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Abstract: Rheumatoid arthritis (RA) is a persistent inflam-
matory illness that causes joint destruction and dysfunction
due to the activation of macrophages and the generation of
reactive oxygen species. Current therapy choices frequently
limit the effectiveness of targeting the inflammatory areas.
To reduce inflammation and oxidative stress in RA, this
research will create and assess multifunctional nanoparticles
that selectively target inflammatory cells and deliver thera-
peutic medicines. Tannic acid, ferric chloride hexahydrate,
methotrexate (MTX), and bovine serum albumin were con-
jugated using sonication and centrifugation to create the
nanoparticles. Folic acid was added to improve the ability
to target. Transmission electron microscopy, dynamic light
scattering (DLS), UV-vis spectroscopy, and in vitro release
experiments were used to characterize the nanoparticles.
RAW 264.7 macrophage cells were used to test the cellular
uptake of the nanoparticles using confocal microscopy and
fluorescence-activated cell sorting (FACS). TFMBP-FA achieved
65.56%, and TFMBP reached 68.96%, indicating a high drug
delivery rate for the synthesized nanoparticles. Confocal
microscopy showed that the TFMBP-FA group had a greater
density of fluorescent markers, indicating that the cells effec-
tively targeted and absorbed the inflammatory environment.
These results imply that the created nanoparticles may
improve how medications are delivered during RA therapy.

Keywords: rheumatoid arthritis, tannic acid-iron based nano-
particle, active targeted therapy, inflammation, ROS scavenging

Abbreviations and expansions

RA Rheumatoid arthritis

MTX Methotrexate
DLS dynamic light scattering
TEM transmission electron microscopy
FACS fluorescence-activated cell sorting
RAW RAW 264.7 – A macrophage cell line used

in the experiment
TFMBP-FA TA-Fe3+-MTX@BSA-PEG-FA – Tannic

Acid-Ferric Chloride-
Methotrexate@Bovine Serum Albumin-
Polyethylene Glycol-Folic Acid

DMARD disease-modifying antirheumatic drugs
NSAID non-steroidal anti-inflammatory drugs
GC glucocorticoids
RONS reactive nitrogen and oxygen species
ELVIS extravasation through leaky vasculature

and subsequent inflammatory cell-
mediated sequestration

FA folic acid
TA tannin acid
MOF meta-organic framework
BSA bovine serum albumin
ROS reactive oxygen species
EDC ethylcarbodiimide hydrochloride
DMEM Dulbecco’s modified eagle medium
PBS phosphate-buffered saline
NHS N-Hydroxysuccinimide
NaHCO3 sodium bicarbonate
CCK-8 cell counting kit-8
HUVEC human umbilical vein endothelial cells
FBS fetal bovine serum
mPEG methoxy polyethylene glycol
PDI polydispersity index
FT-IR Fourier transform infrared
UV-Vis Ultraviolet-Visible spectroscopy
IVRT in vitro release test
VICTOR TM X4 a multilabel plate reader purchased

from Perkin Elmer Inc
LPS lipopolysaccharides
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DCFH-DA dichlorofluorescein diacetate – a fluor-
escent probe used for detecting reactive
oxygen species

ELISA enzyme-linked immunosorbent assay
FACS fluorescence-activated cell sorting
qPCR quantitative PCR
SD standard deviation

1 Introduction

Rheumatoid arthritis (RA) is an autoimmune disease that
can lead to dysfunction and deformity in a patient’s joints.
RA spreads worldwide, affecting approximately 0.5–1% of
people in the United States and Europe [1]. RA is a long-
term autoimmune condition that destroys, swells, and
inflames joints. Immune cells and pro-inflammatory cyto-
kines are essential players in the inflammatory response
directed toward the synovium. Therapeutic approaches to
address chronic inflammation and joint deformities include
immune cell modification, cytokine suppression, and anti-
oxidants. DMARDs, including biologics, corticosteroids, and
NSAIDs, are the current therapy for RA. Although DMARDs
delay the course of the disease but can have serious adverse
effects, NSAIDs relieve symptoms. Biologic DMARDs are
costly and need parenteral administration, which limits
accessibility and adherence. However, they target specific
immunological pathways. Around 1.3 million adults in the
United States suffer from RA, and it has become one of the
most common diseases that cause disability. RA is more
prevalent in females, and the majority of patients diagnosed
with RA are between the ages of 30 and 50 [2]. Its patholo-
gical features include synovial hyperplasia, angiogenesis,
and bone and cartilage destruction, and it often occurs
with symptoms including fever, fatigue, stiffness, deforma-
tion, and pain in one or more joints. RA is an incurable
disease, and in later stages, patients experience constant
pain and face heavy economic burdens. Patients’ living con-
ditions are greatly affected by the disease. Therefore, finding
a treatment that can restrict the progression of RA in its
early stages is essential to its treatment [3,4]. With their
effective and targeted delivery mechanism, the suggested
nanoparticles seek to enhance the available RA thera-
pies. Encapsulating DMARDs such as methotrexate can
be released selectively at inflamed joints while pre-
venting degradation.

