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Objective: Methotrexate (MTX) is widely used for rheumatoid arthritis (RA) but has poor targeting and significant side effects. This
study developed MTX-loaded lipid nanoparticles modified with PVCAM-1 peptide MTX@LNP-PVCAM-1) to enhance targeting and
reduce toxicity.

Methods: MTX@LNP-PVCAM-1 was prepared using the thin-film dispersion method. Particle size and morphology were assessed
by dynamic light scattering (DLS) and transmission electron microscopy (TEM). Biocompatibility was tested using human umbilical
vein endothelial cells (HUVEC) and hemolysis assays. Cellular uptake was examined via fluorescence microscopy, while cytotoxicity
and cell migration inhibition were evaluated using CCK-8 and scratch assays. Inflammatory cytokines (IL-1p, IL-6) were measured by
ELISA. Distribution in adjuvant-induced arthritis (AIA) rats was observed using in vivo imaging, and safety and anti-inflammatory
effects were assessed through blood tests, paw volume, joint scores, and histology.

Results: MTX@LNP-PVCAM-1 had an average particle size of 168.5 nm, PDI of 0.142, and zeta potential of —12.1 mV, with
spherical morphology. It exhibited pH responsiveness and good biocompatibility. Compared with unmodified MTX@LNP, PVCAM-1
surface modification significantly increased cellular uptake efficiency (p<0.05) and more effectively inhibited the growth (p<0.05),
migration (p<0.05), and secretion of inflammatory cytokines (significantly reduced levels of IL-1B and IL-6, p<0.05) of synovial
fibroblasts. In animal experiments, the accumulation of MTX@LNP-PVCAM-1 in inflamed sites was significantly higher than that of
MTX@LNP (p<0.05), demonstrating good targeting. Moreover, it enhanced the anti-inflammatory effects of methotrexate in AIA rats,
significantly reducing paw swelling (p<0.05) and joint clinical scores (p<0.05). Importantly, it had no significant effect on the blood
routine indicators of rats (p>0.05), indicating no obvious toxicity.

Conclusion: MTX@LNP-PVCAM-1 combines passive and active targeting, delivering MTX efficiently to inflamed sites and
reducing toxicity. This approach enhances anti-inflammatory effects in AIA rats, offering a potential strategy for low-toxicity RA
treatment.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease with a global prevalence of approximately 1%.
Although it is capable of affecting individuals of all ages, it is more common in middle-aged and elderly populations, and
the incidence in females is two to three times higher than in males." The typical pathological features of RA include
imbalance of inflammatory cytokines, synovial hyperplasia, angiogenesis in the joint cavity, and progressive destruction

of articular cartilage and bone tissue.” Clinically, RA is characterized by persistent joint swelling, pain, and stiffness.
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Severe cases may lead to disability due to joint destruction and life-threatening complications such as respiratory and
cardiovascular diseases, as well as severe infections.>™

The core pathological processes of RA involve synovial hyperplasia and joint destruction, in which rheumatoid
arthritis synovial fibroblasts (HFLS-RA) are key effector cells mediating these lesions.® Under physiological conditions,
healthy synovial fibroblasts (HFLS) participate in joint nutrition and repair by secreting lubricating molecules such as
plasma proteins and hyaluronic acid. Normal synovium consists of 1-3 layers of HFLS and macrophages. However,
during the course of RA, abnormal proliferation of HFLS leads to synovial thickening to 10-15 layers.” These
abnormally proliferative HFLS-RA perpetuate a vicious cycle of “inflammation-proliferation-bone destruction” through
sustained secretion of pro-inflammatory factors (eg, IL-1p, IL-6), pro-angiogenic factors (eg, VEGF), and matrix
metalloproteinases (MMPs).® Nevertheless, significant gaps exist in current knowledge and theoretical foundations:
Although existing research clearly identifies HFLS-RA as crucial effector cells, the precise regulatory mechanisms
underlying their abnormal proliferation-such as crosstalk between upstream signaling pathways and the influence of
metabolites within the microenvironment on their phenotype-remain incompletely elucidated.’ Simultaneously, there is
still a lack of systematic molecular-level analysis regarding the dynamic interconnections between the components of the
“inflammation-proliferation-bone destruction” vicious cycle and its core regulatory nodes."’

Methotrexate (MTX), the cornerstone therapeutic agent for RA, demonstrates significant symptom improvement in
25-40% of patients when administered as monotherapy.'' However, its clinical application is constrained by multiple
limitations: variable oral bioavailability (13-76%), nonspecific systemic distribution due to lack of inflammation-
targeting capacity, and potential severe adverse effects such as myelosuppression and hepatorenal toxicity with prolonged
use.'>"? Although biologic agents have expanded treatment options, challenges including immunogenicity risks, prohi-
bitive costs, and suboptimal response in certain patient populations remain unresolved. The core research problem lies in:
current therapies fail to achieve precision targeting of HFLS-RA (Rheumatoid Arthritis Synovial Fibroblasts). Agents
like MTX suffer from insufficient efficacy and significant toxicity due to systemic distribution. Conversely, biologics, by
targeting single inflammatory factors, struggle to disrupt the complex pathological cascade. Furthermore, critical barriers
remain unaddressed for targeted delivery systems, including penetration capability within RA’s complex synovial
microenvironment, retention efficiency at inflammatory sites, and assurance of long-term safety.'*'® Recent nanomedi-
cine advances offer solutions to overcome traditional therapeutic limitations. Lipid nanoparticles (LNPs) are particularly
promising due to their unique physicochemical properties: (1) good biocompatibility for delivering unstable drugs or
loading poorly soluble compounds; (2) flexible surface modification for prolonged circulation via PEGylation or precise
targeting by conjugating targeting molecules; and (3) adaptability for various administration routes, enhancing clinical
application convenience.'”'® These features make LNPs ideal carriers for optimizing RA therapy.

