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Acid-responsive metal organic frameworks with
photothermal effects for osteoarthritis multiple
therapy
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Early osteoarthritis (OA) with reversible ability appears to lack features other than intense acute
inflammation. Herein, we developed a pH-responsive metal organic framework (MOF) system based on
phenylboronic acid (PBA) and O-hydroxyl pH-dependent reversible switches. Click chemistry enables
a simple and environmentally friendly synthesis process and sensitive drug release procedure.
Nanoparticles possess excellent photothermal conversion capabilities that enable thermal interventions
alongside sustained drug release, thereby treating early OA in multiple ways. The results indicate that
nanoparticles have high drug-loading capacity and can respond to the weakly acidic conditions in the
OA microenvironment to release ellagic acid (EA) gradually. It can also significantly reduce inflammatory
reactions induced by IL-1B. The high effectiveness of this compound therapy is comprehensively
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1. Introduction

Osteoarthritis (OA) is a chronic intraarticular inflammatory
disease and is characterized by progressive loss of articular
cartilage.™> It is typically caused by the degeneration of articular
cartilage®* and progresses through three distinct stages before
becoming severe. The initial phase of injury is characterized by
acute inflammation,® significant cartilage edema, and a reduc-
tion in pH levels within the joint cavity. A minimal amount of
glycosaminoglycan undergoes degradation,® while collagen
remains intact.” This phenomenon can be attributed to the lack
of enzyme-mediated cartilage degradation,®® which underpins
the potential for reversible treatment of early OA."*** The
middle stage of OA is marked by heightened activity of matrix
metalloproteinases (MMPs) and type II collagenase,'>'* result-
ing in significant enzymatic degradation of the cartilage matrix.
This process is accompanied by degeneration and even
apoptosis of chondrocytes, leading to an irreversible OA
progression. In advanced stages, the joint function is
completely compromised, with artificial joint replacement
being the sole option for restoring mobility.*>*

Given the significant consequences of OA, a variety of treat-
ment modalities have been proposed to alleviate pain and
preserve joint function, including physical therapy, pharmaco-
therapy, and surgical interventions.'>'” Recent guidelines have
recommended thermal therapies as an effective form of
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demonstrated by both in vitro and vivo evidence.

physical therapy that markedly alleviates joint pain and protects
joint functionality.”®* While oral nonsteroidal anti-
inflammatory drugs (NSAIDs) represent a viable pharmacolog-
ical option, their efficacy is limited by the sparse vascularization
within the joints, necessitating higher dosages that may result
in adverse gastrointestinal, cardiovascular, and renal effects.
Intra-articular corticosteroid (CS) injections appear to be an
effective therapeutic option. While corticosteroids can provide
rapid pain relief, they may also induce chondrocyte apoptosis
and contribute to the accelerated degradation of articular
cartilage.?® Hyaluronic acid (HA) injections are primarily indi-
cated for patients with moderate arthritis who do not exhibit
joint swelling; however, HA injections have limited efficacy in
early osteoarthritis.”

A series of monostimulatory response particles for drug
release have been studied; these nanoplatforms can release drugs
for OA treatment under single-factor stimulation such as NO,*
pH,>** and reactive oxygen species (ROS).** Some natural mole-
cules with anti-inflammatory properties, such as melanin,**® N-
acetyl-i-cysteine (NAC),**® polyphenols,>*® and tempol,** have
also been investigated for use in OA treatment. Recently, plant
polyphenols have received great attention. Not only are their
reserves second only to cellulose and lignin in nature,* but the
rich active groups they contain demonstrate potential for chem-
ical modification; however, they face the risk of rapid clearance
by the joint synovium. Low drug load and single-drug delivery
function make it difficult for these drug delivery systems to meet
the needs of OA treatment. This could be due to the instability of
synovial fluid in OA and drug release kinetics that are not
modulated according to the severity of OA. Previous studies have
shown that degenerative chondroinflammatory joints present
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Fig. 1 Schematic of the fabrication of ellagic acid metal-organic frameworks (EA-MOFs) and the corresponding hypothesis on early OA

treatment via MOF injection into the rat articular cavity.

a weakly acidic environment (as low as 6.0),*** providing suit-
able triggering conditions for drug release. Therefore, in order to
efficiently deliver the drug to the affected area of OA, avoid early
leakage, and improve the therapeutic effect by controlling the
release of the drug to inflammatory chondrocytes, it is necessary
to develop a smart pH stimulus-responsive drug delivery system
to achieve precise treatment of OA.

