEG-CHS- | 169.56+7.00 030+£0.10 -16.50+2.10  75.01 £2.00
> Mal-DEX
technique
Tofa/FA-PEG-CHS-
Mal-DEX 0.2 243.66+7.50 0.50+0.01 -9.06+5.10 71.50 +4.90

FA, Folic acid; PEG, polyethylene glycol, CHS, chondroitin sulfate; Mal, maleic; DEX, dexamethasone; DS, degree of substitution; D/P,
drug/polymer; ZP, zeta potential; PS, particle size; PDI, poly dispersity index; EE, entrapment efficiency.

Table 2. Proposed formulations by Design Expert 11 for the evaluation of Tofa/FA-PEG-CHS-Mal-DEX micelles
using the full factorial design and physical properties of these micelles. Data are presented as mean + SD, n = 3.

RuUn A: B: C: ZP PS PDI EE LE
DS(%) DIP Solvent (mV) (nm) (%) (%)
1 20 0.1 DMSO -11.96 + 0.30 220.06 £4.10 0.43+0.03 82.63+147 7.46+4.78
2 10 0.2 DMSO -20.36 +£2.30 211.33 +£15.00 0.35+£0.05 68.83+£095 11.4+0.15
3 20 0.1 DMF -14.44 + 525 250.36 £ 11.53 0.62+0.12 50.42+3.45 4.50+0.30
4 20 0.2 DMF -18.56 +1.33 184.66 + 8.20 0.63 +0.08 4440+2.20 7.40+0.27
5 10 0.1 DMF -15.0+2.20 390.01 £12.20 0.70 £0.15 44.11+546 4.11+0.55
6 10 0.2 DMF -12.0+1.25 330.02+11.28 0.45+0.10 42.13+£1.20 7.21+£0.20
7 10 0.1 DMSO -13.0+0.45 365.01 £ 15.00 0.66+0.17 72.71+130 6.56+0.20
8 20 0.2 DMSO -17.10+0.20 173.06 +2.85 0.27+£0.08 7276 £2.01 12.46+0.6

Tofa, Tofacitinib; FA, folic acid; PEG, polyethylene glycol; CHS, chondroitin sulfate; Mal, maleic; DEX, dexamethasone; DS, degree of substitution;
D/P, drug/ polymer; ZP, zeta potential; PS, particle size; PDI, poly dispersity index; EE, entrapment efficiency; LE, loading efficiency.
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Fig. 12. The effect of D/P ratio and DS on physical properties. (A) particle size and (B) entrapment efficiency. D/P,

Drug/polymer; DS, degree of substitution.
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Fig. 13. Cumulative release of tofacitinib in pH 7.4 from micelles that is prepared by dialysis method and probe

ultrasonication technique.

In this study, to evaluate the effects of pH on
drug release from polymeric micelles, in vitro
drug release was evaluated under physiological
(PBS pH 7.4) and acidic (PB, pH 5) conditions
at 37 °C. Figure 14 exhibits cumulative drug
release profiles from micelles at physiological
(Fig. 14A) and acidic (Fig. 14B) pH within
96 h at 37 °C. Profiles indicate that about 40%
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of Tofa was released from polymeric micelles
over 62 h in physiological pH, whereas in
acidic conditions, this value was significantly
reduced to just 2 h (P < 0.001). Results
suggested that Tofa release profiles are affected
by the pH of the media. Thus, the Tofa release
rate increased as the pH of the medium
decreased.
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Fig. 14. Cumulative release of tofacitinib in (A) pH 7.4 and (B) pH 5.

Table 3. Predicted and acquired results for the optimal formulation of Tofa/FA-PEG-CHS-Mal-DEX with DS of 20%,
D/P of 0.2, and DMSO as the solvent. Data are presented as mean + SD, n = 3.