Notably, activated synovial fibroblasts (HFLS-RA) in the RA synovial microenvironment overexpress VCAM-1
receptors, providing a molecular basis for targeted therapy.19’2° The CVHSPNKKC peptide, identified via phage display,
shows high affinity for VCAM-1. Its conjugation with magnetic nanoparticles has demonstrated excellent targeting
ability in experimental models.>' This “smart” nanosystem, via receptor-ligand-mediated active targeting, can increase
drug accumulation in diseased joints and reduce off-target effects. Currently, LNP-based combination delivery platforms
(eg, co-delivering MTX and anti-inflammatory cytokines) are in preclinical research, showing potential to break
traditional therapeutic limitations.****

To address the issues of low bioavailability, poor targeting, and significant toxicity associated with Methotrexate (MTX)
therapy in Rheumatoid Arthritis (RA), we leveraged the carrier advantages of Lipid Nanoparticles (LNPs) and the targeting
basis of the VCAM-1 receptor. We constructed PVCAM-1 peptide-functionalized MTX-loaded Lipid Nanoparticles
(MTX@LNP-PVCAM-1). This system aims to achieve precision-targeted delivery to Human Fibroblast-Like
Synoviocytes in RA (HFLS-RA), enhance the enrichment of MTX in the affected synovium, improve its efficacy in
disrupting the “inflammation-proliferation-bone destruction” cycle, and simultaneously reduce systemic adverse effects.
The experimental design is illustrated in Scheme 1. First, MTX-encapsulated lipid nanoparticles (MTX@LNP) were
synthesized using lecithin, cholesterol, and methotrexate. Subsequently, the short peptide PVCAM-1 was conjugated to
the surface of these nanoparticles via post-modification techniques to yield MTX@LNP-pVCAM-1. Following this, a series
of in vitro and in vivo experiments were conducted to evaluate the anti-inflammatory efficacy and safety profile of
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Scheme | Formation of MTX@LNP-PVCAM-I and its mechanism in combination therapy for rheumatoid arthritis.

MTX@LNP-PVCAM-1. By integrating nanotechnology with the targeting peptide PVCAM-1, this study holds promise to
overcome the limitations of conventional RA therapies and potentially provide RA patients with a safer and more effective
therapeutic option. Precision targeting of affected joints could not only enhance drug efficacy but also reduce drug
distribution to non-target tissues, thereby minimizing side effects. Furthermore, this research will also provide
a theoretical basis and practical guidance for the application of nanotechnology in treating other inflammatory diseases.

Materials and Methods

Materials

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-5000] (DSPE-MPEG), disatu-
rated phosphatidylcholine (DSPC), cholesterol and Lecithin (LC) were purchased from J&K Scientific Company
(Beijing, China). Methotrexate (MTX) and N, N'-Disuccinimidyl carbonate (DSC) were procured from Aladdin
(Shanghai, China). CVHSPNKKC (PVCAM-1) was procured from GL Biochemistry Co. 1,1-dioctadecyl-
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3,3,3,3-tetramethylindotricarbonneocyiodide (DIR) was obtained from Sigma-Aldrich (China). All other chemical
reagents were procured from Kehao Company (Xi’an, China). Male Sprague-Dawley rats were procured from the
Laboratory Animal Centre of Air Force Military Medical University (Xi’an, China). All animal experiments were
approved by the Ethics Committee of Air Force Military Medical University. This study followed the ARRIVE 2.0
guidelines for reporting in vivo animal experiments and the CONSORT Extension for Preclinical Studies to ensure
rigor in experimental design and reporting.

Cell Lines and Cell Culture

The synovial fibroblasts (MH7A) and human umbilical vein endothelial cells (HUVEC) used in this study were
generously provided by the Department of Rheumatology and Immunology at Xijing Hospital, Air Force Medical
University. These cell lines were originally purchased from Shanghai Jingkang Bioengineering Co., Ltd. The cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA), supplemented with 10% fetal bovine serum
(FBS; Gibco), under standard conditions of 37 °C, 5% CO, in a humidified incubator.

Preparation of Lipid Nanoparticles
A mixture containing 60 mg of LC, 20 mg of DSPE-MPEG, 10 mg of DSPC, and 10 mg of cholesterol was dissolved in
20 mL of chloroform.?**> The solution was then evaporated under reduced pressure at 30°C and 100 rpm for
approximately 1 hour to form a thin film. Subsequently, 50 mg of methotrexate was dissolved in 15 mL of PBS (pH
6.0) and used to hydrate the thin film for 1 hour at 30°C and 200 rpm. The resulting solution was subjected to high-
pressure homogenization to produce methotrexate-loaded lipid nanoparticles (MTX@LNP), which appeared as a pale-
yellow emulsion. The MTX@LNP were stored at 4°C for further use.

To prepare PVCAM-1-modified MTX@LNP (MTX@LNP-PVCAM-1) for targeted delivery to synovial fibroblasts,
a specific amount of MTX@LNP was mixed with a DSC solution and stirred at room temperature for 3 hours. Following
this, a PVCAM-1 solution was added, and the mixture was stirred for an additional 3 hours. The resulting nanoparticles,
designated as MTX@LNP-PVCAM-1, were functionalized with PVCAM-1 to enhance their targeting ability toward
synovial fibroblasts.

Characterisation of Lipid Nanoparticles
The particle size, polydispersity index (PDI) and zeta potential of MTX@LNP and MTX@LNP-PVCAM-1 were
measured by dynamic light scattering (DLS). The morphology of MTX@LNP and MTX@LNP-PVCAM-1 was observed
by transmission electron microscopy (TEM). The drug loading (LD) and entrapment efficiency (EE) were measured by
using high-performance liquid chromatography (HPLC). The freeze-dried LNP were mixed with methanol, and shook in
water bath at 50 °C for 6 h to produce MTX. The measurement was performed in triplicate. Drug loading and entrapment
efficiency was respectively calculated by the following equations:

DL (%) = (Weight of MTX in the LNP/ Weight of the LNP)x100%);

EE (%) = (Weight of MTX in the LNP/ Weight of the feeding MTX) x100%.

Stability Studies

The stability of MTX@LNP and MTX@LNP-PVCAM-1 was evaluated under two different conditions. For in vitro
storage stability, MTX@LNP and MTX@LNP-PVCAM-1 were dissolved in PBS (pH 7.4) and incubated at 4°C for 7
days. Changes in particle size and polydispersity index (PDI) were monitored over the incubation period to assess the
physical stability of the nanoparticles.

