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A chlorogenic acid-conjugated nanomicelle
attenuates disease severity in experimental
arthritis†
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Rheumatoid arthritis (RA) is a systemic immune disorder marked by synovitis, bone damage, and cartilage

erosion, leading to increased socio-economic burdens and reduced quality of life. Despite its unknown

cause, advancements in understanding its pathophysiology have facilitated novel therapeutic approaches.

Current treatments, including disease-modifying anti-rheumatic drugs (DMARDs) and biologics, often

result in low efficacy and unnecessary side effects. To address the limitations of these drugs, carrier-

based drug delivery systems, such as nanomicelles, have emerged as a promising solution. In this study,

nanomicelles were synthesised utilizing PLGA (poly(lactic-co-glycolic acid)) as a backbone; this backbone

is conjugated with chlorogenic acid (CGA), which is known for suppressing inflammation, and incorpor-

ates methotrexate (MTX), a model drug that is established for RA treatment. The nanomicelles were exten-

sively characterized in terms of size, charge, drug loading, and drug-release behaviour. The in vivo assess-

ment of MTX-PLGA-b-CGA nanomicelles in a collagen-induced arthritis model demonstrated a remark-

able reduction in joint swelling, cartilage erosion, and disease severity. Furthermore, histological findings

confirmed cartilage integrity and reduced expression of key pro-inflammatory markers, including receptor

activator of nuclear factor kappa beta ligand (RANKL) and tumor necrosis factor (TNF-α). The approach

based on the MTX-PLGA-b-CGA nanomicelles presents a biocompatible and potentially effective thera-

peutic strategy for management of the severity and progression of RA, providing a hopeful alternative for

RA treatment.

Introduction

Rheumatoid arthritis (RA) is a systemic immune disorder
characterized by synovitis, bone damage and cartilage
erosion.1,2 It is estimated that RA affects 0.5–1% of the popu-
lation globally. The disease complexation is associated with
socioeconomic cost, immobility, disability and early death.
The etiological factors responsible for the RA disease develop-
ment are still ambiguous.3,4 Furthermore, progress in under-

standing its pathophysiology has fostered new strategies to
mitigate the disease severity.

The exact origin of RA is still unknown, although there are
a number of likely explanations for how it develops, including
genetic abnormalities, hormonal changes, microbial infec-
tions, exposure to metals, and aberrant immunological
responses.5,6 The current focus of clinical procedures for
managing RA is on symptomatic therapies, bone and joint
damage minimization, and pain relief.7 Numerous pro-inflam-
matory cytokines, including interleukins, tumour necrosis
factor-alpha (TNF-α), and regulators for receptor activator
nuclear factor-κB ligand (RANKL), are important mediators in
the pathophysiology of RA.8,9 Additional inflammatory cells
are further mobilized and activated by these cytokines, which
cause them to infiltrate and generate enzymes that break down
bone and cartilage.10 The current standard of care for RA is
the use of disease-modifying antirheumatic drugs (DMARDs),
nonsteroidal anti-inflammatory medications (NSAIDs), and
corticosteroids, but these medications come with many draw-
backs and side effects, such as low bioavailability and the need
to enhance drug efficacy while minimizing systemic side
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effects.11–13 Furthermore, conventional therapies are not able
to provide a perfect cure.14,15 These constraints hinder thera-
peutic outcomes and need to be addressed through the design-
ing of a nanocarrier-based drug delivery system. Nanomicelle
drug delivery systems have emerged as promising drug delivery
systems for the delivery of hydrophobic or potent drugs to site
of inflammation.16,17 Based on the O2-economized dual
energy inhibition technique, the smart nanoplatform
(V-HAGC) and H2O2/NIR have been used to accomplish
increased CDT (chemodynamic treatment), PTT (photothermal
therapy), and photodynamic therapy of RA.18–20

In this work, we created a nanomicelle made of biocompati-
ble poly(lactic-co-glycolic acid)(PLGA) coupled to active natural
compound chlorogenic acid (CGA), which inhibits inflam-
mation and inflammation-related mediators, including TNF-α,
IL-1β, and NF-κB.21,22 Additionally, we included the promising
medication methotrexate (MTX), which is commonly pre-
scribed to treat RA. By inhibiting the production of osteoclast
precursors (OCPs), which release pro-inflammatory cytokines,
MTX reduces joint inflammation by blocking the receptor acti-
vator nuclear factor-κB ligand (RANKL).23 We proposed that
MTX-loaded PLGA-b-CGA, (MTX-PLGA-b-CGA) nanomicelles
show esterase-responsiveness and thus CGA will be released
upon breakage of ester bonds, thus both MTX and CGA will
act as a therapeutic drug, leading to additive suppression of
the pro-inflammatory markers, which contributes to preven-
tion and inhibition of disease progression.

