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Purpose: Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease involving synovial inflammation and joint destruction.
Although therapeutic drugs for RA have some efficacy, they usually cause severe side effects and are expensive. RA is characterized
by synovial hyperplasia, intra-articular hypoxia, upregulated expression of matrix metalloproteinases, and excessive accumulation of
reactive oxygen species. The adverse microenvironment further aggravates activated macrophage infiltration. Therefore, controlling
the microenvironment of diseased tissues and targeting the activated macrophages have become new therapeutic targets in RA patients.
Methods: Here, microenvironment-targeting micelles (PVGLIG-MTX-Que-Ms) were synthesized using the thin film hydration
method. In the inflammatory microenvironment, PVGLIG was cleaved by the highly expressed MMP-2, PEGsgoo was eliminated,
MTX was exposed, macrophage activation was targeted, and Que enrichment was enhanced. The cytotoxicity, targeting, antioxidant,
and anti-inflammatory properties of drug-loaded micelles were tested in vitro. The drug-loaded micelles were used to treat CIA rats. In
vivo targeting, expression of serum inflammatory factors, immunohistochemistry of the articular cartilage, and changes in immuno-
fluorescence staining were observed.

Results: The developed micelles had a particle size of (89.62 +1.33) nm and a zeta potential of (—4.9 +£0.53) mV. The ICs, value of
PVGLIG-MTX-Que-Ms (185.90 +6.98) umol/L was significantly lower than that of free Que (141.10 £6.39) pmol/L. The synthesized
micelles exhibited slow-release properties, low cytotoxicity, strong targeting abilities, and significant anti-inflammatory effects in vitro.
In vivo, the drug-loaded micelles accumulated at the joint site for a long time. PVGLIG-MTX-Que-Ms significantly reduced joint
swelling, improved bone destruction, and decreased the expression of serum inflammatory factors in CIA rats.

Conclusion: The smart-targeting micelles PVGLIG-MTX-Que-Ms with strong targeting, anti-inflammatory, cartilage-protective, and
other multiple positive effects are a promising new tool for RA treatment.
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Introduction
Rheumatoid arthritis (RA) is a chronic multisystem autoimmune disease that usually destroys joints and associated blood
vessels symmetrically, which then affects metabolism and bones and triggers systemic complications.! RA is a highly
prevalent disease, affecting approximately 2% of the global human population, with 70% of RA patients being women.
Chronic inflammation-induced cardiovascular disease (CVD) remarkably increases RA-related mortality.” RA involves
substantial medical expenses and causes a decline in physical function and quality of life, thereby placing a heavy burden
on patients and their families.” RA is among the most important diseases jeopardizing human health, and its etiology
remains unclear.”

Macrophages play a key role in RA-associated inflammation.” A large number of activated and aggregated macrophages in
the synovial fluid and tissues can produce proinflammatory cytokines, chemokines, ROS, and matrix metalloproteinases
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(MMP). These factors promote and maintain inflammation, participate in RA vasculature proliferation, erode the articular
surface, and exacerbate disease progression.’” Therefore, targeting macrophage activation, reducing the expression of
inflammation-related factors, and lowering the level of reactive oxygen species (ROS) in the microenvironment of diseased
tissues are crucial for safe and effective RA treatment.®

Quercetin (Que), is a natural flavonoid and an active ingredient with anti-inflammatory, antioxidant, analgesic, and
other beneficial effects and biological activities.”'® Preclinical or clinical studies have found Que effective in RA
treatment by significantly reducing the levels of inflammatory cytokines and mediators and oxidative stress, with a strong
therapeutic potential.''*'> However, its poor solubility, poor gastrointestinal retention, low bioavailability, easy oxidation
ability, and other defects markedly limit the efficacy of Que."?

A nanoparticle-targeted drug delivery system is associated with the advantages of low dose, low toxicity, and low side
effects, and can selectively enrich the drug to the disease site. In RA, the synovial microenvironment is cytokine- and
metabolite-rich, which results in a low pH environment, a hypoxic microenvironment, and MMP overexpression.'*'
Designing an RA pathology-based delivery vehicle that responds in the inflammatory microenvironment and controls
drug release may be a promising therapeutic strategy.