The pH-responsive drug release platform is again empha-
sized by researchers, because H' appears stably in early OA due
to acute inflammatory response, while MMP-13 and type II
collagenase do not. Acid-sensitive reaction groups, such as
imine linkage (-C=N-),**” hydrazone bond (-C=N-NH-),***°
amide bond (-CO-NH -),**** and borolipid bond,**** have
received attention. The borolipid bond received more attention.
The reaction of phenylboronic acid (PBA) and diol belongs to
click chemistry. The B in the boric acid group has a 2p empty
orbital (sp?, triangle) and accepts hydroxyl groups to form
borate ions (sp®, tetrahedral) in alkaline environment.
Furthermore, it is prone to nucleophilic reactions with nucle-
ophilic groups, including hydroxyl and cyano groups. Under
acidic conditions, the oxygen atom of borate esters protonates
to form unstable oxonium. Oxonium has a strong ability to
attract electrons, causing the B-O bond to break and generating
hydroxyl and boric acid groups,*” which means simpler

7272 | RSC Adv, 2026, 16, 7271-7286

reactions and greener synthetic systems. At the same time, the
reactive pkK, is usually between pH 6.5 and 9.0,**** ranked as
PBA (7.8) > FPBA (7.2) > APBA (6.5-6.7),*** which indicates that
the drug release system is more sensitive to the environmental
pH and can release large amounts of drug at pH 6.5, not 4.5.

In this study, we designed a metal organic framework (MOF)
consisting of plant polyphenols rich in hydroxyl and PBA for the
reversal treatment of early OA. As drug molecules constitute the
MOF, it has a very high drug loading rate, which can reduce the
number of injections in the articular cavity and the side effects
caused by drug release residues. The higher pK, of PBA and diol
makes the particle extremely sensitive to H'. In addition, the
particles, which are black in color, provide excellent thermal
interventions in near-infrared light and support OA interven-
tions from multiple perspectives (Fig. 1, S1 and S2).

2. Materials and methods

2.1. Materials

Ellagic acid (EA, 98%), 3,5-dicarboxyphenylboronic acid (DBPB,
99%) and ferric chloride (FeCl;, 99%) were purchased from
Aladdin (China). Hydrochloric acid (HCI) and sodium hydroxide
(NaOH) were supplied by Nanjing Reagent (China). Dimethyl

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sulfoxide (DMSO) was purchased from Sigma-Aldrich (USA) and
phosphate buffered saline (PBS) from SolarBio (China).

2.2. Synthesis of ellagic acid MOF

EA (0.3023 g, 1 mmol) was added with 20 mL of distilled water,
with the pH adjusted to 10.5 using an NaOH solution (10 mM),
and then centrifuged at 4000 rpm for 5 min to remove precip-
itated impurities. Similarly, DBPB (0.4199 g, 2 mmol) was added
to 20 mL of distilled water, with the pH adjusted to 10.5 and
using an NaOH solution (10 mM), and then centrifuged at
4000 rpm for 5 min to remove precipitated impurities. The
above two solutions were mixed and placed in a shaking plat-
form for 1 night, followed by the addition of 10 mL FeCl;
aqueous solution (0.2 M) and continued shaking for another 1
hour. Subsequently, the mixture was heated in an oil bath at
60 °C for 4 hours, washed with distilled water (pH 8.0) and then
centrifuged at 2000 rpm for 10 min for 3 times. Finally, the
supernatant was discarded, and the precipitation was lyophi-
lized (EA-MOF).