Nowadays, the treatment of RAmainly focuses onmed-
icines, physical therapies, and surgeries, which can only
relieve the pain temporarily. Medicines like nonsteroidal
antiinflammatory drugs (NSAIDs) and disease-modifying

antirheumatic drugs (DMARDs), glucocorticoids (GCs), and
biological agents are widely used [5]. Because they block
COX enzymes, NSAIDs can treat pain and inflammation in
RA patients. However, prolonged use of NSAIDs can lead to
kidney damage, gastrointestinal ulcers, and cardiovascular
problems. The medicine Disease modifying anti-rheumatic
drugs (DMARDs), such as methotrexate, target specific
immunological pathways; nonetheless, they might have
adverse consequences, such as organ damage and immu-
nosuppression, which call for ongoing monitoring. Even
though the medicines do have effects on RA, they cannot
eliminate inflammation and often come with side effects.
Some side effects include diseases affecting the lungs, heart,
digestive system, liver, pancreas, and nerve system, which
can be potentially fatal [6]. Indirect delivery to the inflamed
joints triggers severe side effects, and the tissues get injured
when the medicine is delivered to noninflammatory organs.

The past research shows that inflammation plays a
vital role in the initiation of RA, and immune cells, inflam-
matory factors, and reactive nitrogen and oxygen species
(RONS) are strongly related to each other in the develop-
ment of RA [7]. Immune cells detect the healthy tissues as a
negative stimulation and start inflammation. Immune cells
like macrophages change to M1 polarized phenotype due to
the acidic environment in the inflamed joint. M1-type
macrophages release abundant inflammatory factors (TNF-
α and IL-1β), which are small proteins that can activate the
signaling pathway of RONS [8]. Excess RONS increases the
immune cells, further enhancing the vicious cycle of RA.
RONS can also deteriorate the symptoms. It can stimulate
osteoclasts, synovial fibroblasts, and epithelial cells, which
are the cells that cause bone erosions, synovitis, and angio-
genesis [9]. Therefore, RONS and inflammatory factors are
essential targets in the treatment, and conversion of M1-type
macrophage is also a strategy in the therapy.

Nanotechnology has been widely used in every aspect
of life, and nanoparticles have also been proven to treat
various diseases effectively. Due to their small size and
specific properties, nanoparticles have been considered a
promising strategy for RA therapy. An autoimmune reaction
that results in persistent inflammation and joint damage is
called RA. By delivering anti-inflammatory medications to
inflammatory joints, blocking immune cell activation, and
altering the cytokine milieu, nanoparticles can target these
pathways and lessen inflammation and joint degradation.
For RA therapies, multifunctional nanoparticles provide tar-
geted distribution, regulated release, multifunctionality, and
fewer dosing cycles. They can be designed to improve
patient compliance, keep therapeutic doses at optimal levels,
and incorporate imaging agents for effectiveness moni-
toring. Nanoparticles can be either passively or positively
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accumulated in the inflamed joint. Extravasation through
leaky vasculature and subsequent inflammatory cell-
mediated sequestration (ELVIS) affects the accumulation of
small-size nanoparticles in the joint. Also, M1-type macro-
phages have overexpressed receptors on the cell membrane.
For example, the folate receptor in the membrane is over-
expressed, so the nanoparticles decorated with folic acid
(FA) would actively accumulate in a place with many M1
macrophages. Active and passive targeting help nanoparticles
directly deliver to the inflamed joint, leading to a high thera-
peutic effect and a low risk of getting side effects. Integrating
medicinal, diagnostic, and targeted functions into a single nanos-
cale entity is known as multifunctional nanoparticles, an emer-
ging area of nanotechnology. They reduce adverse effects,
increase specificity, and improve therapy effectiveness. The
synthesis process includes conjugation or encapsulation of the
medicinal substance, surface changes, and core components.

Tannin acid (TA) is a type of polyphenol and is an FDA-
approved medicine today. Tannin acid has an abundant
trihydroxybenzene group, which enables TA to develop
versatile functions [10–12]. TA can attenuate oxidative
stress and eliminate RONS due to its effect on antioxidative
activity. Metal-organic frameworks (MOFs) consist of metal
clusters and organic ligands to form one-, two-, or three-
dimensional structures [13]. TA and iron(III) chloride MOFs
can build the structure of the experimental nanoparticle
from the bottom up. Bovine serum albumin (BSA) is the
globulin from bovine serum coated around the nanoparti-
cles, and it can increase the solubility and stability of nano-
particles [14,15]. Inside the tannin nanoparticles, a type of
DMARDS medicine, methotrexate (MTX), will be loaded.

MTX would be released after the nanoparticles are
either passive or actively accumulated in the inflamed
joint. Direct delivery of MTX can reduce inflammation by
getting rid of reactive oxygen species (ROS) and RNS and
can reduce the risk of side effects [16]. The nanoparticles
can reduce the RONS and inflammatory factors in the joint,
decreasing the amount of M1-type macrophage and relieving
inflammation [17–19]. Therefore, the nanoparticles demon-
strate an effective treatment for RA therapy. RA is exacer-
bated by reactive oxygen and nitrogen species (RONS), which
lead to tissue damage, persistent inflammation, and inflam-
mation. Antioxidants, anti-inflammatory medications, and
nanoparticles are therapeutic approaches that lower inflam-
mation and oxidative stress. Effective treatment plans for RA
have been made possible by our growing understanding of
the disease’s pathophysiology; nonetheless, issues with systemic
toxicity, bioavailability, and insufficient response still exist.
Nanomedicines have been created to overcome these draw-
backs with their controlled characteristics, customized drug
release patterns, and active targeting. Recent developments in

antigen-specific tolerance, pro-resolving therapy, and immuno-
metabolismmodulation in nanomedicines for RA treatment are
covered in this review [20]. Two chronic inflammatory joint
illnesses are osteoarthritis and RA. Pain relief and cartilage
repair are achieved using conventional medications.