We investigated the therapeutic efficacy of MTX-PLGA-b-
CGA in collagen-induced arthritis (CIA) in Wistar rats. Our
findings demonstrate a significant reduction in joint swelling,
cartilage erosion, and disease severity following treatment, as
evidenced by physiological, X-ray, and histological assess-
ments. Immunohistochemical analysis revealed downregula-
tion of the pro-inflammatory markers RANKL and TNF-α after
MTX-PLGA-b-CGA treatment, suggesting its potential in miti-
gating joint inflammation. Additionally, the biocompatibility
of the MTX-PLGA-b-CGA nanomicelles underscores their
promise as an alternative therapeutic approach for managing
rheumatoid arthritis.

Results
Synthesis and characterization of PLGA-b-CGA nanomicelles

We synthesized chlorogenic acid-conjugated PLGA (PLGA-b-
CGA) nanomicelles through esterification in the presence of
DCC and 4-DMAP (4-dimethylaminopyridine) (Fig. 1B)
following a protocol modified from ref. 24. The self-assembly
of the MTX-loaded nanomicelle is depicted in Fig. 1A.
The reaction was optimized and characterized using first
1H-NMR and later IR spectroscopy. The following characteristic
protons of PLGA were observed: –CH3 at δ = 1.47 ppm, –CH–

at δ = 5.09 ppm, OvCHO at δ = 4.86–4.91 ppm. The
observed protons of PLGA were as follows: aromatic –CH2 at δ
= 1.95 ppm, aromatic –CH– at δ = 3.53–3.55 ppm, aromatic
–CH– δ = 3.91 ppm, aromatic –OH δ = 4.06 ppm, aromatic

–CH2− at δ = 2.26 ppm, vCH– at δ = 6.15–6.19 ppm, vCH– at
δ = 7.40–7.44 ppm, aromatic vCHv at δ = 6.98–7.01 ppm, aro-
matic –OH– at δ = 8.14 ppm, aromatic vCHv at δ =
6.76–6.78 ppm, aromatic δ = 6.71 ppm, as depicted in Fig. 1G.
Further, we compared the IR spectra of each compound with
those of its conjugated and drug-loaded forms. Briefly, we
observed a characteristic peak of PLGA, specifically, the –CvO
stretch, at 1750 cm−1; similarly, chlorogenic acid showed a
–CvO stretch at 1691 cm−1. The conjugated form of PLGA-b-
CGA showed a characteristic ester stretch at 1750 cm−1 and
–COOH stretch at 3350 cm−1 and –CH stretch at
2929–2856 cm−1. Methotrexate (MTX) showed characteristic
bands related to the amine group at 1536 cm−1 and aromatic
–CvCv vibrations at 1400 cm−1. Furthermore, characteristic
spectra for MTX-loaded PLGA-b-CGA showed all the character-
istic peaks of conjugated and drug-loaded forms, and all the
characteristic peaks have been matched and labelled in
Fig. 1C. Further, we assessed PLGA-b-CGA self-assembly and
the formation of the nanomicelles. First, we characterized
their hydrodynamic diameter using dynamic light scattering
(DLS), and found it to be around 80–95 nm for PLGA-b-CGA,
whereas after the incorporation of MTX, the hydrodynamic
diameter increased to around 110–125 nm (Fig. 1D). The nano-
micelles are in the nanometer range, which is optimum for
uptake into synoviocytes or synovial cells present in the
inflamed synovium. The maximum threshold uptake depends
upon the size of the nanoparticle, which should be less than
400 nm. We then measured the zeta potential of PLGA-b-CGA
and MTX-loaded PLGA-b-CGA to analyze their surface charges,
which were observed around −5 mV and −9 mV, respectively
(Fig. 1E). The negative charge is due to the presence of acidic
acetate groups, which are negatively charged. Furthermore, the
PLGA-b-CGA and MTX-loaded PLGA-b-CGA nanomicelles were
visualized using transmission electron microscopy (TEM) to
determine their shape, morphology and size. We observed the
MTX-loaded PLGA-b-CGA nanomicelles to be ball-shaped with
a size of around 100–125 nm from the TEM micrograph
(Fig. 1F). The ball-shaped nanomicelles have several advan-
tages, such as making internalization, endocytosis and blood
circulation faster.25,26