We here synthesized RA microenvironment-responsive micelles by using the upregulated MMP-2 enzyme in the RA
microenvironment as a response condition. An MMP-responsive peptide (PVGLIG) was employed as a linker for
conferring premedication to the polymers. Hydrophilic long-chain PEGsgg served as a hydration layer to prolong the
somatic circulation time and enhance stability. To improve drug targeting, methotrexate (MTX) exhibiting a high affinity
for folate receptor-f (FR-B), which is highly expressed on the surface of activated macrophages, was modified on the
surface of Que-containing micelles.'®!” We investigated the effects of targeted modulation of non-cytotoxicity of drug-
loaded micelles on RA lesions through in vivo and in vitro experiments and evaluated their treatment effectiveness.

Materials and Methods

Materials, Cells and Animals

Que and Soluplus were obtained from Pufei De Biotech Co., Ltd (Chengdu, China) and Basf New Materials Co., Ltd.
(Shanghai, China), respectively. DSPEPEG,0-PVGLIG-PEGs099 and DSPE-PEG,yg-Methotrexate (DSPEPEG;gg0-
MTX) were synthesized by Ruixi Biological Technology Co., Ltd (Xi’an, China). Chicken type II collagen, complete
Freund adjuvant, and incomplete Freund adjuvant were supplied by Chondrex, Inc. (Redmond, WA, USA).
Lipopolysaccharide (LPS), TPGS1000, and 1.1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) were
provided by Meilun Co., Ltd (Dalian, China). ELISA kits and human active MMP2 proteins were purchased from
Solarbio Co., Ltd (Beijing, China) and EMD Biosciences (La Jolla, CA, USA), respectively. All other reagents used were
of analytical grade.

RAW264.7 cells were obtained from the Institute of Basic Medical Science, Chinese Academy of Medical Science
(Beijing, China). The cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin solution (100 U/mL penicillin and 100 pg/mL streptomycin) in a humidified atmosphere of air and CO,
(95% and 5%) at 37°C. Specific pathogen-free female Sprague-Dawley rats (140—-160 g) were bought from Changsheng
Biotechnology Co., Ltd (Liaoning, China). All animals were kept at a constant temperature of 22°C-24°C and a humidity
of 55%—60%. All experimental procedures were strictly conducted according to the Guidelines for Ethical Review of
Laboratory Animal Welfare in China (GB/T3589-2018). The study protocol was approved by the Animal Research Ethics
Committee of Shanxi University of Chinese Medicine (Approval No. AWE202302038).

Micelle Preparation

PVGLIG-MTX-Que-Ms were synthesized using the thin-film hydration method. Soluplus, TPGS1000, DSPE-PEG;¢g-
PVGLIG-PEGs009, DSPE-PEG;00-MTX, and Que were mixed and dissolved in methanol in a round-bottomed flask and
spun into a thin film at 40°C. The product was hydrated with 5 mL phosphate buffer (PBS, pH = 7.4) and passed twice
through a 0.22-pm microporous filter membrane to obtain PVGLIG-MTX-Que-Ms. Que-Ms and MTX-Que-Ms were
synthesized similarly. Various micelles were synthesized by replacing Que with coumarin (Cou) or DiR.
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Characterization of Micelles

The CMC of the synthesized micelles was determined using the pyrene fluorescence probe method.'® A dynamic light
scatterometer was used to determine the micelle size, polydispersity index (PDI), and zeta potential (Litesiezr 500; Anton
Paar Instruments Ltd., Graz, Austria). Phosphotungstic acid negative staining was performed to stain the micelles and
observe their morphology through transmission electron microscopy (TEM, JEM-1200EX; JEOL, Tokyo, Japan). The
Sephadex G50 column was used to remove the unencapsulated Que, and high-performance liquid chromatography
(D1100, Dalian Elite) was performed to determine the encapsulation efficiency (EE). Que was assayed on an
UltimateXB-C18 column (4.6 mmx250 mm, 5 um) with a flow rate of 1 mL/min. The mobile phase was methanol-
0.05% phosphoric acid (65:35). The detection wavelength, column temperature, and liquid phase injection volume were
360 nm, 25°C, and 20 pL, respectively. The EE was calculated as follows: EE% = (E/E;) x 100%, where E; and E, are
the mass of Que-loaded micelles and the total mass, respectively.