However, conventional medications have drawbacks,
including the cartilage barrier and quick drug elimination.
Controlled drug release, extended retention times, and
improved penetration into joint tissue are some ways that
nanoparticles might increase the effectiveness of intra-
articular injections. With an emphasis on tissue/cell tar-
geting and controlled drug release, this review examines
nanoparticle-based therapeutics for managing OA and RA
[21]. This study investigates the viability of predicting cardi-
ovascular risk in people with RA using long-term blood
samples. Assessing biomarker stability and lipid profiles
integrates conventional risk factors with markers unique
to RA. Disease activity indexes and cardiovascular outcomes
are studied using longitudinal data analysis. By filling scien-
tific gaps and emphasizing clinical translation, the project
seeks to enhance patient outcomes, boost cardiovascular
risk prediction, and enable customized medicines [22].

2 Materials and methods

2.1 Materials and cells

2.1.1 Materials

Tannin acid (TA) was obtained from Shanghai Titan Scientific
Co., Ltd. (CAS: 1401-55-4), and iron(III) chloride hexahydrate
(FeCl3·6H2O) was from Sigma-Aldrich Co., Ltd. (CAS: 10025-
77-1). BSA was purchased from Merck Science and Technology
Co., Ltd. (CAS: 9048-46-8), and methotrexate (MTX) was pur-
chased from Adamas Pharmaceutical Co., Ltd. (CAS: 59-05-2).
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were gained from
Tokyo Chemical Industry Co., Ltd. with (CAS: 25952-53-8) and
(CAS: 6066-82-6). FA-PEG2000-NH2 andmPEG2000-NH2were pur-
chased from Ponsure Biological Co., Ltd. Dulbecco’s modified
eagle medium (DMEM) and phosphate-buffered saline (PBS)
were obtained from Thermo Fisher Scientific Inc. Reagents
employed in the manufacture of nanoparticles are NHS and
EDC. ToEDC activates carboxyl groups with amines to couple
them and produce amide bonds. NHS produces a stable inter-
mediate, which improves this coupling efficiency. The creation
of nanoparticles requires both reagents. Sodium bicarbonate
(NaHCO3) and N-hydroxysuccinimide (NHS) esters were pur-
chased from Shanghai Saint-Bio Co., Ltd. TMB ELISA substrate
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solution was from Beyotime Co., Ltd. CCK-8 cell proliferation
and cytotoxicity detection kit was purchased from Dalian
Bergolin Co., Ltd. The CCK-8 cell proliferation and cytotoxicity
detection kit from Dalian Bergolin Co., Ltd. assesses the safety
and biocompatibility for possible therapeutic applications
and evaluates the viability and cytotoxicity of cells exposed
to nanoparticles. This allows comparison across experimental
conditions and the determination of cytotoxic effects.

2.1.2 Cells

The macrophage cell line (RAW 264.7) and human umbi-
lical vein endothelial cells (HUVEC) used in the experiment
were from the Shanghai Cell Centre of the Chinese
Academy of Sciences. RAW 264.7 and HUVEC were cul-
tured in DMEM medium composed of 10% fetal bovine
serum (FBS) and 1% streptomycin and penicillin. The
cells were stored in a CO2 incubator purchased from
Thermo Fisher Scientific Inc.

2.2 Synthesis of TA-Fe3+-MTX@BSA

Using an electronic balance, 102.5 mg of 95% tannic acid
(TA), 100.6mg of 98% ferric chloride hexahydrate (FeCl3·6H2O),

40.6mg of 98% BSA, and 5.1mg MTX were weighed. TA and
FeCl3·6H2O were dissolved in 10mL of deionized water and
BSA was dissolved in 5mL. MTX was added into a 10mg/mL
ferric chloride solution and reacted for 10min using an ultra-
sonic reactor. To treat RA, methotrexate (MTX) and ferric
chloride are mixed to form a stable, targeted nanoparticle
delivery system. This combination guarantees that MTX is
selectively administered to inflamed joints, improving its sta-
bility and solubility, which increases efficacy and decreases
adverse effects. After the reaction, 10mg/mL of TA solution
was added, stirred, and reacted for 10min using an ultrasonic
reactor. After that, 8mg/mL of BSA solution was added and
reacted for 10min. The overnight reaction was carried out
under ice bath conditions for 24 h. With minimum equip-
ment needed, overnight ice bath reactions provide tem-
perature control, stability, yield, purity, practicality, safety,
and enhancement of selectivity and stability while mini-
mizing the danger of overheating and avoiding decomposi-
tion. Samples were collected by centrifugation at 14,000 rpm
for 15min and then cleaned with deionized water three
times. A drying machine dried the samples, and the nano-
particle TA-Fe³⁺-MTX@BSA was obtained (Figure 1). To pre-
serve the uniformity, stability, biocompatibility, and purity
of the nanoparticles, avoid aggregation, and improve per-
formance, the sample must be cleaned three times with
deionized water following centrifugation.