For in vitro stability in simulated physiological conditions, MTX@LNP and MTX@LNP-PVCAM-1 were dissolved
in PBS containing 10% fetal bovine serum (FBS) and incubated at 37°C for 24 hours. Particle size and PDI were again
monitored to evaluate the ability of the nanoparticles to maintain their structural integrity in a serum-containing
environment.
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In vitro Drug Release Studies

The drug release profiles of lipid nanoparticles were evaluated under simulated physiological conditions to mimic
extracellular and intracellular environments. In vitro release studies were conducted using PBS buffers at pH 7.4
(simulating systemic circulation) and pH 6.0 (simulating intracellular endosomal conditions). Briefly, 10 mg of
MTX@LNP-PVCAM-1 or MTX@LNP was dispersed in 1 mL of release medium and transferred into a dialysis bag
(molecular weight cutoff: 3.5 kDa). The dialysis bag was then submerged in 40 mL of pre-equilibrated PBS and stirred at
37°C and 120 rpm. At predetermined time intervals, 1 mL aliquots were withdrawn from the external medium and
replaced with an equal volume of fresh buffer to maintain sink conditions. The cumulative release of MTX was analyzed
using a Jasco high-performance liquid chromatography (HPLC) system,26 which consists of a PU-2089 pump, an AS-
2057 autosampler, an LC-Net II/ADC controller, and a Jasco MD-2015 photodiode array detector. For chromatographic
analysis, a Chromolith® RP-18e reversed-phase monolithic column (100x4.6 mm internal diameter, Merck, Germany)
was used, with a guard column of the same material (5x4.6 mm internal diameter) connected in front of it. The mobile
phase was acetonitrile-phosphate buffer (pH 7.0, 0.1 M) at a volume ratio of 9:91, and the separation was completed
within 3.5 minutes. The detection conditions were set as follows: injection volume of 50 pL, flow rate of 1.5 mL/min,
and detection wavelength of 302 nm. The release kinetics were analyzed to assess the pH-responsive behavior of the
nanoparticles.

Haemolytic Studies
The hemocompatibility of lipid nanoparticles (LNP and LNP-PVCAM-1) was evaluated using a hemolysis assay based
on UV spectrophotometry. Briefly, 5 mL of rat blood was collected, and red blood cells (RBCs) were isolated by
centrifugation at 4000 rpm for 15 minutes. The RBCs were washed three times with phosphate-buffered saline (PBS) and
resuspended in PBS to prepare a 2% (v/v) RBC suspension. Different concentrations of LNP and LNP-PVCAM-1 were
added to the RBC suspension, and the mixture was incubated in a 37°C incubator for 4 hours. PBS was used as the
negative control, and 1% sodium dodecyl sulfate (SDS) in PBS was used as the positive control. After incubation, the
samples were centrifuged at 4000 rpm for 10 minutes to separate the cells, and photos were taken to record the hemolysis
status. Next, 100 uL of the supernatant from each sample was transferred to a 96-well plate, and the absorbance was
measured at 540 nm using a microplate reader. The hemolysis rate was calculated using the formula:

Hemolysis rate (%) = (Sample absorbance-Negative control absorbance)/(Positive control absorbance-Negative
control absorbance) x 100%.

Cytotoxicity Research

The cytotoxicity of the carrier materials LNP and LNP-PVCAM-1 was evaluated using the CCK-8 assay. HUVECs were
seeded into 96-well plates at a density of 5x10° cells/well and incubated for 24 hours to allow cell adhesion and growth.
Following incubation, the culture medium was replaced with fresh medium containing various concentrations of LNP or
LNP-PVCAM-1. After an additional 24 hours of incubation, the supernatant was removed, and 100 puL of medium
supplemented with 10% CCK-8 reagent was added to each well. The plates were then incubated for 2 hours at 37°C.
Finally, the absorbance was measured at 450 nm using a microplate reader.

Cell-Targeting Studies

The targeting ability of MTX@LNP-PVCAM-1 and MTX@LNP toward TNF-a-activated MH7A cells and non-activated
MH7A cells were visualized using fluorescence microscopy. Fluorescently labeled lipid nanoparticles, MTX@LNP-
PVCAM-1-RhB and MTX@LNP-RhB, were prepared with Rhodamine B (RhB) for fluorescence tracking. The experi-
mental procedure was as follows: MH7A cells were seeded onto coverslips placed in 24-well plates and incubated for
24 hours. Subsequently, the cells were activated with TNF-a (50 ng/mL) for 12 hours. After activation, the culture
medium was replaced with fresh medium containing the fluorescent lipid nanoparticles, and the cells were further
incubated for 3 hours to allow nanoparticle uptake.
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As a control experiment, a 2 mg/mL solution of PVCAM-1 was pre-incubated with MH7A cells for 30 minutes prior
to treatment with the lipid nanoparticles to evaluate the specificity of targeting. Following incubation, cell nuclei were
stained with DAPI, then washed three times with PBS, and cellular uptake of the fluorescent lipid nanoparticles was
observed using fluorescence microscopy. The cellular uptake of MTX@LNP-PVCAM-1-RhB and MTX@LNP-RhB
towards the unactivated MH7A cells were also conducted similarly with the above method.

Cell Proliferation Inhibition Assay

MH7A cells were seeded into 96-well plates at a density of 8x10° cells/well and incubated at 37°C for 24 hours.
Cells were cultured either in medium containing TNF-a (50 ng/mL) or in medium without TNF-a to establish
activated and non-activated cellular conditions, respectively. After 24 hours, the culture medium was removed and
replaced with fresh medium containing MTX@LNP-PVCAM-1 or MTX@LNP at concentrations of 2.5 pg/mL,
5 pg/mL or 10 pg/mL. After an additional 24 hours of incubation, the supernatant was removed, and 100 uL of
medium supplemented with 10% CCK-8 reagent was added to each well. The plates were then incubated for
2 hours at 37°C. Finally, the absorbance was measured at 450 nm using a microplate reader.

Cell Migration Test

The parallel migration ability of cells was evaluated using a scratch wound assay. MH7A cells were seeded into 6-well plates
at a density of 8x10° cells/well and cultured in complete medium with or without 50 ng/mL TNF-a at 37°C with 5% CO,.
When the cells reached 90% confluence, a straight scratch was made perpendicular to the well using a 200 pL sterile pipette
tip. Subsequently, the cells were treated with medium containing 10 pg/mL MTX@LNP-PVCAM-1 or MTX@LNP. Images
of the scratched areas were captured and the scratch healing rate was quantitatively analyzed using ImagelJ software.