To analyze the micellar release rate in vitro, the micelles were dialyzed using the PBS buffer solution containing 10%
FBS. First, 1 mL PVGLIG-MTX-Que-Ms was added to the dialysis bag and shaken slowly at 37°C. To simulate the
arthritic synovial microenvironment, 1.5 pg/mL. MMP2 enzyme was added to the release medium. Sucking an appro-
priate amount of buffer, the Que content of the samples was determined at 6, 12, 24, 48, and 72 h. To evaluate micelle
stability, the samples were stored at 4°C for 7 days, and the particle size, PDI, and EE% of the micelles were determined.

Hemolysis experiments were conducted to evaluate the safety of the use of micelle injection. Whole blood was
collected from the rats. Red blood cells were separated following centrifugation and resuspended in normal saline to
a 2% concentration (w/v). Then, 1.5 mL of the red blood cells was added to 100 pM PVGLIG-MTX-Que-Ms and
incubated at 37°C for 3 h. For this analysis, 1.5 mL of both normal saline and water was used as negative and positive
controls, respectively. The absorbance value of the supernatant at 540 nm was measured after 1 mL of the suspension was
centrifuged. Hemolysis percentage = [(A;—Ag)/(Ap,—Ag)] x 100%, where Ay, Ay, and A, denote negative control, positive
control, and PVGLIG MTX-Que-Ms absorbance, respectively.

RAW264.7 Cell Viability

The sulforhodamine B (SRB) assay was performed to detect the effect of free drugs and various groups of micelles on
cell viability. RAW264.7 cells (5 x 10° cells/well) were inoculated in 96-well plates and treated with different micelle
groups after incubation for 12 h. After the treated cells were incubated for 48 h, the medium was discarded. The cells
were then incubated with 10% trichloroacetic acid for 1 h, washed, stained with SRB for 20 min, and washed with 1%
acetic acid solution. Tris buffer was added, and absorbance was measured at 540 nm by using an enzyme meter (HBS-
1096A, DeTie, Nanjing, China). Cell survival was calculated as follows: S% = (S;/S,) x 100%, S; and S, represent the
absorbance values of the treated and control cells, respectively. The 50% inhibitory concentration (ICsy) was calculated
using GraphPad Prism 6.0 software (La Jolla, CA, USA).

Calcein AM/PI Staining

RAW264.7 cells (3 x 10° cells/well) were cultured in 6-well plates. After 12 h of adherence culture, the cells were treated
with different micelle groups (Que, 150uM). Following 24 h of incubation, the medium was discarded, the cells were
washed with PBS, and an appropriate amount of Calcein AM/PI working solution was added. The cells were incubated
for 30 min at 37°C without being exposed to light. The stained cells were imaged under a fluorescence microscope
(Nikon Ti-S, Tokyo, Japan).

Cellular Uptake

The targeting effects of different micelles on RAW264.7 cells and LPS-induced RAW264.7 cells were observed
through fluorescence microscopy. The RAW264.7 cells (1 x 10> cells/well) were inoculated in 48-well plates. Once
the cells had adhered to the wall, LPS (100 ng/mL) was added to induce them.'? Following 12 h of incubation, the
original medium was replaced with the medium containing different micelle groups (Blank-Ms, Cou-Ms, MTX-Cou-
Ms, and PVGLIG-MTX-Cou-Ms). The enzyme-responsive drug-carrying micelles were divided into two groups. One
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group was pre-incubated overnight with MMP2.2%?! After 2 h of incubation, the cells were fixed in 4% paraformal-
dehyde solution and stained with DAPI for 10 min while being protected from light. The fluorescence intensity
distribution of the cells was observed using the fluorescence microscope. Flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA) was performed to further quantify the uptake of different micelles by cells. The RAW264.7 cells
were also treated as mentioned above, and the cells’ average fluorescence intensity was determined through flow
cytometry.