Figure 1: Synthesis of TA-Fe3+-MTX@BSA-PEG-FA and TA-Fe3+-MTX@BSA-mPEG.
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2.3 Synthesis of TA-Fe3+-MTX@BSA-mPEG/TA-
Fe3+-MTX@BSA-PEG-FA

Two nanoparticles with and without folic acid would be
synthesized separately. A magnetic stirrer works well for
nanoparticle mixes because of its practical efficiency, repeat-
ability, uniform mixing, and temperature control. Even com-
ponent distribution is guaranteed, reagent interaction is
maximized, temperature is maintained consistently, stirring
speeds may be adjusted, and contamination hazards are
reduced. The capacity to prevent aggregation, stabilize sur-
face chemistry, employ moderate functionalization techni-
ques, and inherent stability all contribute to the shape
maintenance of nanoparticles. Surface treatments that pro-
vide a hydration layer, stop aggregation, and improve stabi-
lity include BSA and PEG. Two portions of TA-Fe³⁺-MTX@BSA
weighed about the same mass (25.6 and 25.0mg), and the
nanoparticles were put into two separate bottles. Two por-
tions of EDC (25.1 and 25.3 mg) and two portions of NHS (25.3
and 25.8 mg) were added to the bottle. A magnetic stirrer was
used to stir the two bottles of mixture for 30min. A total of
10.3 mg of FA-PEG2000-NH2 and 10.2mg of mPEG2000-NH2

were weighed and dissolved with deionized water in sepa-
rate centrifuge tubes. To synthesize TFMBP-FA and TFMBP,
FA-PEG2000-NH2 solution and mPEG2000-NH2 solution were
mixed with TFMBP in separate bottles. After 3 h of reaction,
the sampleswere collected thrice by centrifugation at 14,000 rpm
for 15min. Finally, the nanoparticles were dried and collected
with 10.1mg TFMBP and 11.8mg TFMBP-FA. The yield rate for
TFMBP was 40.4%, and that for TFMBP-FA was 47.2%.

2.4 Preparation and characterizations of
TA-Fe3+-MTX@BSA-PEG-FA

The nanoparticles TFMBP-FA and TFMBP were synthesized
using the aforementioned procedures. After TFMB was
synthesized by conjugating tannin acid, FeCl3·6H2O, BSA,
and MTX, two nanoparticles were created separately by
adding FA-PEG2000-NH2 and mPEG2000-NH2. FA-PEG2000-
NH2 and mPEG2000-NH2 are nanoparticles that target cells
that express the folate receptor, thereby improving medica-
tion delivery. Active targeting, improved drug specificity,
stability, solubility, and dual functionalization are among
the benefits they provide, giving designers more freedom
to create nanoparticles with various therapeutic effects
and processes. The successful conjugation of the nanoparti-
cles was confirmed by transmission electron microscopy
(TEM), DLS, UV-vis, FT-IR characterization, and in vitro
release test. Numerous tests, including TEM, DLS, UV-vis,

FT-IR, and in vitro release experiments, visually assess the
size, shape, morphology, aggregation, optical characteristics,
and molecular structure to confirm the production of nano-
particles. Their effectiveness as drug delivery devices is
ensured by the fact that these tests also yield data on
hydrodynamic diameter and surface charge for stability
evaluation.

TEM examined the feature and surface morphology.
The size of the particles, zeta potential, and polydispersity
index (PDI) were measured using dynamic light scattering
(DLS). One method for determining a nanoparticle’s size
and zeta potential is DLS. A detector is used to analyze the
light scattered off the nanoparticles by a laser beam. The
hydrodynamic diameter may be computed using the zeta
potential and diffusion coefficient. DLS analyzes hydrody-
namic diameter and particle size distribution, utilizing
scattered light intensity variations. This technique is vital
for formulation development, stability studies, and quality
control in nanoparticle characterization. The method applies
the Stokes–Einstein equation and the polydispersity index to
analyze particle size distribution. The UV-vis and infrared
absorbance spectra were determined by UV-Vis spectroscopy
and infrared FT-IR spectroscopy. FT-IR spectroscopy and UV-
Vis spectroscopy are two methods that provide complimen-
tary data in various scientific domains. FT-IR concentrates on
vibrational transitions in the infrared spectrum, whereas UV-
Vis concentrates on electronic transitions in the ultraviolet
and visible areas. Also, the drug delivery system’s safety,
efficacy, and quality were assessed by an in vitro release
test (IVRT).

2.5 In vitro cytotoxicity study

RAW 264.7 and HUVEC cells were seeded in a 96-well plate
at 5,000 cells/healthy density and cultured in a humidified
incubator at 37°C with 5% CO2 for 24 h (the cell density
reached approximately 70%). Nanoparticles are trained
by incubating them at certain temperatures and times to
enable effective drug encapsulation and functionalization
while regulating their physicochemical characteristics. This
optimizes the stability, size, and drug-loading efficiency of
the nanoparticles. The cell density is measured using a cell
counting board. Meanwhile, the mediumwith cell solutions is
prepared and diluted to different concentrations (0, 50, 100,
150, 200, 250, and 300 μg/mL). Then, the old cell culture
medium is discarded in the healthy plate, 100 μL of the cul-
ture is added to the aforementioned medium containing
synthesized nanoparticle materials at different concentra-
tions, culture medium with nontargeting nanomaterials is
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added to the control group, and neither cells nor materials
are added to the blank group. After the cells have grown in
the incubator for 24 h, the old medium is discarded and it is
replaced with a fresh medium containing 10% CCK-8 reagent.
A total of 10 μL is added to each well, and the plates are
incubated for 1 h in the incubator. A microplate reader is
used to measure the absorbance of the culture medium in
each well at a wavelength of 450 nm. The method of mea-
suring absorbance at 450 nm is a sensitive, specific, and
standardized approach to measuring cell viability. It is also
connectedwith forming formazan dye and yields quantitative
data that are easy to interpret, repeatable, and compatible
with various tests. Four wells were set up as parallel samples
for each concentration of the experimental, control, and
blank groups. The VICTOR TM X4 multilabel plate reader
was purchased from Perkin Elmer Inc.