Fe-OH: added FeCl; solution (0.2 M) to NaOH solution (pH
10.5), a large amount of red sedimentation formed, these
sedimentation treatments are the same as EA-MOF, take it as
a potential product.

2.3. Characterization of EA-MOF

EA-MOF was characterized via infrared spectroscopy, and the
crystal structure of the nanoparticles was characterized via
powder XRD. The MOF nanoparticles was dispersed in water,
20 mg powder was added to 2 mL distilled water, and was ultra-
sonic for 10 min under water bath condition. Then, the nano-
particles were adsorbed with a copper mesh. The morphology of
EA-MOF was observed via transmission electron microscopy
(TEM, H-7650, Japan). Similarly, after the sample was added to the
conductive glue, the surface morphology was observed via SEM
(SM6700F, Japan). The particle-size distribution and zeta potential
of micelles in suspension were measured using a particle-size
instrument (Malvern Zetasizer Nano ZS90, UK). The specific
surface area of nanoparticles was tested via Brunauer-Emmett-
Teller (BET) N, adsorption (V-Sorb 2800 TP Pro).

2.4. Density of MOF in the water

Lyophilized EA-MOF powder (10 mg) was dissolved in 1 mL of
distilled water (pH 8.0) for 10 min by ultrasonication and then
centrifuged at 300 rpm for 30 min. Then, the centrifuge tube
was placed in the centrifuge tube rack, and the density of the
water was calculated using the formula p = m/v, after reading
the volume of the underlying precipitation.

2.5. Photothermal reaction of EA-MOF

Lyophilized EA-MOF powder was prepared at turbidity levels of 50
pg mL ™, 100 ug mL ™, and 200 pg mL ™" and then cooled to room
temperature after 10 min of ultrasonic treatment in the water bath.
A near-infrared laser (Shconnet, China) with a wavelength of
808 nm and a power of 5 W was used to irradiate the suspension at
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a distance of 5 cm. The temperature was monitored using an
infrared camera (Teledyne FLIR, USA) after a specific interval.

2.6. Drug-loading efficiency

EA-MOF (50 mg) was fully dissolved in 10 mL of HCI (pH 1.0),
and the light absorption of the solution was measured at
336 nm using a microplate reader (Thermo Fisher Scientific,
USA). At the same time, the optical absorbance of different
concentrations was prepared using pure EA, and the standard
curve of different concentrations-optical absorbance was
established. The solution concentration was calculated
according to the standard curve, and then the drug-loading
efficiency of the particle was estimated.

2.7. Drug release studies

EA-MOF (50 mg) was added to 10 mL of different PBS solutions
(pH 7.4, 7.0, 6.6, and 6.2) and placed in a shaker at 37 °C. The
mixed liquid was centrifuged at 2000 rpm for 10 min every 12
hours, then 5 mL of supernatant was absorbed, and 5 mL of new
PBS solution with the same pH was added.

The collected supernatant (0.5 mL) was taken and added with
HCI (pH 1.0) to a constant volume of 8 mL. The absorbance of the
supernatant was tested at 336 nm using a microplate reader, and
the drug release was examined according to the standard curve.

Preparation of standard curve: 50 mg EA-MOF was added to
10 mL of HCI (pH 1.0) in the same manner. Under this condi-
tion, the EA-MOF immediately dissolved completely, and the
solution exhibited a clear transparent yellow color. About
0.5 mL of the solution was taken and added with HCI (pH 1.0) to
a final volume of 8 mL. The absorbance was measured at 550~
250 nm using a microplate reader, with a maximum light
absorption at 336 nm representing 100% drug release. The light
absorption of the diluted solution of different multiples was
measured, and the standard curve was drawn accordingly.