In vitro Pro-Inflammatory Factor Assay

The expression of proinflammatory factors in LPS-induced RAW264.7 cells treated with each micelle group was
determined. The RAW264.7 cells (1.5 x 10° cells/well were inoculated in 6-well plates. Once the cells had adhered to
the wall, LPS was added to induce the cells. After 6 h, the cells were treated with different micelle groups (Blank-Ms,
Que-Ms, MTX-Que-Ms, and PVGLIG-MTX-Que-Ms; Que, 150uM). The supernatant was collected after 24 h of
incubation. TNF-q, IL-6, and IL-17 expression levels were detected using the ELISA kit.

ROS Measurement

The DCFH-DA probe was used to detect intracellular ROS expression. RAW264.7 cells (3 x 10° cells/well) were cultured
in 48-well plates. Each cell group, including the blank group, was induced by adding LPS. After 6 h, different micelle
groups (Blank-Ms, Que-Ms, MTX-Que-Ms, and PVGLIG-MTX-Que-Ms; Que, 150uM) were added. After 24 h of
incubation, the medium was discarded. The probe diluted with serum-free medium was added to the cells and incubated.
The probe-treated cells were statistically observed under the fluorescence microscope.

CIA Rats Model Establishment and Drug Administration

CFA, IFA, and C type II collagen (2 mg/mL) were homogeneously emulsified in equal volumes under sterile conditions
in an ice bath at 4°C. On days 0 and 7, small amounts of the suspension emulsion were intradermally injected into the
rats at multiple locations, starting from the root of the rat’s tail, to establish CIA rats.”?> The CIA rats were injected
intravenously with the therapeutic preparations of each group (Que: 10 mg/kg), and saline was administered to the
control group. The arthrographic index of the rats in each group was recorded. At the same time, the body weight of the
rats was measured every 3 days for a total of 27 days. Photographs of the degree of swelling in the hind paws of the rats
in each group were taken on the 27th day.

In vivo Imaging of CIA Rats

Joint targeting was evaluated through in vivo fluorescence imaging. DiR, a fluorescent probe, was loaded into individual
micelles instead of Que to form DiR-Ms. The CIA rats were intravenously injected with DiR-Ms, MTX-DiR-Ms,
PVGLIG-MTX-DiR-Ms, and free DiR (DiR, 400 pg/kg; n=3). Photographs were taken at 4, 8, 12, 24, 36, 48, and 72 h by
using an in vivo fluorescence imaging system (IVScope 8200, Clinx, China).

Serum Inflammatory Factor Measurement

At the end of the experiment on the 27th day, blood was collected from the orbits of the rats and centrifuged at 3000 r/
min for 5 min at 4°C. The supernatant was collected and tested for the relevant indices by using the same procedure as
given in subsection 2.7.

Histological Analysis

After the last administration, the rats were euthanized, and their hearts, livers, spleens, lungs, kidneys, knee joints, and
ankle joints were removed and collected. The tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with hematoxylin-eosin. The joints were stained with Safranin-O and analyzed immunohisto-
chemically. CD44 and CD68 expression in the cartilage was detected using the immunofluorescence method.
Pathological changes in various tissues and organs of rats were observed under the light microscope.
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Statistical Analysis

All results were expressed as mean + standard deviation and statistically analyzed using GraphPad Prism 6.0. Intergroup
ratios were assessed using a one-way analysis of variance. Post hoc multiple comparisons were performed using the
Student-Newman—Coors test. A difference of P < 0.05 was considered statistically significant.