The vertical migration ability of cells was assessed using a transwell assay. MH7A cell suspensions (5x10* cells
in 200 pL) were seeded into the upper chamber. The upper chamber contained basal medium with 1% FBS, while
the lower chamber was filled with complete medium containing 10% FBS and 50 ng/mL. TNF-o as
a chemoattractant. For the experimental groups, cells were pre-treated with medium containing 10 pg/mL
MTX@LNP-PVCAM-1 or MTX@LNP 24 hours prior to seeding. The control group was treated with an equal
volume of PBS. After 24 hours of incubation at 37°C with 5% CO,, the migrated cells were fixed with 4%
paraformaldehyde for 30 minutes and stained with 0.1% crystal violet for 15 minutes. The number of cells that
migrated through the membrane was counted in five random fields under an upright optical microscope at x200
magnification using ImageJ software.

Cellular Inflammatory Factor Inhibition Assay

MH7A cells were seeded into 24-well plates at a density of 5x10* cells/well and cultured in complete medium either
containing 50 ng/mL TNF-a or TNF-a-free for 24 hours at 37°C. Subsequently, the culture medium was removed and
replaced with fresh medium containing 10 pg/mL of MTX@LNP-PVCAM-1, or MTX@LNP. The cells were further
incubated for an additional 24 hours. After incubation, the culture supernatant was collected by centrifugation, and
inflammatory cytokine levels were measured using the Bio-Plex Pro™ Cytokine 23-Plex Assay Kit according to the
manufacturer’s instructions.

In vivo Imaging Studies in Rats

In vivo biodistribution and fluorescence imaging experiments were conducted using an antigen-induced arthritis (AIA) rat
model. DIR-labeled formulations, including DIR@MTX@LNP-PVCAM-1, DIR@MTX@LNP, and free DIR dye, were
administered via tail vein injection at a dose of 2 mg/kg. Fluorescence imaging was performed 6 hours post-injection using an
IVIS Spectrum small-animal imaging system (PerkinElmer). 24 hours post-injection, rats were euthanized under isoflurane
anesthesia. Tissues including the heart, liver, spleen, lungs, kidneys, and affected ankle joints were collected and placed on
a black background for ex vivo fluorescence imaging. Then the fluorescence intensity was quantified using ImageJ software.

10982 ‘s International Journal of Nanomedicine 2025:20



Na et al

Pharmacodynamic Studies

To comprehensively evaluate the therapeutic efficacy of MTX@LNP-PVCAM-1 in AIA rats, a well-designed experi-
mental protocol was implemented. On day 14 post-modeling, the successfully modeled rats were randomly divided into
three groups (n=5 per group): Group | served as the control group and received an intravenous injection of saline.
Groups 2 and 3 were administered MTX@LNP and MTX@LNP-PVCAM-1, respectively, both at a dose of 1.5 mg/kg.
The treatment was administered intravenously every other day for a total of three doses. During the treatment period, the
swelling of the rats’ paws was photographed and the arthritis index was recorded. Additionally, the toe volume was
measured using a plethysmometer to provide a quantitative assessment of edema.

Measurement of Inflammatory Factors

At the end of the treatment period, the AIA rats were euthanized, and soft tissues from the affected ankle joints were
collected. The tissues were homogenized in PBS containing protease inhibitors and centrifuged to obtain the supernatant.
The levels of IL-1p and IL-6 in the supernatant were quantified using ELISA kits according to the manufacturer’s
instructions.

X-Ray Joint Scan
Ankle joints from rats in each group were scanned using X-ray to evaluate structural changes in the ankle joints of AIA
rats.

Micro CT Joint Scan
Ankle joints from rats in each group were scanned using Micro-CT to assess bone erosion, joint space and bone
destruction.

Histological Assessment
Ankle joints from rats in each group were embedded in paraffin blocks, sectioned at 5 um thickness, and stained with
hematoxylin-eosin (H&E) for histological observation.

In vivo Safety Assessment

At the end of the experiment, blood samples were collected from the rats, and biochemical parameters were analyzed
using an automated biochemical analyzer. Additionally, major organs from each group were harvested, fixed, and
subjected to hematoxylin-eosin (H&E) staining to evaluate histopathological changes. These assessments provided
insights into the therapeutic potential and safety profile of MTX@LNP-PVCAM-1 in vivo.

Statistical Analysis

The data were analyzed by SPSS13.0 software (SPSS, Chicago, IL, USA). The data were verified to meet the assumption
of normality by the Shapiro—Wilk test. Significant differences were determined by #-test or one-way analysis of variance
(ANOVA), and p<0.05 was considered statistically significant (GraphPad Prism 8 software, San Diego, CA, USA). In
this study, post hoc multiple comparisons were performed using the Bonferroni method, which controls for categorylerror
rates by adjusting the significance level and is suitable for two-by-two comparisons between multiple groups.

Results

Characterization of MTX@LNP-PVCAM-I and MTX@LNP

The particle size and zeta potential of MTX@LNP-PVCAM-1 and MTX@LNP were measured using dynamic light
scattering (DLS). The results showed that the average particle size of MTX@LNP was 146.8 + 4.1 nm, while that of
MTX@LNP-PVCAM-1 was 168.5 + 3.8 nm (Table 1, Figure 1a and b). The increase in particle size can be attributed to
the modification of the nanoparticles by PVCAM-1. Additionally, PVCAM-1 was labeled with fluorescence, and the
content of PVCAM-1 on the lipid nanoparticles was detected by fluorescence spectrophotometry. It was found that the
content of PVCAM-1 on the lipid nanoparticles varied with different modification ratios (Figure S1). These findings
further confirm that PVCAM-1 has been successfully modified on the surface of MTX@LNP, thereby forming the
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Table | The Characterization of Lipid Nanoparticles

Lipid Nanoparticles Size (nm) Zeta (mV) PDI DL (%) EE (%)
MTX@LNP-PVCAM-| 168.5£3.8 —12.1x1.7 0.142+0.08 | 24.3£3.7 | 64.3+¥8.9
MTX@LNP 146.514.1 —15.6%2.1 0.265+0.05 20.5+2.5 55.616.6

targeted lipid nanoparticles MTX@LNP-PVCAM-1. The surface potentials of MTX@LNP and MTX@LNP-PVCAM-1
were —15.6 £ 2.1 mVand —12.1 + 1.7 mV, respectively. The weak electrostatic repulsion between nanoparticles enhances
their dispersion and storage stability, preventing disintegration, precipitation, or phase separation. Transmission electron
microscopy (TEM) images (Figures 1c and d, S2) showed that the nanoparticles exhibited uniform dispersion without
adhesion, and their surface morphology was smooth and spherical.