We further assessed the release of MTX from the PLGA-b-
CGA nanomicelles. The drug release study was performed to
qualitatively and quantitatively assess the potential of the
nanomicelle to release the drug under different pH and enzy-
matic conditions. The retention time and release pattern were
also assessed in the in vitro drug release study. This gave us an
idea of how the nano-formulation would behave with respect
to joint retention time when administered in disease con-
ditions. We initially calculated the drug loading and encapsu-
lation efficiency of MTX, which were observed to be 28.23%
and 85%, respectively. We performed the in vitro drug release
study using the conventional dialysis bag method.22,23 A
known amount of MTX-PLGA-b-CGA was immersed in 2 ml of
PBS (pH 7.4) and dispersed in a dialysis bag with a molecular
weight cut-off of 12 kDa. The dialysis bag was clipped at both
ends and stirred in 250 mL of PBS (pH 7.4) for particular time.
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We collected a 1 mL sample at intervals of 0 min, 30 min, 1 h,
2 h, 4 h, 8 h, 16 h, 24 h, 36 h, and 48 h. The sink condition
was maintained by adding back 1 mL of PBS. We then scanned
the sample using UV-Vis spectrometry to measure the

maximum absorbance at a λmax of ∼303 nm for MTX. The con-
centration of MTX released at a particular time was calculated
by interpolation with a calibration curve of MTX. We initially
observed slow release at times of up to 4 h; increased release

Fig. 1 Representative images and graphs for the synthesis and characterization of the nanomicelle. (A) Representation of the self-assembly of the
MTX-loaded nanomicelles in water. (B) Synthetic scheme for the conjugation of the PLGA-b-CGA nanomicelles. (C) FTIR spectrum analysis of conju-
gated and MTX-loaded PLGA-b-CGA. (D) Hydrodynamic diameter of blank PLGA-b-CGA as well as MTX-PLGA-b-CGA. (D and E) Surface zeta poten-
tial of PLGA-b-CGA and MTX-PLGA-b-CGA. (F) TEM imaging of MTX-PLGA-b-CGA. (F and G) TEM imaging of PLGA-b-CGA and MTX-PLGA-b-CGA.
(H) 1H-NMR spectra of synthesized PLGA-b-CGA conjugate. Values are given as mean ± s.d. n = 3.
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was observed at 8 h, at which 40% of the MTX had been
released, and then, MTX was released in a sustained manner
up to 48 h, at which time 65% of the MTX had been released
(Fig. 2A). We further assessed the MTX release in presence of
inflammatory conditions (pH 5.8 + esterase). We observed that
the inflammatory pH and presence of esterase triggered the
release of MTX, as esterase is abundant in inflammatory con-
ditions and further disassembled the nanomicelles to trigger
the drug release. At 8 h, we observed that 60% of the MTX had
been released, and the MTX release was sustained to reach
82% at 48 h. The triggered release was observed due to the
esterase-cleavable structure. Furthermore, the study involved
the assessment of the release of CGA from the nanomicelle
assembly. We performed the release in PBS (pH 7.4) and at the
inflammatory pH of 5.8 in the presence of the enzyme esterase.
We observed that the release of CGA was lower or negligible in
the case of PBS (pH 7.4), whereas the release was significantly

higher or triggered in the pH 5.8 and esterase conditions. The
reason for the triggered release was that the esterase present
cleaved the ester bond assembly between the PLGA and CGA;
hence, this process occurs simultaneously with MTX release
(Fig. 2A).