Parameters PS (nm) ZP (mV) PDI EE (%) LE (%) Desirability
Predicted values 143.042 -17.52 0.301 74.345 11.795 0.965
Actual values 173.1+£2.85 -17.1£0.20 0.272 +0.08 72.76 +£2.01 1246 +0.6 -

Error (%) 20 2.3 9.63 2.13 5.63 -

Tofa, Tofacitinib; FA, folic acid; PEG, polyethylene glycol; CHS, chondroitin sulfate; Mal, maleic; DEX, dexamethasone; DS, degree of substitution;
D/P, drug/ polymer; ZP, zeta potential; PS, particle size; PDI, poly dispersity index; EE, entrapment efficiency; LE, loading efficiency.

Table 4. Physical properties of the optimized formula of CHS-Mal-DEX and FA-PEG-CHS-Mal-DEX with DS 20%
with or without Tofa. Data are presented as mean + SD, n = 3.

Formulation D/P (mg) PS (nm) PDI ZP (mV) EE (%)
FA-PEG-CHS-Mal-DEX - 138.7 + 8.00 0.577+0.138 -18.46 +1.76 -
Tofa/FA-PEG-CHS-Mal-DEX 2/10 173.1+2.85 0.272 +£0.08 -17.10£0.20 72.76 £2.01
CHS-Mal-DEX - 200.2 +3.00 0.489 + 0.045 -29.20 +£0.62 -
Tofa/CHS-Mal-DEX 2/10 188.0+10.9 0.615 +0.060 -20.13+1.42 50.96 +2.49

Tofa, Tofacitinib; FA, folic acid; PEG, polyethylene glycol; CHS, chondroitin sulfate; Mal, maleic; DEX, dexamethasone; DS, degree of substitution;
D/P, drug/ polymer; ZP, zeta potential; PS, particle size; PDI, poly dispersity index; EE, entrapment efficiency.

Optimization

Based on the smallest particle size and
maximum EE, the optimized formula with a
desirability factor of 0.965 with variable levels
at 20 for DS, 0.2 for D/P, and DMSO as a
solvent was selected. Table 3 illustrates the
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predicted and experimental values of dependent
variables as well as the percentage of
prediction error. The physical properties
of the optimized formula of FA-PEG-CHS-
Mal-DEX and CHS-Mal-DEX are exhibited in
Table 4.



Stability studies of the micelles

Adsorption of serum proteins  to
nanoparticles in an in vivo situation led to
reduced stability. For this purpose, stability
studies of micelles in the presence of serum
were investigated. As illustrated in Fig. 15, the
particle size of the Tofa-loaded FA-PEG-CHS-
Mal-DEX micelles did not change significantly
after 48 h of incubation in PBS containing 10%
FBS at pH 7.4. At the same time, in Tofa/CHS-
Mal-DEX, the ratio (ti/to) increased
clearly, indicating significant absorption
and aggregation of these micelles. According to
the results of Table 5, after 2 months of storage,
the particle size and PDI of lyophilized FA-
PEG-CHS-Mal-DEX and CHS-Mal-DEX
polymeric micelles slightly increased, which is
a sign of aggregation, but this result may also
be the consequence of residual water in the
formula. The zeta potential decreased somewhat,
indicating stability of micelles during storage. The
EE did not change after 2 months of storage.
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Viability of the cell culture

For investigation of the toxicity of micelles,
the cell \viabilities of blank micelles,
free Tofa, and Tofa-loaded folate-targeted
and non-folate-targeted micelles towards
the L1929 and RAW 264.7 cell lines
were examined by MTT assay. As shown
in Fig. 16, the cell viabilities were more than
80% when the cells were incubated with
free Tofa at the highest concentration of
10 pg/mL in L929 and 1 pg/mL for
RAW 264.7 cells, but blank micelles and
Tofa-loaded micelles had no significant
cytotoxicity up to 1 and 10 pg/mL of Tofa in
RAW 264.7 cells and 1929 cell lines,
respectively. By increasing the concentration
of Tofa in both groups of micelles,
the cell viability of L929 increased. This result
may be due to the antioxidant and anti-
inflammatory effect of CHS in the 1929
fibroblastic cell line separately and in
combination with Tofa (47).