Results

Characterization of Micelles

Figure 1A-F presents the characteristics of the drug-carrying micelles. The critical micelle concentration of PVGLIG-
MTX-Que-Ms is shown in Figure 1A, which was 0.0146 mg/mL. This indicated that the lower CMC value ensures that
the diluted micelles are stable in vivo and facilitate circulation. TEM images (Figure 1B) revealed that the prepared
micelles were spherical with smooth surfaces and had a uniform distribution. The hemolysis assay (Figure 1C) unveiled
that the drug-loaded micelles exhibited no significant hemolytic activity in the 0.1-1 mg/mL concentration range. The
average particle size of PVGLIG-MTX-Que-Ms was (89.62 £1.33) nm (Figure 1D) and the zeta potential was (—4.9
+0.53) mV (Figure 1E). Figure 1F-I presents the EE, particle size, zeta potential, and PDI of different micelles. The
encapsulation rates of MTX-Que-Ms and PVGLIG-MTX-Que-Ms were (91.88 +4.42)% and (90.80 +2.84)%, respec-
tively, and the particle size of all micelle groups was approximately 90 nm. After target molecules and enzyme-
responsive target molecules were added, the zeta potential of the micelles changed and approached —5 mV. We monitored
the in vitro release behavior of Que-loaded micelles kinetically in a simulated microenvironment of PBS solution.
Figure 1J presents the release characteristics. Within 12 h, the release rates of both were similar and within 72 h, the
release rate of PVGLIG-MTX-Que-Ms was (69.26 +3.13)%, which is a relatively fast release rate. While in the MMP2
enzyme-containing environment, the release rate of PVGLIG-MTX-Que-Ms was (52.31 £1.65)%, which was relatively
slow. After 7 days of storage at 4°C (Figure 1K and L), the PDI value of the drug-loaded micelles increased slightly, the
particle size exhibited no significant change, the finished product exhibited no precipitation, and the encapsulation rate
decreased slightly but was >80%. The variations were all within the appropriate range.

Cell Viability and Calcein-AM/PI Staining Assays

The cytotoxicity of different free Que concentrations and each micelle group on RAW264.7 cells was investigated using
the SRB method (Figure 2A and B). The ICsq values of Que-Ms, MTX-Que-Ms, PVGLIG-MTX-Que-Ms, and PVGLIG-
MTX-Que-Ms in the MMP-2 enzyme-rich environment and free Que were (185.90 £6.98) umol/L and (165.17 +6.11)
pmol/L, (175.70 £11.09) umol/L, (175.01 +5.53) pumol/L, and (141.10 +6.39) pmol/L, respectively. After 48 h of
incubation, at 150 pmol/L Que, the cell survival rate was lower in the free group, whereas that in each preparation
group was >50%. The cytotoxicity of PVGLIG-MTX-Que-Ms was lower than that of the same concentration of free Que.
Figure 2C presents the results of Calcein-AM/PI staining. In staining, that is, dead cells were stained red, whereas living
cells were stained green. In the free Que group, the number of dead cells and PI positivity were high. The number of dead
cells in the PVGLIG-MTX-Que-Ms group was significantly lower than that in the free Que group, which indicated that
Que cytotoxicity was significantly reduced after being introduced into micelles.

Cellular Uptake and Distribution

Cou has strong fluorescence and was used as a drug replacement fluorescent tracer. Figure 3A presents the results of
cellular uptake observed through fluorescence microscopy. The RAW264.7 cells in each agent group exhibited similar
uptake without significant difference (Figure 3B). The LPS-activated RAW264.7 cells, which exhibited stronger
fluorescence. Cou-Ms exhibited a certain amount of drug uptake, whereas the fluorescence intensity was more intense
and the uptake increased in the case of MTX-Cou-Ms. The fluorescence signal of PVGLIG-MTX-Cou-Ms was lower and
similar to that of Cou-Ms. However, the fluorescence signal of PVGLIG-MTX-Cou-Ms significantly improved when the
cells were incubated with the MMP2 enzyme-containing culture medium (Figure 3C). Uptake was further quantified
through flow cytometry (Figure 3D and E). Activated macrophages exhibited higher drug uptake (Figure 3F). The
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Ms. (B) Transmission electron microscope (TEM) image of PVGLIG-MTX-Que-Ms. Scale bar, 100 nm. (C) Hemolysis of induction of PYGLIG-MTX-Que-Ms. (D) Particle size
distribution of PVGLIG-MTX-Que-Ms. (E) Zeta potential distribution of PYGLIG-MTX-Que-Ms. (F) Encapsulation rate of micelles. (G) Quantitative analysis of particle size
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average FL1-H of the PVGLIG-MTX-Cou-Ms-treated cells was significantly higher than that of the Cou-Ms-treated cells
in the presence of the MMP2 enzyme (Figure 3G), which was in agreement with the aforementioned observations.