We further assessed the cytocompatibility or biocompatibil-
ity through in vitro assessment on healthy human hTERT-BJ
cells.27,28 We used XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophe-
nyl)-2H-tetrazolium-5-carboxanilide) assay for the evaluation of
cytocompatibility in healthy cells. Various concentrations
ranging from 1.95 µg mL−1 to 500 µg mL−1 of MTX-PLGA-b-
CGA were incubated on 1 × 104 cells per well. The cell viability
was measured by comparing the intensity of each observation
with the control group. We observed that formulated
MTX-PLGA-b-CGA concentrations were highly cytocompatible
and showed no cytotoxicity at concentrations of up to 250 µg
mL−1. We also noted a non-significant change in cell viability

Fig. 2 Representative graphs of drug release and cytocompatibility assessment. (A) Methotrexate release from the PLGA-b-CGA nanomicelles. (B)
Percent cell viability assessment of normal healthy human fibroblast cells hTERT BJ versus MTX-PLGA-b-CGA concentration. (C) and (D) Anti-
oxidant parameters: H2O2 and peroxidase activity in the RAW264.7 cell line.
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at 500 µg mL−1 (Fig. 2B). The antioxidant potential of MTX-
loaded PLGA-b-CGA was also assessed against the RAW264.7
cell line (Fig. 2C and D).

Therapeutic assessment of MTX-PLGA-b-CGA in collagen-
induced arthritis model

The anti-arthritic or anti-inflammatory effects of the
MTX-PLGA-b-CGA nanomicelles were evaluated in collagen-
induced arthritis in a Wistar rat model, as presented schemati-
cally in Fig. 3.28,29 First, we induced arthritis in Wistar rats by
immunisation with an emulsion containing collagen type II
and complete Freund’s adjuvant (CFA). After 14 days, full-
blown arthritis symptoms were observed, and we started the
treatment with the MTX-PLGA-b-CGA nanomicelles via intra-
articular administration. The treatment was continued for 21
days. We evaluated the potential of the MTX-PLGA-b-CGA
nanomicelles based on various parameters. We monitored the
animals for body weight changes and compared the body
weight changes among the different animal groups. We
observed significant changes in body weight in the CIA group
as the disease progressed. The inflammatory changes and pain
in joints were responsible for reduced food intake as time pro-
ceeded, which resulted in the decreased body weight. While
the CIA + MTX-PLGA-b-CGA group showed decreased in body
weight during the disease induction and progression periods,

after treatment with MTX-PLGA-b-CGA the body weight was
observed to recover as the treatment proceeded, and at 21
days, the body weight was significantly changed or restored as
compared to the CIA group and comparable with the control
group. We also compared the changes in body weight in the
blank PLGA-b-CGA and CIA + MTX groups; we observed that
the changes were significant as compared to the CIA group
(Fig. 4A). We assessed disease severity via paw diameter
changes measured using Vernier calipers. We observed
changes in the paw diameter in the case of the CIA group,
which showed increased paw diameter due to erythema and
edema in the paw. Full-blown symptoms and paw swelling
were observed on day 14 and continued through day 21.
Swelling and increased paw diameter were observed in the CIA
+ MTX-PLGA-b-CGA group until day 14, whereas after treat-
ment started on day 14, the symptoms began to subside, and
at day 21, the paw diameter was comparable with that of
control group, which was significantly reduced compared to
that of CIA group. We also compared the changes in severity
with CIA vs. CIA + PLGA-b-CGA and MTX-PLGA-b-CGA. We
observed that both the groups showed reduced arthritis sever-
ity in terms of reduced paw diameter (Fig. 4B).

We further visualized paw swelling, edema and joint
damage via physiological visualization and X-ray assessment.
We visualized the joints from different groups by positioning