0 10 2‘0 30 40 50
Time (h)
—8— Average of t1/10 of CHS-Mal-DEX
—g—Average of t1/t0 of FA-PEG-CHS-Mal-DEX

Fig. 15. Particle size change evaluation of Tofa-loaded micelles in PBS containing FBS (10% v/v) at 37 °C. to: the average
diameter of micelles in PBS before FBS treatment; t;: the average diameter of micelles in PBS after FBS treatment over
48h. PBS, Phosphate-buffered solution; FBS, fetal bovine serum; FA, folic acid; PEG, polyethylene glycol; CHS,
chondroitin sulfate; Mal, maleic; DEX, dexamethasone.

Table5. Physical properties of the lyophilized optimal formula of Tofa/CHS-Mal-DEX and Tofa/FA-PEG-CHS-Mal-
DEX after storage for 2 months at 4 °C. Data are presented as mean + SD, n = 3.

. PS (nm) PDI ZP (mV) EE (%)
Formulation
Day 0 Day60 DayO Day 60 Day 0 Day 60 Day 0 Day 60
Tofa/lFA-PEG-CHS- 173.+ 2315+ 0.27 + 039+ -17.10 = -22.16 + 7276 £ 70.53 +
Mal-DEX 2.85 12.70 0.089 0.14 0.20 0.96 2.01 1.83
188.0 271.33 0.61 £ 0.44 + -20.1+ =285+ 50.96 = 48.35 +
Tofl/CHSMal-DEX 109" 11407 0060 0026 142 L1l 2.49 1.22

Tofa, Tofacitinib; FA, folic acid; PEG, polyethylene glycol; CHS, chondroitin sulfate; Mal, maleic; DEX, dexamethasone; ZP, zeta potential; PS,
particle size; PDI, poly dispersity index; EE, entrapment efficiency.
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Cdllular uptake studies

Since the CD44 receptor and folate receptor
B are overexpressed on activated macrophages
in inflammatory tissue, we constructed an
inflammatory cell model by activating RAW
264.7 cells. To visualize the effect of each
receptor in cellular uptake of macrophage cells,
FA-PEG-CHS-Mal-DEX and CHS-Mal-DEX
nanoparticles were prepared to target folate
receptor f and CD44 receptors, respectively,
and CMN instead of Tofa was encapsulated in
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them. Fluorescent microscopy was used to
qualitatively investigate the cellular uptake of
free CMN and micelles containing CMN.
Figure 17 exhibits the fluorescent microscope
images of activated and non-activated RAW
264.7 cells incubated with free CMN and
CMN-loaded micelles within 4 and 6 h, two
common times for cellular uptake analysis
according to the numerous studies (15,16,36).
As seen in Fig. 17A, CMN-loaded micelles
showed strong fluorescence intensity at each



time point compared to free CMN in activated
RAW 264.7 cells. However, the CMN uptake
into RAW 264.7 cells without activation was
almost invisible (Fig. 17B). That might be due
to the non-opsonic phagocytosis  of
nanoparticles in non-activated macrophages.
For activated RAW 264.7 cells, the CMN
uptake of FA-PEG-CHS-Mal-DEX was more
than CHS-Mal-DEX (Fig. 17A). In addition,
the quantitative results of flow cytometer
analysis (Fig. 17C) demonstrated that the CMN
delivered by FA-PEG-CHS-Mal-DEX (86.4%)
was significantly greater than CHS-Mal-DEX
(69.3%) and free CMN (49.2%), respectively.
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In vitro anti-inflammatory assay in activated
macrophages RAW264.7