Inflammatory Cytokines and ROS Generation Assays
TNF-a, IL-6, and IL-17 are proinflammatory cytokines with a key role in RA pathogenesis. The anti-inflammatory effects
of drug-loaded micelles on activated macrophages were investigated (Figure 4A—C). After the cells were induced with
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LPS, the levels of the aforementioned three proinflammatory factors increased significantly in the cell supernatant, and
the secretion of these proinflammatory factors was inhibited by all the preparation groups. Although the inhibitory effect
of PVGLIG-MTX-Que-Ms was slightly weaker, the inhibitory effect significantly increased in an MMP2-rich environ-
ment, thus achieving an inhibitory effect similar to that of MTX-Que-Ms. ROS overproduction is closely related to RA
onset and development. The DCFH-DA probe was used to detect intracellular ROS expression and analyze the results
statistically (Figure 4D and E). Compared with the model group, drug-loaded micelles significantly inhibited intracellular
ROS production, and PVGLIG-MTX-Que-Ms exerted better inhibitory effects in the MMP2 enzyme-enriched culture
medium.

CIA Rat Imaging in vivo

Figure 5 presents the representative images of the hind limbs of the CIA rats after they were injected with each
preparation through the tail vein. Almost no fluorescence signal indicating free DiR accumulation at the joints was
noted. The fluorescence signals and durations of DiR-Ms and MTX-DiR-Ms were similar and concentrated in the joints,
with stronger fluorescent signal values observed from 0 to 12 h, a significant decrease in the signal values after 24 h, and
almost no fluorescent values observed at 72 h. PVGLIG-MTX-DiR-Ms-treated inflamed joints had the strongest
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fluorescence signal values and the longest duration values. A small amount of fluorescence accumulation was also
observed in both joints at 72h.

CIA Rat Anti-Arthritic Efficacy

The anti-inflammatory effect of drug-loaded micelles on CIA rats was evaluated using four methods: hind limb
photography, toe thickness measurement, joint scoring, and serum inflammatory factor analysis. The CIA rat model
was successfully established. Figure 6A shows the representative pictures of the hind paws of rats in each group at
the end of the experiment. Compared with the control group, the model and free Que groups exhibited obvious
redness, swelling, and deformation of the toes. Following treatment with the drug-loaded micelles, the swelling
improved in all the groups. The best effect was observed in the PVGLIG-MTX-Que-Ms treatment group, with no
redness, swelling, or deformation of toes noted at the end of the treatment. Figure 6B presents the statistical results
of toe thickness. After the 15th day, a significant difference was observed between the PVGLIG-MTX-Que-Ms-
treated CIA rats and the model group rats. After the 27th day, toe thickness in the PVGLIG-MTX-Que-Ms-treated
CIA rats reduced to (6.32 £1.05) nm, which was basically the same as that in the control rats. Changes in joint
scores are presented in Figure 6C. The joint scores of rats in all treatment groups exhibited a decreasing trend, with
the PVGLIG-MTX-Que-Ms-treated rats exhibiting the best effect. Three inflammatory factors were analyzed in the
serum of CIA rats (Figure 6D-F). Compared with the model group, drug-loaded micelles significantly inhibited
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Figure 4 Effect on production of inflammatory cytokines and ROS generation assays of varying formulations on RAW264.7 cells. (A-C) TNF-q, IL-6, and IL-17 levels in the
supernatant of RAW264.7 cells activated by LPS treated with varying formulations. Data are presented as mean  SD (n=3). *, vs Blank Control; * vs Model. P < 0.05. (D) Statistics
of inhibitory effects of different dosage forms on ROS production in RAW264.7 cells. Data are presented as mean + SD (n=3). % vs Blank Control; * vs Model. P < 0.05. (E)
Inhibitory effects of formulations on ROS production in RAW264.7 cells. Scale bar, 50 um. (n=3).

IL-17, IL-6, and TNF-a production. PVGLIG-MTX-Que-Ms decreased the production of these three factors most
significantly.