Fig. 3 Schematic illustration of the administration and therapeutic action of the MTX-PLGA-b-CGA nanomicelles against the collagen-induced
arthritis model.
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the joint part with a mobile camera; rat joints were clicked on
the last day of the study. We observed that the CIA group
showed joint swelling as well as paw edema, visualized by
redness on the hind paw (Fig. 5B). We compared the joints of
the CIA + MTX-PLGA-b-CGA group with those of the CIA group,
which showed a reduction in joint swelling as well as paw
edema and redness (Fig. 5A). We also compared the swelling
of the CIA + MTX and CIA + PLGA-b-CGA groups with that of
the CIA group and observed that the joints showed relatively
less swelling, redness and edema (Fig. 5D and E). We further
performed X-ray analysis and observed that the CIA group
animal joints showed joint stiffness and reduced articular car-
tilage; the joint swelling was also observed from the shadow of
the swollen joint on the X-ray film (Fig. 5B). The X-ray results

for the CIA + MTX-PLGA-b-CGA treated group showed a
reduction in joint stiffness, swelling and cartilage erosion
(Fig. 5C). The swelling was also found to be reduced as com-
pared to the CIA group. We also found that CIA + PLGA-b-CGA
and CIA + MTX showed relatively less joint stiffness, cartilage
erosion, and paw erythema as compared to the CIA group
(Fig. 5D and E).

Histological findings

Hematoxylin and eosin (H&E) staining was also carried out to
better comprehend histological alterations. The CIA group
demonstrated significantly less articular cartilage damage,
more articular cartilage degradation, and less synovial gap in
the joint (Fig. 6B). In contrast, following treatment with

Fig. 4 Graphical representation of (A) Body weight and (B) Mean change in the paw diameter. Values are represented as mean ± SD, N = 3, ***/###
p < 0.001, ** p < 0.01, * p < 0.05.

Fig. 5 Illustrative images of the joints captured on the last day of the study. Upper panels present physiological visualization of the rat joints. Lower
panels present the X-ray images of rat hind paw joints. (A) – Control, (B) – CIA, (C) – CIA + MTX-PLGA-b-CGA, (D) – CIA + M, (E) – CIA + PLGA-b-
CGA, (F) – Control + PLGA-b-CGA. N = 3 animals for each representative image.
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M-PLGA-b-CGA, the articular cartilage thickness appeared to
be restored, and the breakdown of cartilage was observed to be
reduced (Fig. 6C). Similar observations were found in the CIA
+ M and CIA + PLGA-b-CGA groups, including minor articular
cartilage restoration, less degradation of cartilage, and the
development of trabeculae (Fig. 6D and E). Proteoglycan is
abundantly present in the matrix of healthy cartilage, but it
deteriorates under arthritis conditions. We used safranin-O
staining to visualize proteoglycan on histological sections. The
control group showed strong staining (red), which shows that
the cartilage is healthy and undamaged (Fig. 6A). The CIA
group showed a noticeable decrease in the red colour of safra-
nin-O, which indicates decreased cartilage proteoglycan due to
the onset of arthritis (Fig. 6B).28,30–32 Because of articular carti-
lage erosion, it was found that the cartilage thickness had
decreased. There was obvious indication that M-PLGA-b-CGA
restored the diminished proteoglycan level of the cartilage
lining (Fig. 6C) (red staining). In terms of histopathological
alterations, the CIA + M and CIA + PLGA-b-CGA (Fig. 6D and E)
groups also displayed minor restoration of proteoglycan levels.
We also demonstrated the proteoglycan content using tolui-
dine blue staining. The staining findings were found to be
equivalent to those in safranin-O staining. Comparing the CIA
group to the M-PLGA-b-CGA group, which displayed a
decreased proteoglycan level and staining in articular cartilage,
we observed that the M-PLGA-b-CGA group had a considerable
increase in the proteoglycan level (Fig. 6C).

Expression studies

In earlier performed research findings, chlorogenic acid (CGA)
and methotrexate (MTX) were reported to act via the inhibition
of TNF-α and RANKL.14,33,34 We performed immunohisto-
chemistry analysis to demonstrate the mechanism of the sup-

pression of the inflammation. We found that the TNF-α and
RANKL activity was normal in the control and control + PLGA-
b-CGA groups (Fig. 7A and F). In contrast, in the CIA group,
the level of expression was elevated, along with increased
number of TNF-α and RANKL-positive cells (Fig. 7B). We
further observed that the administration of M-PLGA-b-CGA led
to a significantly reduced number of TNF-α and RANKL
immunopositive cells (Fig. 7C). The simultaneous effects of
the CGA and M treatments in the CIA + M-PLGA-b-CGA group
significantly suppressed the TNF-α and RANKL expression.
Compared to those of the CIA group, the levels of expression
of TNF-α and RANKL were observed to be lowered in the CIA +
PLGA-b-CGA group as well as in the CIA + M group (Fig. 7D
and E). In accordance with several investigations, inflam-
mation and deterioration of articular cartilage are associated
with one another.35 We infer that the MTX-encapsulated
PLGA-b-CGA nanomicelles suppressed the expression of TNF-α
and RANKL after analysing IHC results for many specific
markers (Fig. 7). It reduced the inflammation and ultimately
protected the articular cartilage from deterioration.