Free Tofa (0.8 pg/mL), FA-PEG-CHS-Mal-
DEX, and CHS-Mal-DEX micelles containing
Tofa (0.8 pg/mL) were assayed for their anti-
inflammatory responses. As illustrated in
Fig. 18A, all treatments could reduce the
production of IL-6, but Tofa-loaded micelles
significantly reduced IL-6 more than free Tofa.
FA-PEG-CHS-Mal-DEX and CHS-Mal-DEX
increased the anti-inflammatory efficacy of
Tofa because of CD44 and folate receptor
targeting. After 24 h, there is no significant
difference between Tofa-loaded micelles.
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Folate competitive inhibition assay

The result of the competition cell study
exhibited that the IL-6 of cells treated with
Tofa-loaded = FA-PEG-CHS-Mal-DEX in
culture media containing 40 pg/mL FA was
significantly higher than the cell supernatant
treated with Tofa /FA-PEG-CHS-Mal-DEX in
free FA culture media (Fig. 18B). This result
confirmed the effect of folate receptor in the

internalization of Tofa in  activated
macrophages.
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To investigate the cellular uptake of FA-
PEG-CHS-Mal-DEX micelles through the
folate receptors, a competitive inhibition test
was performed by adding 40 pg/mL free FA in
the culture medium to saturate folate receptors
on RAW 264.7 activated macrophages. Analysis of
fluorescence intensity data from Fig. 17C to Fig. 19
indicates that CMN-loaded FA-PEG-CHS-Mal-
DEX micelles exhibited a higher fluorescence
intensity  (86.1%) compared to the medium
containing 40 pg/mL folic acid (73.06%).
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Fig. 18. In vitro anti-inflammatory effect of different formulas (A) Tofa/CHS-Mal-DEX and Tofa/FA-PEG-CHS-Mal-DEX in
activated macrophages RAW264.7 in free folic acid media and (B) Tofa/FA-PEG-CHS-Mal-DEX in different media.
***P < (0.001 indicates significant differences between designated groups. FA, folic acid; PEG, polyethylene glycol; CHS,
chondroitin sulfate; Mal, maleic; DEX, dexamethasone; Tofa, tofacitinib.
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DISCUSSION

The successful synthesis of the CHS-Mal-
DEX and FA-PEG-CHS-Mal-DEX copolymers
was confirmed by FT-IR and 1H-NMR
spectroscopy.

The CMC values of the copolymers were
determined using pyrene as a probe. When the
DS of the hydrophobic domain was increased,
the CMC values decreased, which may be due
to the inner hydrophobic interactions amongst
DEX molecules being increased by greater DS.
This behavior is consistent with previous
studies, which have shown that increasing the
hydrophobic ~ domain  of  amphiphilic
copolymers enhances the stability of the
micelles and reduces their CMC (29-31).

FE-SEM and TEM analyses confirmed the
successful formation of spherical micelles with
sizes appropriate for prolonged circulation and

reduced immune clearance. While SEM
highlighted  surface  morphology, TEM
provided more accurate particle size

measurements, consistently showing smaller
sizes than DLS due to sample drying effects.
The higher resolution of TEM, which involves
solvent-suspended samples and minimal
agglomeration, offered a clearer view of the
internal structure. In contrast, SEM samples,
prepared as powders and gold-coated, were
more prone to aggregation, explaining the slight
size variations observed (48).