Histology Analysis and Safety Evaluation in vivo

Knee and ankle joints were stained with HE and Safranin-O, respectively (Figure 7A-D). The joint surface of the
model group was uneven, with synovial tissue hyperplasia. It had a rough border and unclear and disorganized
arrangement. The cartilage surface was damaged, and the cells exhibited a disordered distribution, with bone
missing. After the joints were treated with the drug-loaded micelles, cartilage degeneration was evidently sup-
pressed. The degree of bone destruction was significantly reduced. The articular surface in the PVGLIG-MTX-Que-
Ms treatment group was restored to become smooth, and the cartilage structure was close to normal. These findings
indicated that the effect of PVGLIG-MTX-Que-Ms treatment was the most remarkable. Figure 7E and F presents the
results of immunofluorescence staining of CD44 and CDG68 in cartilage tissues. Compared with the control group,
CD44 and CD68 were distributed in large quantities in the cartilage of the model group. Compared with the model
group, CD44 and CD68 expression was significantly reduced in the cartilage of the PVGLIG-MTX-Que-Ms group.
HE staining of the main rat organs in each group revealed no obvious histological damage or changes in these
organs in each group after being treated with the drug-loaded micelles, which indicated that PVGLIG-MTX-Que-Ms
has a good safety profile and no obvious systemic toxicity (Figure 8).
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Figure 5 Real-time imaging observation of CIA rats after intravenous injection of different micelles.

Discussion
PVGLIG-MTX-Que-Ms were synthesized to explore their anti-inflammatory therapeutic potential in activated macro-
phages and the CIA arthritis rat model. The physicochemical properties of the micelles are among the crucial indices for
evaluating micelles. The prepared drug-carrying micelles had smooth surfaces, were spherical, had narrow and uniform
particle size distributions, showed negative electronegativity, and had an encapsulation rate of >90% in all the groups.
PVGLIG is an MMP2 enzyme-specific reactive peptide used in RA microenvironment-targeted drug delivery systems.?
In the presence of MMP2, PVGLIG on micelles is enzymatically cleaved and the particle size becomes smaller. Which
gets aggregated at the inflammation site by the ELVIS effect.** To evaluate the hemocompatibility of the drug-carrying
micelles, we conducted hemolysis experiments.”> The groups in which different concentrations of drug-carrying micelles
were used exhibited a pale yellow color, whereas the positive control group displayed a bright red color with an
extremely high hemolysis rate. This indicated that the drug-loaded micelles exhibited good biocompatibility, and so could
be intravenously administered within a certain range. Polyethylene glycolization helped the drug-loaded micelles to
evade the clearance by the reticuloendothelial system. We simulated the RA microenvironment with high MMP2 enzyme
expression in vitro to observe the drug release efficiency. Compared with the PBS control solution without the MMP2
enzyme, PVGLIG demonstrated a slow release after being hydrolyzed and destroyed by the MMP2 enzyme, thereby
allowing the drug-carrying micelles to accumulate in the target tissues, delaying drug release, and prolonging the drug
efficacy. PVGLIG-MTX-Que-Ms displayed good sensitivity to the MMP2 enzyme, which enabled it to target inflam-
matory joints for specific release. Changes in the particle size and PDI of the loaded micelles were within reasonable
limits within 7 days at 4°C, which indicated good stability, probably because of the enhancement of retention time by
DSPE-PEG00.>°

Que has some toxicity, hence we conducted cytotoxicity experiments. The survival rate of the RAW264.7 cells
depended on concentration. The cytotoxicity of the drug-loaded micelles was lower than that of free Que. When
the MMP2 enzyme was present, the toxicity of PVGLIG-MTX-Que-Ms slightly changed. However, no significant
difference was observed in the results in the absence of the MMP2 enzyme, This result combined with those of

Calcein-AM/PI staining indicated that the micelles had good safety, which effectively reduced free Que
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Figure 6 Anti-arthritic efficacy in CIA rats. (A) Representative photographs of hind paws at the end point of the experiment from each group. (B) Paw thickness of arthritic
rats during the treatment of varying formulations. (C) Arthritis index score of arthritic rats during the treatment of varying formulations. (D-F) The levels of IL-17, IL-6, and
TNF-0 in the serum of CIA rats. #, vs Blank Control; *, vs Model. P < 0.05. Data are presented as the mean SD (n=6).