Inflammatory circumstances were majorly regulated by the
mast cell proliferation or infiltration in tissue regions, which
are involved in triggering the inflammatory response process
via the degranulation of cells by releasing various inflamma-
tory mediators such as histamine and other cytokines.30,31 To
determine whether mast cells were involved in inflammatory
arthritis, we also carried out staining using toluidine blue to
visualize the mast cells for the different groups. We observed
that the CIA group had more mast cells infiltrating arthritic
joints, which were visible as a dark purplish blue colour
(Fig. S2B†), while the CIA + M-PLGA-b-CGA group showed
hardly any mast cells. In comparison to the CIA group, the CIA
+ M and CIA + PLGA-b-CGA groups similarly exhibited a

Fig. 6 Illustrative images of histological staining of rat paw joints. Upper panels present the hematoxylin and eosin staining of the histological sec-
tions from the different treatment groups. Middle panels present the safranin-o staining in the different joint histological sections. Lower panels
present the toluidine blue staining for the rat joint histological sections. (A) – Control, (B) – CIA, (C) – CIA + MTX-PLGA-b-CGA, (D) – CIA + M,
(E) – CIA + PLGA-b-CGA, (F) – Control + PLGA-b-CGA. N = 3 number of sections and N = 5 animals per group.
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reduced number of the mast cells. This demonstrates that the
M-PLGA-b-CGA group significantly decreased inflammation
and the number of the mast cells (Fig. S1†).

Safety assessment

We carried out H&E staining of the key organs of the control,
control + PLGA-b-CGA, and CIA + M-PLGA-b-CGA groups to
examine the safety of blank nanomicelles and NMs loaded

with methotrexate. We collected, among other important
organs, the heart, lungs, kidney, spleen, and liver. In compari-
son to the healthy control group, we noted that neither the
control + PLGA-b-CGA nor CIA + M-PLGA-b-CGA groups had
any histoarchitectural changes in any of the major organs. We
observed that the blank nanomicelles we used were biocompa-
tible and reliable for administration in experimental arthritis
model rats (Fig. 8).

Fig. 7 Immunohistochemistry staining of the histological sections of the rat paw joints for expression analysis of TNF-α and RANKL. Lower panels
express the quantification of TNF-α and RANKL positive cells in articular cartilage lining. (A) – Control, (B) – CIA, (C) – CIA + MTX-PLGA-b-CGA,
(D) – CIA + M, (E) – CIA + PLGA-b-CGA, (F) – Control + PLGA-b-CGA. n = 3 number of sections and N = 5 animals per group.

Fig. 8 Histological sections of vital organs (heart, lungs, kidneys, spleen, and liver) after treatment with M-PLGA-b-CGA and PLGA-b-CGA. n =
number of sections, N = 5 animals per group.
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Conclusion

Developing a drug delivery system with therapeutic advantages
and drug release in a controlled manner to exert an anti-
inflammatory effect is a major challenge. Herein, we developed
nanomicelles conjugated with an active moiety and incorporat-
ing methotrexate (MTX) as a potent drug to provide an
enhanced therapeutic effect against an experimental arthritis
model. We synthesized chlorogenic acid (CGA)-conjugated
PLGA nanomicelles with sizes ranging from 90–110 nm. We
evaluated the therapeutic potential of the nanomicelles in a
collagen-induced arthritis preclinical model and observed that
the combined potential of MTX and CGA provided an
enhanced therapeutic outcome by suppressing joint damage,
synovial hyperplasia, cartilage erosion and joint inflammation.
We elucidated potential markers and observed the simul-
taneous inhibition of the pro-inflammatory markers RANKL
and TNF-α.
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