In this study, CHS and DEX were
conjugated via a single pH-sensitive Mal linker,
which forms ester bonds with both molecules.
This linker undergoes protonation and
hydrolysis under acidic pH conditions
(approximately 4.5 - 5.5) found in the
microenvironment of joint inflammation and
within endolysosomes (22-25). Exploring the
pH-sensitive nature of Mal and the acidic
conditions of inflamed joints  and
endolysosomes, amphiphilic copolymers, CHS-
Mal-DEX and FA-PEG-CHS-Mal-DEX, were
designed and synthesized as pH-responsive
nanocarriers for drug delivery in RA. These
systems aimed to promote targeted intracellular
drug release and minimize the systemic side
effects of Tofa. Among the physical properties
of nanoparticles, particle size has the main
effect on the time of blood circulation,
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therapeutic efficacy, and cellular uptake of
nanoparticles in the body. Different studies
have confirmed that nanoparticles with sizes
below 200 nm can circulate for a long time in
the body and escape from reticuloendothelial
system clearance (49). This study also
highlights the importance of optimizing the D/P
ratio and DS of DEX in micelle formation. The
physical properties of the micelles, such as their
size, charge, and EE, directly influenced the
drug loading and release behavior. Increasing
the DS of DEX led to a decrease in the particle
size because of introducing and enhancing more
hydrophobic segments and more hydrophobic
interactions in the inner side of the micelles,
which led to forming a more condensed core
(50,51). Decreasing the D/P ratio led to an
increase in particle size. This suggests that the
addition of hydrophobic Tofa might induce
more compaction of the micellar core (34).

The optimized micelles exhibited high EE
values,  demonstrating  effective  drug
encapsulation, particularly when the DS ratio
increased. This enhancement can be attributed
to the stronger hydrophobic interactions within
the micelle core, which better encapsulate the
hydrophobic Tofa molecule (52).

In terms of formulation methods, the dialysis
technique was found to be superior for
preparing micelles with higher EE, offering a
better balance between stability and drug
loading. The choice of solvent was also crucial;
micelles prepared in DMSO had significantly
higher EE compared to DMF, because of the
higher water miscibility of DMSO, leading to
rapid micelle formation and entrapping of a
greater amount of drug in the micelles (53).
These findings are consistent with previous
reports on the preparation of folate-targeted,
pH-responsive micelles for efficient drug
delivery (25).

The in vitro drug release experiments
highlighted that pH-responsive micelles exhibit
a rapid release of Tofa under acidic conditions,
mimicking the microenvironment of joint
inflammation and the pH of endolysosomes (pH
about 4.5 - 5.5) (22). The results suggested that
Tofa release profiles are affected by the pH of
the media. Thus, the Tofa release rate increased
as the pH of the medium decreased. This
indicates that the maleic bond is susceptible to
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hydrolysis and disassembles the micelles at pH
5. Accelerated drug release in acidic pH from
pH-responsive drug delivery systems has
previously been reported (54,55).

Compared to other types of stimuli-
responsive nanoparticles, such as hydrogen
peroxide (H,O,)-sensitive polymeric micelles
and liposomes (15,56), the pH-sensitive
polymeric nanoparticles synthesized in this
study demonstrate markedly enhanced
physicochemical stability. This improved
stability can be attributed to their well-defined
polymeric structure, which provides resistance
to degradation and environmental stress. For
example, after two months of storage in
lyophilized form at refrigerated conditions, no
significant alterations were observed in key
parameters such as particle size, PDI, or drug
EE. Moreover, due to the presence of PEG in
the structure of the FA-PEG-CHS-Mal-DEX
micelles, these nanoparticles are expected to
exhibit superior stability in physiological

conditions compared to other hydrogen
peroxide-sensitive nanoparticles that lack
PEG in  their structure. So, this

optimized formula, Tofa/FA-PEG-CHS-Mal-
DEX micelles, because of the inhibition effect
of PEG in the adsorption of proteins, has good
stability in serum and storage conditions
without aggregation.