2.6 Cellular uptake study

Raw 264.7 cells were seeded in a 96-well plate and cultured
in a 5% CO2 incubator. A total of 10 μL of fluorescent con-
jugation (NHS-ester) and 50 μL of 1 M NaHCO3 were added
to the nanoparticles separately. The mixtures were stirred
in an essential condition for 2 h and then centrifuged for
15 min at 14,000 rpm. A total of 100 μL RAW 264.7, 3,900 μL
DMEM, 1 μL LPS, and 0.1 μL of the nanoparticles were
added to each well in the plate. 500 μL PBS was added to
the solution, and the solution in each well was removed
and placed into a 1.5 mL microcentrifuge tube, followed by
centrifugation for 3 min at 1,200 rpm. Finally, 1 mL of PBS
was added to each centrifuge tube, and each tube was
analyzed with flow cytometry. The confocal microscopy
images were taken with Alexa Fluorescence 488.

2.7 RONS scavenging activity assay

The RONS scavenging activity assay improves sensitivity
and accuracy by eliminating excess DCFH-DA from cells.
To achieve consistency and trustworthy data for assessing
RONS scavenging activity, this minimizes interference,
removes nonspecific binding, decreases background noise,
and guarantees that the fluorescence is from intracellular
RONS. RAW 264.7 cells were collected and re-suspended,
adjusted to a density of 106 cells/mL, and seeded into 3.5 cm
cell culture dishes according to the tested group (LPS+,
TFMBP, LPS+TFMBP, TFMBP-FA, LPS+TFMBP-FA). A total
of 10 μL of LPS and 2 μL of the nanoparticles were added

into the dishes and placed in the 5% CO2 37°C incubator for
24 h. Each cell culture dish was stained with 5 μM of ROS
probe DCFH-DA and cultured in an incubator under the
same conditions for 20 min. Then, the cell culture dishes
were washed three times with PBS to remove excess DCFH-
DA outside the cells. Finally, a scanning laser confocal micro-
scope was applied to observe and record the samples.
High-resolution imaging is possible using scanning laser con-
focal microscopes, capturing minute details for analysis and
depth perception. They employ fluorescent labeling, high-con-
trast pictures, and quantitative analysis to evaluate the quan-
tity and distribution of nanoparticles. They record time-lapse
videos for live cell imaging and temporal dynamics.

2.8 Inflammatory factors scavenging study

All reagents and samples returned to room temperature
(18–25°C) before use. RAW 264.7 was seeded into 3.5 cm
cell culture dishes according to the tested group (LPS+,
TFMBP, LPS+TFMBP, TFMBP-FA, LPS+TFMBP-FA). A total
of 10 μL of LPS and 2 μL of the nanoparticles were added
into the dishes and placed in the 5% CO2 37°C incubator for
24 h. In a 96-well plate, two precoated plates were pre-
pared, and 100 μL of cell solution was added to each well.
The plate was wrapped with tape and placed in the fridge
overnight. The solution in the well was discarded and
washed four times with ELISA wash buffer. Each well was
washed with a wash buffer (300 μL) using a multichannel
pipette. After the last wash, the residual wash buffer was
removed by pipetting or pouring. The plate was turned
upside down, and it was blot dried with a clean paper towel.
100 μL of the prepared TNF-α and IL-1β detection antibody
was added to each well. The wells were covered and incu-
bated for 30min at room temperature. 100 μL of TMB one-
step substrate reagent was added to each well. The wells
were covered and incubated in the dark at room tempera-
ture for 10min with gentle shaking. The solution on the
plate turned blue. 100 μL of stop solution (H2SO4) was added
to each well, and the solution turned yellow. A microplate
reader at 450 absorbance was used to examine the plate.

3 Results and discussions

3.1 Synthesis of TA-Fe3+-MTX@BSA-PEG-FA

Nontargeting material TA-Fe3+-MTX@BSA (TFMB) was synthe-
sized by conjugating tannin acid, ferric chloride hexahydrate,
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MTX, and BSA through sonication and centrifugation. The
nanoparticle TA-Fe3+-MTX@BSA-PEG-FA (TFMBP-FA) was
synthesized by combining folic acid with TFMB, and NHS
and EDC were used to help conjugation. Two different
kinds of nanoparticles were created: TA-Fe3+-MTX@BSA-
PEG-FA and TA-Fe3+-MTX@BSA-mPEG. The folic acid-con-
taining nanoparticles were designed to improve macrophage
targeting in inflammatory joints by binding to overex-
pressed folate receptors. The successful synthesis of the
nanoparticle was qualified by TEM. From TEM graphs, the
polydisperse nanoparticles formed various distributions
through overlapping due to their small size and formed a web
structure (Figure 3a and b). mPEG2000-NH2 was attached to
the surface of the nanoparticles and formed TA-Fe3+-
MTX@BSA-PEG (TFMBP). By adding folic acid, the polydisperse
arrangement of TFMBP-FA is retained in a web structure
(Figure 3c and d). With or without folic acid, the nanoparticles
maintained the same shapes, affirming the basic structure of
the nanoparticle. Compared to nontargeted nanoparticles and
conventional treatments, the study demonstrates that multi-
functional nanoparticles can enhance methotrexate delivery
and efficacy in RA therapy. Targeted folic acid nanoparticles
demonstrated superior accumulation in inflamed joints, reduced
systemic toxicity, and improved therapeutic outcomes.