Stability of Nanocarriers

The stability of MTX@LNP-PVCAM-1 and MTX@LNP was evaluated at different temperatures. When stored in PBS
culture media at 4°C, both formulations showed minimal changes in particle size and polydispersity index (PDI) over
seven days (Figures le and S3a). Similarly, when exposed to fetal bovine serum (FBS) culture media at 37°C, both
formulations exhibited minimal changes in particle size and PDI over 24 hours (Figures 1f, S3b). These results indicate
that the nanocarriers are stable under both storage and physiological conditions.

pH-Sensitive Drug Release

The pH of the microenvironment of inflamed tissues is significantly lower than that of normal tissues due to the hypoxic
environment within the tissues and the excess lactic acid produced by inflammatory cells. This is important for
biostimulation-mediated delivery of targeted drugs. Consequently, in this experiment, we prepared phosphate buffer
solutions with different pH values (7.4, 6.0) to simulate the circulating pH and the weakly acidic pH of inflammatory
cells at a temperature of 37°C (Table 2, Figure 1g and h). Under simulated physiological conditions (pH 7.4), the system
exhibited sustained-release characteristics with approximately 30% drug release over 48 hours. In contrast, in an acidic
microenvironment (pH 6.0), the cumulative drug release significantly increased to 80% (p<0.05). It is noteworthy that
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Figure | Characterization of MTX@LNP-PVCAM-I. Particle size distribution of (a) MTX@LNP and (b) MTX@LNP-PVCAM-I. TEM images of (¢) MTX@LNP and (d)
MTX@LNP-PVCAM-|. Stability of MTX@LNP-PYCAM-1 in (e) PBS and (f) FBS. In vitro MTX release from (g) MTX@LNP and (h) MTX@LNP-PVCAM-1 in different pH
release medium. Data are presented as the mean * SEM (n=3, *p<0.05 vs pH7.4).
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Table 2 In vitro MTX Release from MTX@LNP and MTX@LNP-PVCAM-1 in Different pH Release Medium

Time (h) | MTX@LNP (pH7.4) | MTX@LNP (pH6.0) | MTX@LNP-PVCAM-| (pH7.4) | MTX@LNP-PVCAM-1 (pH6.0)
0 0 0 0 0

[ 4.10.5 11.3£0.7 8.2+0.4 13.8+0.8
4 5.2+0.4 213%1.6 10.3£0.9 24.3%12
8 7.120.8 30.5£1.9 12.7+0.8 347427
12 9.4%1.5 41628 13.7£0.5 435429
16 11.2£0.9 465+3.6 14.3+0.7 49.1%3.1
20 13.5+0.5 51.1£2.1 15.2%1.1 58.2+4.2
24 15215 59.2+3.2 17.551.7 66.2+4.6
30 217422 68.4+4.3 23.6£1.5 70.5+3.6
36 253+34 747447 26.1%2.6 763%35
) 30.8+3.5 76.6£3.5 31.4£3.1 78.4+3.8
48 33.2+4.1 79.4£3.9 342424 81.85.1

similarly, the MTX@LNP system has also demonstrated pH-responsive drug release characteristics. This controlled
release behavior highlights the flexibility and efficiency of nanocarriers in optimizing therapeutic outcomes.

Biocompatibility

The hemolytic potential of LNP-PVCAM-1 and LNP was evaluated by incubating them with erythrocytes at concentra-
tions ranging from 250 pug/mL to 2000 pg/mL. The hemolysis rate remained below 5% at all tested concentrations,
indicating no hemolytic activity (Figure 2a—c). Additionally, the cytotoxicity of blank lipid nanoparticles was assessed
using a MTT assay with human umbilical vein endothelial cells (HUVEC). The cell survival rates remained above 90%
across the entire concentration range, demonstrating minimal cytotoxicity (Figure 2d and e). These results collectively
demonstrate that the prepared lipid nanoparticles, LNP-PVCAM-1 and LNP, exhibit favorable biocompatibility. This
favorable biocompatibility profile provides a robust foundation for their application in both in vivo and in vitro delivery
systems, paving the way for further research and potential clinical applications.

Targeting Ability

The targeting ability of PVCAM-1 to MH7A cells was thoroughly evaluated by analyzing the uptake of MTX@LNP-
PVCAM-1 and MTX@LNP by both activated and unactivated MH7A cells. The results showed that, for unactivated
MHT7A cells, there was no significant difference in the uptake of MTX@LNP-PVCAM-1 and MTX@LNP (Figure 3a and
b), indicating that the nanoparticles modified with PVCAM-1 did not exhibit additional targeting advantages in the
unactivated state. However, for activated MH7A cells, the uptake of MTX@LNP-PVCAM-1 was significantly higher
than that of MTX@LNP (p<0.05), which suggests that PVCAM-1 can significantly enhance the targeting of nanopar-
ticles to activated MH7A cells (Figure 3a and c). In further experiments, after pre-treating activated MH7A cells with
PVCAM-1, we found a significant decrease in the uptake of MTX@LNP-PVCAM-1 by the cells (p<0.05). This result
further confirms the specific interaction between PVCAM-1 and the binding sites on the surface of activated MH7A cells,
thereby verifying that PVCAM-1 has a highly specific targeting ability to activated MH7A cells.

Anti-Inflammatory and Anti-Proliferative Effects

The impact of MTX@LNP-PVCAM-1 on the proliferation of activated MH7A cells was further assessed using the MTT
assay (Figure 4a). The results showed that, compared with the MTX@LNP group, MTX@LNP-PVCAM-1 significantly
inhibited the proliferation of activated MH7A cells (p<0.05). The anti-inflammatory potential of MTX@LNP-PVCAM-1
was further elucidated using ELISA kits (Figure 4b and c). The data revealed that TNF-o stimulation significantly
upregulated the expression of IL-6 and IL-1f in MH7A cells. Compared with the MTX@LNP group, MTX@LNP-
PVCAM-1 could more efficiently suppress the levels of these two inflammatory cytokines, bringing them close to the
normal range (p<0.05). In this study, MTX@LNP-PVCAM-1 not only significantly inhibited the proliferation of