The cell viability assays revealed that both
blank and Tofa-loaded micelles were non-toxic,
supporting their biocompatibility for future
therapeutic use. Consistent with findings from
the current study and others, CHS exhibited
anti-inflammatory and antioxidant effects on
L1929 cells, which represent healthy cells, but
not on macrophage cells (47). Notably,
increasing the concentration of the nano-
micelles enhanced the viability of 1.929 cells
(representing healthy cells) while reducing the
viability of macrophage cells. These findings
indicate that the synthesized nano-micelles are
not toxic to healthy cells but are also beneficial
and highly biocompatible with them. The
results from the cellular uptake study confirm
the pivotal role of the folate receptor and CD44
receptor in enhancing cellular uptake in
activated  macrophages.  The  stronger
fluorescence and higher uptake observed with
FA-PEG-CHS-Mal-DEX micelles suggest that
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the folate receptor plays a crucial role in
facilitating more efficient endocytosis in these
cells. Actually, after 6 h, the FA-PEG-CHS-
Mal-DEX micelle, because of the high affinity
between folic acid and folate receptor, rapid
endocytosis, and recycling back to the
macrophage surface (57,58), led to more
intracellular delivery of coumarin than the
CHS-Mal-DEX micelle. The CD44 receptor,
because of presenting endocytosis inhibitors
affecting the uptake of CHS nanoparticles, has
a slow endocytosis process (59,60). According
to previous studies, both CD44 and folate
receptors were overexpressed in inflammatory
conditions and have affinity for intracellular
delivery of coumarin in activated macrophages
(16,58,61).

Moreover, the anti-inflammatory results
emphasize that FA-PEG-CHS-Mal-DEX and
CHS-Mal-DEX micelles were more effective at
reducing IL-6 production compared to free
Tofa, underscoring the enhanced therapeutic
potential provided by the receptor-mediated
delivery. The comparative study between the
two micelle types (FA-PEG-CHS-Mal-DEX
and CHS-Mal-DEX) revealed no significant
difference  in  their  anti-inflammatory
effect after 24 h, because of the overexpression
of CD44 and folate receptors on the
surface of the macrophage cell line. During a
24-h incubation, all of the nanoparticles,
either folate-targeted or non-folate-targeted
micelles, entered the cells through CDA44
and folate receptors (59,60,62). Although
both kinds of micelles have similar anti-
inflammatory effects, CHS-Mal-DEX, because
of the absence of PEG on its surface, PBS
containing 10% FBS, had absorption and
aggregation because of the interaction with
serum protein. Thus, this micelle may not be
suitable for in vivo applications. So, the FA-
PEG-CHS-Mal-DEX micelle, because of the
inhibition effect of PEG in the adsorption of
serum proteins, has good stability and this
micelle is suitable for in vitro and in vivo
applications.

In the competitive inhibition assay, the
elevated IL-6 levels upon the addition of FA
further validate the contribution of folate
receptors in the cellular uptake of FA-PEG-
CHS-Mal-DEX micelles.



Overall, the micellar formulations developed
in this study exhibit promising characteristics
for the targeted delivery of Tofa, offering a
method for reducing side effects. These
findings  suggest that receptor-targeted
micelles, especially those incorporating PEG
for stability, offer significant advantages for
delivering therapeutic agents in inflammatory
conditions like RA. The combination of
efficient cellular uptake and enhanced anti-
inflammatory activity makes FA-PEG-CHS-
Mal-DEX micelles a promising candidate for
further development in targeted drug delivery
for inflammatory diseases.

CONCLUSION

Tofa-loaded multifunctional micelles were
successfully developed using a biocompatible
polymer via the  dialysis  method.
Comprehensive characterization through FE-
SEM, TEM, and DLS confirmed uniform
spherical particles with an average size below
200 nm and a stable zeta potential, supporting
their suitability for the EPR effect and
prolonged systemic circulation. Surface
functionalization with folate and CHS
significantly improved cellular uptake in
activated RAW 264.7 macrophages, leading to
a substantial reduction in IL-6 levels compared
to free Tofa, thereby demonstrating superior
anti-inflammatory activity. Cytotoxicity assays
using L929 fibroblasts confirmed excellent
biocompatibility of both blank and drug-loaded
micelles, with significantly lower toxicity than
the free drug. In conclusion, these pH-
responsive, folate-targeted micelles present a
promising nanoplatform for targeted delivery of
Tofa in RA therapy, with the potential to
enhance treatment efficacy and reduce systemic
side effects through improved targeting and
reduced dosing requirements.
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