3.2 Preparation and characterization of
TA-Fe3+-MTX@BSA-PEG-FA

Both TFMBP and TFMBP-FA were measured using dynamic
light catering (DLS). DLS measures the size and zeta poten-
tial of the nanoparticles, and the zeta potential indicates
the stability of the particles [23]. When a zeta potential that
is close to 0 (e.g. ± 5 mV) would be considered unstable,
and as the absolute value increases, the particle becomes
more stable. A nanoparticle with zeta potential ± 10 mV is
considered charged neutral. A negative zeta potential
value indicates that the material would not combine
with other proteins and molecules, which helped the
active targeting [24]. TFMBP had an average size of 171.7
± 1.13 nm, and its zeta potential was −5.24 (Figure 4a and
c). TFMBP-FA’s size average was 286.5 ± 1.89 nm, and its
zeta potential was −12.4 (Figure 4b and c). TFMBP-FA had
a relatively larger size compared to TFMBP. The conjuga-
tion of folic acid on the nanoparticle’s surface increased
the size. TFMBP-FA’s zeta potential was ∼10 mV, and
TFMBP’s zeta potential was ∼5 mV (Figure 4c). The change
in the zeta potential shows that folic acid lowered the zeta
potential, which led to higher stability and better biolo-
gical application.

Figure 2: Effect of RONS in inflamed joints and the vicious circle of RA.
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Figure 4: Dynamic light scattering graphs represent (a) TFMBP size and (b) TFMBP-FA size. (c) Zeta potential and (d) the polydispersity index (PDI) of
TFMBP and TFMBP-FA.

Figure 3: TEM micrographs of (a) TFMBP (scale bar = 500 nm) and (b) TFMBP (scale bar = 200 nm). TEM micrographs of (c) TFMBP-FA (scale bar =
500 nm) and (d) TFMBP-FA (scale bar = 200 nm).
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The polydispersity index (PDI) displays the heteroge-
neity of the particles based on their size [25]. When the
index is closer to 0.0, the size distribution is more petite
and uniform. TFMBP has a PDI of 0.157, and TFMBP-FA has
a PDI of 0.133 (Figure 4d). TFMBP-FA has a smaller PDI than
TFMBP, which indicates that the size of TFMBP-FA is approxi-
mately uniform. By adding the folic acid group, the size of the
nanoparticle increased, the PDI decreased, and the stability of
the material also increased. Therefore, the nanoparticles
were proved to be suitable for biological application.

TFMBP and TFMBP-FA showed a solid absorbance to the
ultraviolet light, which has a peak absorbance at ∼300 nm
wavelength (Figure 5a). The wavelength of UV or visible light
absorbed or transmitted through the particle was collected
and compared by ultraviolet-visible spectroscopy.

Nanoparticles were characterized by Fourier trans-
form infrared (FTIR) spectroscopy, and their absorbance
to infrared radiation by FTIR spectroscopy was tested [26].
FTIR spectroscopy is a method that helps detect chemical
bonds and functional groups to characterize nanoparticles.
A suspension or pellet must be prepared to measure
infrared radiation. The data must then be converted into

an infrared spectrum with particular chemical vibration
peaks. FTIR spectroscopy is used to determine molecular
structures and identify chemical species. It is also used to
study nanoparticles’ surface effect and identify the func-
tional groups’ presence [27]. The characteristic absorbance
peaks for TFMBP-FA at 945 cm−1 (attributed to the N–H
motions in FA), 1,480 cm−1 (absorption band of the phenyl
ring in FA), and ∼1,900 cm−1 (amide bond, H–N–C═O bending
vibrations from FA) correspondingly appeared in the TFMBP
nanoparticle (Figure 5b).

The nanoparticles were characterized by an in vitro
release test (IVRT), and the examination is to assess the
safety, efficacy, and quality of nanoparticle-based drug
(MTX) delivery systems [28]. IVRT can reflect the combined
effects of several physicochemical characteristics, particle
or droplet size, viscosity, microstructure arrangement of
the material, and state of aggregation of the dosage form
[29]. The standard curves were measured at five different
MTX concentrations. The peak absorbance of various MTX
concentrations was at 390 nm (Figure 6a). As the MTX concen-
tration increases, the absorbance of UV light also increases
(Figure 6b). According to the Beer-Lambert Law, absorbance

Figure 5: (a) Ultraviolet-visible (UV-vis) spectroscopy analysis of TFMBP and TFMBP-FA. (b) Fourier transform infrared spectroscopic (FTIR) analysis of
TFMBP and TFMBP-FA.

Figure 6: (a) Absorbance vs wavelength graph of five different concentrations of MTX and (b) standard curve of drug release.
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and route length are closely correlated with MTX concentra-
tion. In the UV spectrum, MTX exhibits distinct absorption
peaks at about 300 nm. Higher absorbance results from
more molecules absorbing UV light as MTX concentration
rises. This connection makes accurate measurement and
medication release monitoring possible. The R2 value is
0.9999, which shows the data and equation fit properly.
The R2 value shows the correlation between the data and
the line equation. According to the standard curve equation
y = 14.05798x + 0.00267, the drug delivery rate for TFMBP-FA
is 65.56%, and the drug delivery rate for TFMBP is 68.96%,
which indicates that the nanoparticles would be able to be
delivered to the inflammation place with enough MTX.