International Journal of Nanomedicine 2025:20 hetps: 10985



Na et al

0.1% SDS Normal saline 250 pg/mL 500 pg/mL 1000 pg/mL 2000 pg/mL

LNP

LNP-PVCAM-1

C 110-

Hemolytic rate %
Hemolytic rate %

Q° ~
&8 & & &S
RIS K A R
X e & & S
& N L)

Q)

Cell Viability (%)

Cell Viability (%)

A\
D o3

Concentration (ug/mL) Concentration (pg/mL)

Figure 2 Bio-security of LNP-PVCAM-I. (a) Erythrocyte hemolysis of LNP and LNP-PVCAM-I. The hemolysis rate of (b) LNP and (c) LNP-PVCAM-I. CCK-8 assay to
detect the cellular toxicity of (d) LNP and (e) LNP-PYCAM-1 on HUVEC cells. Data are presented as the mean * SEM.
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Figure 3 In vitro intracellular uptake after MTX@LNP-PVCAM-I treatment. (a) Cellular uptake of MTX@LNP and MTX@LNP-PVCAM-1 in untreated and TNF-a
activated MH7A cells, observed by CLSM. Semi-quantitative analysis results of MTX@LNP and MTX@LNP-PVCAM-1 in (b) untreated and (c) TNF-a activated MH7A cells.
Data are presented as the mean + SEM (n=3, *»<0.05 vs MTX@LNP, #p<0.05 vs MTX@LNP-PVCAM-1).

activated MH7A cells but also robustly suppressed the production of inflammatory cytokines. These dual actions—
reduced cytotoxicity and potent anti-inflammatory activity—jointly highlight the significant therapeutic advantages of
MTX@LNP-PVCAM-1 in the treatment of RA.

Inhibition of Cell Migration

Targeted inhibition of HFLS-RA cell migration has emerged as a crucial therapeutic strategy to alleviate joint destruc-
tion. In this study, scratch wound healing assays and transwell migration experiments were employed to systematically
evaluate the inhibitory effect of MTX@LNP-PVCAM-1 on TNF-a-induced horizontal and vertical migration of MH7A
cells. Compared with the MTX@LNP group, treatment with MTX@LNP-PVCAM-1 significantly reduced the wound
closure rate by 37.2% (p<0.05), indicating that PVCAM-1-modified nanoparticles markedly enhanced the inhibitory
effect on horizontal cell migration (Figure 4d and f). The transwell assay results showed that, in comparison to the
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MTX@LNP group, MTX@LNP-PVCAM-1 significantly decreased the number of cells migrating through the membrane
in vertical migration by 52.8% (p<0.05) (Figure 4e and g). These findings demonstrate that PVCAM-1-modified
nanoparticles, through targeted delivery, significantly enhance the inhibitory effect on HFLS-RA cell migration, both
in terms of horizontal and vertical migration.

In vivo Targeting Efficacy

The in vivo targeting efficacy of MTX@LNP-PVCAM-1 was evaluated in adjuvant-induced arthritis (AIA) model rats
using near-infrared fluorescent probe DIR-labeled nanoparticles. Free DIR exhibited minimal fluorescence signals in
hindlimb joints, while both DIR-MTX@LNP and DIR-MTX@LNP-PVCAM-1 groups showed significant fluorescence
accumulation at inflammatory joints within 6 hours (Figure 5a—d). The PVCAM-I1-modified group exhibited higher
fluorescence intensity at target sites compared to conventional nanoparticles (p<0.05), confirming enhanced active
targeting.
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Figure 5 Biodistribution of MTX@LNP-PVCAM-1 in AlA rats. (a) In vivo images of the inflamed joints and (b) ex vivo images of the major organs from AlA rats after
administration of different formulations. The fluorescent intensity (c) in the inflamed joints for 6 h in vivo and (d) in the major organs for 24 h Ex vivo from the fluorescence
images. Data are presented as the mean + SEM (n=3, *»<0.05 vs MTX@LNP, #p<0.05 vs Free DIR).

Therapeutic Efficacy in AIA Model Rats

The therapeutic efficacy of MTX@LNP-PVCAM-1 was evaluated in ATA model rats. The results showed that significant
toe joint swelling was observed in the model group from day 14 post-modeling (Figure 6a). Compared with the model
group, both MTX@LNP and MTX@LNP-PVCAM-1 significantly inhibited foot swelling and reduced arthritis index
scores (p<0.05). Notably, MTX@LNP-PVCAM-1 exhibited superior therapeutic effects compared with MTX@LNP
(»<0.05). At the end of the treatment, complete resolution of foot swelling was observed in the MTX@LNP-PVCAM-1
group (Figure 6b and c), indicating its significant advantage in alleviating joint swelling. Moreover, MTX@LNP-
PVCAM-1 also showed a more pronounced effect in reducing the levels of IL-6 and IL-1f in rat joint homogenates
compared with MTX@LNP (Figure 6d and e), further confirming its stronger anti-inflammatory potency. MTX@LNP-
PVCAM-1 demonstrated significantly better therapeutic effects than MTX@LNP in AIA model rats, excelling not only
in reducing joint swelling but also in lowering the levels of key inflammatory cytokines. These results indicate that the
PVCAM-1 mediated targeted delivery strategy can significantly enhance the therapeutic efficacy of methotrexate.
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Figure 6 Effects of treatment on the clinical score, paw thickness, and pro-inflammatory cytokines. (a) Photographs of rat paws after treatment from different groups. (b)
The clinical score and (c) paw thickness during the treatment. The levels of (d) IL-6 and (e) IL-Ip in the joint tissue after the treatment. Data are presented as the mean *
SEM (n=3, *p<0.05 vs MTX@LNP, #p<0.05 vs Model control).

Histological and Imaging Analysis

H&E staining clearly revealed the significant effect of the MTX@LNP-PVCAM-1 group in improving joint pathology
(Figure 7a). X-ray imaging further indicated that the joint structure in the MTX@LNP-PVCAM-1 group remained intact
without obvious joint deformity, and both toe joint swelling and bone damage were significantly alleviated (Figure 7b).
Micro-CT analysis provided strong evidence at the level of bone tissue structure: compared with the MTX@LNP group,
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Figure 8 Hematological indices from different groups of rats. (a) WBC, (b) RBC, (c) PLT, (d) Neutrophil, (e) Lymphocyte, and (f) HGB levels in serum. Data are presented
as the mean % SEM (n=3, *p<0.05 vs MTX@LNP, #»<0.05 vs Model control).

rats treated with MTX@LNP-PVCAM-1 exhibited milder bone erosion, with significantly increased bone volume/tissue
volume ratio (BV/TV) and bone mineral density (BMD), (p<0.05) (Figure 7c—e). MTX@LNP-PVCAM-1 has shown
excellent therapeutic potential in reducing joint pathological changes, alleviating bone damage, and promoting bone
tissue repair.