cytotoxicity and delayed drug release. The differences in the ability of the drug-loaded micelles to target activated
and non-activated macrophages were assessed through fluorescence microscopy and flow cytometry. Considerably,
the two methods produced consistent results. The drug-loaded micelles were efficiently taken up by the macro-
phages, with more uptake and stronger fluorescence exhibited by activated macrophages. When incubated with the
MMP2 enzyme, PVGLIG-MTX-Que-Ms first reacted with the enzyme and was then degraded, which exposed the
target molecule MTX. MTX was bound specifically to the activated macrophages and recovered to the same level
as MTX-Que-Ms. Both qualitative and quantitative results indicated that the micelles effectively targeted activated
macrophages to release drugs and that PVGLIG-MTX-Que-Ms cellular uptake was maximized in the RA micro-
environment. In RA inflammation, activated macrophages secrete large amounts of proinflammatory cytokines and
ROS, which induce inflammatory cell infiltration and destroy cartilage and bone tissues.?”-*® All the drug-loaded
micelles in the present study reduced TNF-a, IL-6, IL-17, and ROS production and expression. PVGLIG-MTX-
Que-Ms had some anti-inflammatory capacity. This capacity significantly increased after the MMP2 enzyme was
added to the simulated RA microenvironment; this result was in agreement with those of the cellular uptake
experiments.

Animal models can help in understanding disease development more easily and efficiently and investigating preven-
tion and treatment measures. Histological and immunological changes in the CIA rat model are very similar to those in
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Figure 7 Histology analysis of cartilage sections in CIA rats. (A) HE staining of knee joint sections after treatment, scale bar, |00um. (B) HE staining of ankle joint sections
after treatment, scale bar, 100um. (C) Safranin O staining of knee joint sections after treatment, scale bar, 100um. (D) Safranin O staining of ankle joint sections after
treatment, scale bar, 100um. (E and F) Images of immunofluorescence results of CD44 and CDé8 in cartilage sections after treatment, scale bar=50 um. Data are presented
as the mean SD (n=6).

RA patients. Therefore, this rat model is extensively used in RA-related studies.*” To observe the real-time distribution of
drug-carrying micelles in vivo, an in vivo imaging system was used to record and analyze the images. All drug-carrying
micelles accumulated in large quantities in the joints of the rats, but PVGLIG-MTX-Que-Ms remained for a longer
period in the joints. This suggested that PVGLIG-MTX-Que-Ms have good targeting abilities and exert slow-release
effects. Compared with the control group, the model group demonstrated significantly higher joint swelling and large
secretion of inflammatory factors. The drug-loaded micelles significantly reduced the joint swelling rate, lowered the
arthritis scores of the CIA rats, inhibited the expression of inflammatory factors, and effectively controlled inflammation.
During the joint histopathological examination, the PVGLIG-MTX-Que-Ms group exhibited a significant reduction in
synovial inflammation and bone erosion compared with the model group, indicating that RA was successfully treated.
CD44 and CD68 are overexpressed in the macrophages of RA patients.***! Immunofluorescence results unveiled that
CD44 and CD68 expression levels were significantly reduced in the cartilage of the treated CIA rats. According to the
in vivo experiments, PVGLIG-MTX-Que-Ms played a good anti-inflammatory and chondroprotective effect by targeting
the joints, inhibiting proinflammatory cytokines, and reducing the expression of inflammatory receptors. Moreover, no
obvious histological damage or change was observed in major organs with PVGLIG-MTX-Que-Ms, and their safety was
satisfactory.
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Conclusion

In summary, we successfully prepared a drug-carrying micelle with MMP2 enzyme sensitization based on MTX-targeted.
PVGLIG-MTX-Que-Ms exhibited a small particle size a uniform distribution, and good biocompatibility and safety. It
delayed drug release. According to in vitro studies, PVGLIG-MTX-Que-Ms utilized PVGLIG enzyme-sensitive peptides
so that they accumulate at the inflammatory site, actively target activated macrophages, specifically release drugs,
enhance the anti-inflammatory effect of drugs, and reduce the expression of inflammation-related markers. In vivo
treatment and histological analysis revealed that PVGLIG-MTX-Que-Ms accumulated in the inflamed joints and were
retained for a long time. PVGLIG-MTX-Que-Ms treatment significantly reduced cartilage damage and bone destruction
in the CIA rats inhibited RA development, and provided a new direction for RA treatment.
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RA, rheumatoid arthritis; PVGLIG-MTX-Que-Ms, mmp enzymes respond to peptide and methotrexate modified
quercetin micelles; CVD, chronic inflammation-induced cardiovascular disease; MMP, matrix metalloproteinases; Que,
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