3.3 In vitro cellular uptake

The cellular uptake of TFMBP-FA and TFMBP was assessed
by using the RAW 264.7 cells. The cells were divided into six
different experimental groups: LPS−, LPS+, TFMBP, LPS+TFMBP,
TFMBP-FA, and LPS+TFMBP-FA. Lipopolysaccharides (LPS) can
transform M0 macrophage to M1 type macrophage, which
can mimic the inflammatory environment in the experi-
ment. The cellular uptake of the materials was measured
by fluorescence-activated cell sorting (FACS) and confocal
microscopy because both techniques used lasers as part of
the measurement, and fluorescent conjugation (NHS-ester)
was added to the nanoparticles. Among the confocal micro-
scopy images, both TFMBP and TFMBP-FA images show the
abundant presentation of the fluorescent markers, indi-
cating that the cells can take the nanoparticles (Figure 7a
and b). In the TFMBP-FA images, the fluorescent markers

have a higher density, which shows the effectiveness of FA,
which functions as an actively targeted material. Increased
fluorescence marker density in TFMBP-FA pictures enhances
signal strength, sensitivity, and nanoparticle identification,
allowing for more precise quantification and lucid visualiza-
tion. However, it also brings significant difficulties, such as
improved photobleaching and background fluorescence,
which call for optimization to strike a compromise between
signal strength and noise. The blank group did not present
any fluorescent markers because they did not add any mate-
rials. Assuring fluorescence specificity, removing artifacts,
and bolstering the validity of findings by proving rigorous
experimental design and effects attributable to experi-
mental variables are just a few reasons the statement high-
lights the importance of the blank group (Figure 7a and b).

According to the data from FACS, the fluorescence
intensity was differentiated due to the materials they
added. TFMBP-FA and LPS+TFMBP-FA had a fluorescence
intensity of ∼105; TFMBP and LPS+TFMBP had a fluores-
cence intensity of ∼104; and LPS− and LPS+ had a fluores-
cence intensity of ∼103 (Figure 8). The nanoparticles with
folic acid had the highest value among the groups, whether
with LPS+ or LPS−. Nanoparticles with folic acid can be
better uptake by the cells, as proved in the data, and the
active targeting capability of TFMBP-FA is demonstrated.

3.4 In vitro cytotoxicity

The cell counting kit-8 (CCK-8) was used to measure the cell
viability and cytotoxicity of the material, which is essential

Figure 7: Fluorescent confocal microscopy images of (a) RAW 264.7 cells treated with TFMBP and TFMBP-FA and (b) activated RAW 264.7 cells treated
with TFMBP and TFMBP-FA.
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to maintaining cell proliferation and cellular health [30].
CCK-8, under the condition of existing electron carriers, is
reduced by the dehydrogenase inside the cell into soluble
formazan that dyes the culture solution orange. The quan-
tity of formazan produced is directly proportional to the
number of living cells.

The cytotoxicity of the material TFMBP-FA was tested
by RAW 264.7 and HUVEC cells. In HUVEC cells and RAW
264.7 with normal and activated macrophages, the cell via-
bility demonstrated a concentration-dependent trend; as
the concentration increased, the cell viability decreased.
In HUVEC cells, the cell viability is above 100% when
both materials are at 50 mM (Figure 9a). The cell viability
of TFMBP-FA was significantly higher than TFMBP until
150 mM. In RAW 264.7 cells with normal macrophages,
the cell viability of TFMBP-FA at 50, 100, 150, and 200mM
were ∼90% (Figure 9b), and the rate of TFMBP decreased
gradually. Starting at 100mM, the cell viability rates of
TFMBP-FA were higher than TFMBP. In RAW 264.7 cells
with activated macrophages, cell viability was above 50%

at 50 mM for both nanoparticles (Figure 9c). Compared to
the cell viability in normal and activated macrophages,
cells with activated macrophages had a higher viability
rate. Because tannin acid and MTX would react with
RONS and inflammatory factors, the reaction eliminates
the remainder of the nanoparticles (Figure 10). Fewer
nanoparticle portions would remain, leading to lower cyto-
toxicity to the cells. 300mM had the lowest viability rate,
and 50 mM had the highest (∼100mM) in three experi-
ments, which is suitable for biological application based
on safety and biosecurity. Therefore, 50 mM was used as
the standard concentration in the later experiment.

3.5 ROS scavenging capability

During inflammation, immune cells release inflammatory
factors (cytokines) to activate various oxidases that produce
a large amount of ROS [31]. The capability of TFMBP-FA to

Figure 8: Flow cytometry images of RAW 264.7 cells and activated RAW 264.7 cells treated with TFMBP or TFMBP-FA.

Figure 9: In vitro, cytotoxicity test of (a) HUVEC cells, (b) RAW 264.7 cells, and (c) activated RAW 264.7 cells in the presence of six different
concentrations of TFMBP and TFMBP-FA.
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eliminate ROS was tested by a ROS detection kit (ROS Assay
Kit), which uses the fluorescent probe DCFH-DA for ROS
detection. DCFH-DA itself has no fluorescence and can freely
pass through the cell membrane, and after entering the cell,
it can be hydrolyzed by intracellular esterases to produce
DCFH. However, DCFH cannot penetrate the cell membrane
through DCFH, making it easy for probes to be loaded into
cells. Reactive oxygen species in the cell can oxidize non-
fluorescent DCF to form fluorescent DCF. The level of the
fluorescence of DCF is directly related to the cell’s ROS
level [32].