Analysis of Blood Routine Indicators in Rats

Blood routine test results in rats are shown in Figure 8. The white blood cell (WBC) count was lower in the model
control group than in the normal control. The MTX@LNP-PVCAM-1 group significantly increased WBC levels
compared to the MTX@LNP group (p<0.05), suggesting efficacy in restoring WBC count. Platelet (PLT) counts were
higher in the model group than in the normal group. MTX@LNP-PVCAM-1 reduced PLT to near-normal levels,
demonstrating its ability to correct abnormal platelet elevation. Model group neutrophil counts exceeded normal levels.
MTX@LNP-PVCAM-1 significantly reduced neutrophil numbers, indicating regulatory effects on inflammation-
associated neutrophils and alleviation of inflammation. Lymphocyte counts were lower in the model group than in
normal controls. MTX@LNP-PVCAM-1 elevated lymphocyte levels and differed significantly from the MTX@LNP
group (p<0.05), demonstrating capacity to modulate lymphocytes and restore immune balance. Red blood cell counts and
hemoglobin (HGB) levels showed no significant differences between treatment groups and normal controls, indicating
prolonged in vivo circulation does not affect blood cell counts and confirming excellent hemocompatibility. MTX@LNP-
PVCAM-1 improved WBC, PLT, neutrophil, and lymphocyte parameters in rheumatoid arthritis (RA) rats, facilitating
restoration of immune and blood-related functions. However, specific molecular mechanisms and long-term efficacy
require further investigation through inflammatory cytokine detection and joint pathology analysis.

Safety and Biocompatibility

Biochemical analyses revealed no significant differences in hepatic function markers (ALT and AST) or renal function
parameters (Cr and BUN) among experimental groups, confirming the absence of drug-induced hepatotoxicity and
nephrotoxicity (Figure 9a—d). Histopathological analysis showed intact histological architecture of major organs in
treated animals, with no inflammatory infiltration or necrotic lesions (Figure 9e¢).
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Figure 9 In vivo biocompatibility of MTX@LNP-PYCAM-1. (a) ALT, (b) AST, (c) BUN, and (d) Crea levels in serum. (e) H&E staining of major organs collected from
different groups of rats.

Discussion
Physicochemical Properties and Stability
The physicochemical properties of nanocarriers are crucial for their delivery efficiency and biological activity. In this
study, the average particle sizes of MTX@LNP and MTX@LNP-PVCAM-1 were 146.8 £ 4.1 nm and 168.5 £ 3.8 nm,
respectively, falling within the ideal nanoscale range of 100-200 nm. This size range is optimal for the enhanced
permeability and retention (EPR) effect, allowing passive targeting and accumulation at the lesion site.?”*® Additionally,
this size helps evade rapid clearance by the reticuloendothelial system (RES), thereby extending circulation time in the
body.?*° The slight increase in particle size after PVCAM-1 modification (approximately 21.7 nm) is likely due to the
grafting of PVCAM-1 molecules on the LNP surface, which is consistent with the general rule of size increase after
surface functionalization.’'*? This increase did not exceed the optimal size range for nanocarriers, ensuring their
feasibility for in vivo delivery.

The zeta potential measurements revealed weak negative charges on the surfaces of both nanoparticles (—12.1 to —15
mV). This weak electrostatic repulsion effectively prevents particle aggregation, maintaining dispersion stability,>* which
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is consistent with the TEM observations of uniform dispersion without adhesion. The slight decrease in zeta potential
absolute value after PVCAM-1 modification (from —15 mV to —12.1 mV) may be attributed to the neutralization of
surface negative charges by polar groups in PVCAM-1 molecules. However, this did not compromise the overall
dispersibility and may improve biocompatibility by reducing non-specific adsorption.

The stability experiments further confirmed that both nanocarriers exhibited minimal changes in particle size and PDI
over 7 days at 4°C and 24 hours at 37°C in serum. This stability is critical: the low-temperature stability ensures long-
term storage and transportation, while the physiological temperature stability in serum indicates that the nanocarriers are
unlikely to disintegrate or aggregate during circulation, preventing premature drug leakage or clearance.** This stability
is essential for subsequent targeting delivery and controlled release.

pH-Sensitive Drug Release

MTX@LNP-PVCAM-1 demonstrated significant pH-sensitive drug release characteristics. Under physiological condi-
tions (pH 7.4), the drug release rate was approximately 30% over 48 hours, while in an acidic environment (pH 6.0), the
release rate increased to 80%. This release profile is highly compatible with the microenvironment of RA lesions, where
the pH is typically lower (approximately 6.0—6.5) due to inflammatory cell infiltration and high metabolic activity.>> This
“site-specific release” mode allows for precise drug release at the target site, significantly reducing drug exposure in
normal tissues and thereby minimizing the systemic toxicity of MTX.

Mechanistically, the pH-dependent release behavior of MTX from the nanoparticles can be attributed to the proto-
nation of MTX molecules within the aqueous core or at the interface of the nanoparticles 1-3. Upon protonation, MTX
forms a more lipophilic neutral species (MTXH). This lipophilic MTXH can relatively easily diffuse through the
hydrophobic lipid bilayer of the LNP to reach the external medium. Once MTXH enters the external environment
near physiological pH (7.4), its carboxyl group rapidly undergoes deprotonation, reverting back to its highly hydrophilic
and charged ionic form (MTX"). The ionized MTX  is extremely difficult to re-diffuse back into the hydrophobic lipid
membrane. This leads to continuous accumulation of MTX' in the external medium, disrupting the dynamic equilibrium
across the membrane. Consequently, this drives the continuous diffusion and transformation of protonated MTXH from
the interior, resulting in a significantly accelerated net release rate under acidic conditions.*®*” Moreover, the sustained
release under physiological conditions (30%/48 hours) avoids burst release and local toxicity, while the efficient release
at the lesion site (80%/48 hours) ensures sufficient drug concentration for therapeutic effects, embodying the “on-demand
release” concept for intelligent treatment.

Targeting Ability and Enhanced Therapeutic Efficacy

Targeted delivery is key to improving the specificity of RA treatment. In this study, PVCAM-1 modification significantly
enhanced the targeting ability of the nanoparticles to activated MH7A cells. The uptake of MTX@LNP-PVCAM-1 by
activated MH7A cells was significantly higher than that of unmodified MTX@LNP, and pre-treatment with PVCAM-1
blocked this uptake, confirming the specificity of the targeting. This targeting ability is closely related to the pathological
features of RA, where synovial fibroblasts (eg, MH7A) express high levels of VCAM-1 upon activation by inflammatory
cytokines (eg, TNF-a).*® PVCAM-1 can specifically bind to VCAM-1 on the target cell surface, mediating active
targeting and internalization of the nanoparticles, thereby increasing drug accumulation at the lesion site.

In vivo imaging results further validated this targeting advantage. DIR-labeled MTX@LNP-PVCAM-1 exhibited
significantly higher fluorescence intensity at inflamed joints in AIA model rats compared to unmodified nanoparticles,
while free DIR showed minimal accumulation. This indicates that PVCAM-1 modification enhances selective accumula-
tion of the nanoparticles at the lesion site through a dual mechanism of “active targeting + EPR-mediated passive
enrichment”, laying the foundation for enhanced local therapeutic effects.

In vitro and In vivo Therapeutic Efficacy and Safety
In vitro functional experiments showed that MTX@LNP-PVCAM-1 significantly inhibited the proliferation of activated
MHT7A cells and effectively reduced levels of key inflammatory cytokines IL-6 and IL-1B. IL-6 and IL-1f are central pro-

inflammatory cytokines in RA pathogenesis, driving synovial cell proliferation, osteoclast activation, and joint damage.***’
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Their reduced levels directly reflect the anti-inflammatory activity of the nanocarriers. Additionally, MTX@LNP-PVCAM-1
significantly inhibited TNF-o-induced migration of MH7A cells (reducing scratch wound healing by 37.2% and transwell
migration by 52.8%), suggesting that it can slow down joint cartilage and bone destruction by inhibiting synovial cell invasion
and migration.

In vivo therapeutic experiments further confirmed the superiority of MTX@LNP-PVCAM-1. In AIA model rats, this
targeted nanocarrier completely resolved foot swelling, significantly reduced arthritis index scores, and decreased levels
of IL-6 and IL-1P in joint homogenates. Histological and imaging analyses showed that it improved joint inflammation,
reduced bone erosion, and increased bone volume/tissue volume (BV/TV) and bone mineral density (BMD). These
results are consistent with in vitro findings, confirming that PVCAM-1-mediated targeting increases drug concentration at
the lesion site, thereby enhancing the anti-inflammatory, anti-proliferative, and anti-migratory effects of MTX and
ultimately improving joint structural damage.*'*?

Safety assessment is a core prerequisite for the translational application of nanocarriers. In this study, LNP-
PVCAM-1 and LNP exhibited no significant hemolytic activity at concentrations ranging from 250 to 2000 pg/mL
and maintained cell viability above 90% in HUVEC cells, indicating good blood compatibility and cell
compatibility.*** In vivo experiments further confirmed that liver function (ALT, AST) and kidney function (Cr,
BUN) indicators were normal in all treatment groups, and no inflammatory infiltration or necrosis was observed in
major organs. This suggests that the nanocarriers can effectively reduce the systemic toxicity of free MTX, which is
particularly important for clinical applications. Traditional MTX often causes liver, kidney, and hematological toxicity

46,47

due to non-specific distribution, while targeted nanocarriers reduce drug exposure in normal tissues, potentially

improving the therapeutic window.

Significance and Limitations

The MTX@LNP-PVCAM-1 nanocarrier system integrates multiple advantages: active targeting through PVCAM-1,
pH-sensitive release for precise control, enhanced therapeutic efficacy, and reduced systemic toxicity. These features
make it a promising candidate for the precise treatment of RA. However, this study has certain limitations. First, the
specific molecular mechanisms of PVCAM-1 interaction with VCAM-1 on target cells need further validation through
receptor-blocking experiments or gene knockout models. Second, long-term (beyond 4 weeks) in vivo safety and
efficacy have not been evaluated and should be confirmed in larger animal models. Finally, pharmacokinetic
parameters (eg, half-life, clearance rate) of the nanoparticles and their combination with other RA treatments require
further investigation.

Conclusion

The rationally engineered MTX@LNP-PVCAM-1 system demonstrates multifunctional superiority as a nano-
therapeutic platform for RA management. Its uniform particle size, high drug-loading capacity, and stimuli-
responsive release kinetics ensure precise spatiotemporal control of methotrexate delivery, while robust stability
guarantees translational feasibility. In terms of clinical relevance, this system addresses MTX’s current drawbacks in
practice: by enhancing targeted accumulation at inflamed sites, it mitigates the systemic toxicity associated with high-
dose MTX administration; the stimuli-responsive release profile reduces off-target effects, overcoming the narrow
therapeutic window of free MTX; and the nanoformulation improves bioavailability, addressing issues of variable
absorption in oral administration.

In vitro and in vivo investigations collectively validate its dual-action therapeutic mechanism: (1) Targeted accumu-
lation at inflamed joints enables selective suppression of fibroblast-like synoviocyte proliferation and pro-inflammatory
cytokine secretion, effectively interrupting the self-perpetuating inflammatory cascade; (2) Systemic protection against
cartilage degradation and bone erosion is achieved through marked reduction of paw swelling, arthritis index scores, and
inflammatory cell infiltration in AIA models. Crucially, comprehensive safety evaluations reveal no detectable hemato-
logical, hepatic, or renal toxicity, underscoring its exceptional biocompatibility. Regarding future steps, long-term
toxicity studies and exploration of combination therapies (eg, with biologics) will be essential to further validate its
translational potential, ensuring sustained safety and synergistic efficacy in chronic RA management. In terms of broader
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implications, the platform’s reliance on VCAM-1 targeting suggests potential applicability to other inflammatory diseases
with VCAM-1 overexpression, such as inflammatory bowel disease or atherosclerosis, expanding its therapeutic scope
beyond RA.

In summary, MTX@LNP-PVCAM-1 has the potential to be a promising therapeutic agent for the treatment of RA.
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