RAW 264.7 cells were used and divided into six experi-
mental groups. In the confocal images, LPS+, the activated
macrophages, had significant bright and intense fluores-
cence (Figure 11a). LPS−, TFMBP-FA with activated macro-
phages, and TFMBP and TFMBP-FA with normal macrophages
had barely visible fluorescence and low DCF density. TFMBP
with activated macrophages had more visible fluorescence
and low but relatively higher DCF density than LPS (Figure
11a). The significant high and low fluorescence intensities of

LPS+TFMBP and LPS+TFMBP-FAwere also displayed in Figure
11b. In LPS−, the subtle fluorescence intensity indicates the
ROS originally contained in normal macrophages. In the
inflammatory M1 macrophages, both TFMBP and TFMBP-FA
had significant differences with LPS+, indicating the nanopar-
ticles could eliminate ROS and turn M1 macrophage into M2
macrophage. The fluorescence intensity of LPS+TFMBP-FA
was lower than LPS+TFMBP. Active targeting by folic acid
increases the uptake of nanoparticles by the cells; increasing
the uptake would eliminate more ROS. TFMBP could not elim-
inate the ROS in those cells that did not take in nanoparticles.

3.6 Anti-inflammation of TA-Fe3+-MTX@BSA-
PEG-FA

Inflammatory factors like cytokines deteriorate inflamma-
tion and symptoms of RA. The capability of TFMBP-FA to
reduce the inflammatory factors was tested using a quan-
titative PCR (qPCR) and enzyme-linked immunosorbent

Figure 10: Schematic illustration of the synthesis of TFMBP and its application in RA therapy.
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assay (ELISA) kit [33]. ELISA kit is used to detect the anti-
body of TNF-α and IL-1β in the cell solution. For accurate
detection, measurement, and confirmation of anti-inflam-
matory effects, the IL-1 detection antibody is employed in
inflammation scavenging research. It accurately measures
IL-1β levels, enabling thorough examination and cross-
sample comparison, and improves sensitivity and specifi-
city with the slightest disturbance. RAW 264.7 cells were
used for the experiment and separated into five experi-
mental groups (LPS+, TFMBP, LPS+TFMBP, TFMBP-FA, and
LPS+TFMBP-FA). The antibodies in the ELISA kit would bind
to TNF-α and IL-1β, which would turn yellow after adding
TMB ELISA substrate solution and H2SO4. The expression
level of the antibody was indirectly related to the capability
to eliminate inflammatory factors.

In the experiment of TNF-α, LPS+’s relative expression
level of inflammatory factors reaches 90. LPS+TFMBP and
LPS+TFMBP-FA reach the relative expression level of ∼10.

After using the nanoparticle, the expression level decreases
nine times (Figure 12a). Similarly, in the IL-1β experiment,
the relative expression level of LPS+ was around 90. In
TFMBP with LPS, the relative expression level was about
15, 6 times lower than LPS+. The relative expression level
of inflammatory factors was even lower in the LPS+TFMBP-
FA group, which is around 5. LPS+ was 18 times larger than
that (Figure 12b). After being treated with nanoparticles, the
expression levels of the inflammatory factors decreased sig-
nificantly. Lower levels of inflammatory factors would gra-
dually reduce the vicious cycle of the RA microenvironment
(Figure 2) [34]. The change in the expression level of inflam-
matory factors before (LPS+) and after (LPS+TFMBP-FA) the
treatment of nanoparticles proved to have a therapeutic
effect on RA. The data suggest that downregulated inflam-
matory cytokines indicate that TFMBP-FA nanoparticles
have an inhibitory effect on inflammatory pathways and
can alleviate inflammatory symptoms.

Figure 12: The mRNA levels of (a) TNF-α in activated RAW 264.7 cells treated with LPS+, TFMBP, LPS+TFMBP, TFMBP-FA, and LPS+TFMBP-FA, and (b) IL-
1β in activated RAW 264.7 cells treated with LPS+, TFMBP, LPS+TFMBP, TFMBP-FA, and LPS+TFMBP-FA. Statistics are reported as mean ± standard
deviation (SD), n = 3. ***p < 0.001.

Figure 11: (a) Fluorescent confocal microscopy images of RAW 264.7 cells and activated RAW 264.7 cells with different treatments and then stained
with ROS fluorescent probe DCFH-DA. (b) Quantified fluorescence intensity from flow cytometry. Statistics are reported as mean ± standard deviation
(SD), n = 3. ***p < 0.001.
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4 Conclusions

In summary, TFMBP-FA was developed and expected to be
an effective new drug in targeted RA therapy. TFMBP-FA
can reduce inflammation by eliminating ROS and decreasing
inflammatory factor levels. The statistical data showed that
the tannin acid released by the nanoparticle plays a vital role
in the treatment, which can remove ROS to relieve the three
main pathological features. As an anti-inflammation medi-
cine, MTX can be directly delivered to the inflamed joints to
reduce the inflammatory factors, which is a critical step in
alleviating inflammation. FA anchored around the surface
enables nanoparticles to be actively targeted to M1-type
macrophages in the inflamed joints. Active targeting enabled
MTX to be directly sent to joint inflammation, reducing the
interaction with other organs and diminishing the side
effects. TFMBP-FA was developed to have surface stability
and homogeneity, which enable biological application with
high biosafety. The cytotoxicity was low at 50mMwith a cell
viability rate of 99%, which proved the safety of TFMBP-FA.
In future studies, animal experiments can be done on
inflamed mice. The animal experiment evaluate the ther-
apeutic efficiency and long-term toxicology of the nano-
particle. By continuing the exploration, this innovative
treatment holds the potential to provide new hope in
the battle against RA.
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