2.8. Degradation of EA-MOF

EA-MOF (50 mg) was added to 10 mL of different PBS solutions
(pH 7.4, 6.4, and 5.4) and placed in a shaker at 37 °C. Then, the
mixture was centrifuged for 10 min at 2000 rpm every 24 hours,
and the supernatant was discarded, the sediment was lyophi-
lized and the remaining powder mass was weighed. The lost
mass was the amount of EA-MOF degradation, calculated as D%
= (Mo — Myp)/M,.

2.9. Chondrocyte isolation and culture

Chondrocytes were extracted from the knee joint of 5 days-old
Sprague-Dawley (SD) rats. After dissecting the knee joints, the
hyaline cartilage was cut and then digested at 37 °C with
pancreatin-EDTA solution (SolarBio, China) for 1 hour and
collagenase II (Sigma-Aldrich, China) for another 4 hours. Later,
the liquid was centrifuged at a low speed of 500 rpm for 30
seconds, the supernatant containing chondrocytes was absorbed
and added into the high glucose medium (DMEM, Gibco, USA),
which contained 10% fetal bovine serum (FBS, Gibco, USA) and
1% Streptomycin- Penicillin (Solarbio, China). Ultimately, they
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were cultured in an incubator at 37 °C, 5% CO, and 95%
humidity.

2.10 Cytotoxicity in vitro

Chondrocytes (8 x 10° per well) were inoculated into 96-well
plates. After 12 hours of adherent culture, the medium was
replaced with medium containing different qualities of EA or EA-
MOF. After 24 hours of continuous culture, the medium was
aspirated and gently washed with PBS 3 times. Subsequently, 100
uL of the medium containing 0.5 mg mL ™' MTT was added to
each well. After incubation for 4 hours, the supernatant was
carefully removed and added with 100 pL. DMSO. Finally, the
light absorption of each well at 490 nm was measured using
a microplate reader after 1 hour of shaking in the dark. The
chondrocyte viability of EA and EA-MOF at different concentra-
tions was calculated based on light absorption.

2.11. In vitro anti-inflammatory activity

Chondrocytes were cultured in 6-well plates. Each well was
inoculated with 3 x 10° cells and added with 2 mL medium. After
12 hours of adherent culture, the medium with 5 ng mL ™" IL-1B
was replaced. At the same time, 100 pg mL ™" of EA or EA-MOF
was added. The chondrocytes with different treatment were
divided into 4 groups: (1) W/O, only the medium was changed; (2)
IL-1B, the medium was replaced with a medium containing 5 ng
mL " IL-1B; (3) EA, the medium containing 5 ng mL ™" IL-15 + 80
ng mL ™" EA was replaced, but the medium containing only 5 ng
mL ™" IL-1B was replaced again after 6 hours to simulate rapid
drug clearance in vivo; and (4) EA-MOF, the medium was replaced
with a medium containing 5 ng mL~" IL-18 + 80 ug mL ™" EA-
MOF. Each group was continuously cultured for 48 hours.

2.12. Live/dead assay

The 4 groups of chondrocytes cultured for 48 hours were
prepared, and the live and dead cells were detected. After the
culture medium of each group was removed, the cells were
gently rinsed with PBS 3 times, and 2 mL of PBS containing 1
UM calcein-AM and 4 uM propidium iodide (PI) were added. The
cells were incubated in the dark for 10 min, gently rinsed with
PBS 3 times, and then observed and photographed using
a fluorescence microscope (Olympus, Japan).

Flow cytometry assay using Alexa Fluor 488 Annexin V per PI
Cell Apoptosis Kit (Invitrogen) was performed to detect and
quantify apoptosis. The chondrocyte cells were digested using
0.25% Trypsin-EDTA after being incubated for 24 hours to
obtain suspension cells. Then, 1 x 10° cells were taken and
added with 400 pL buffer solution, 50 pL. Annexin V and 50 pL
PI. Afterwards, the cells were detected via flow cytometry after
incubation for 10 min and washed with PBS. Annexin V-positive
and PI-negative cells were scored as apoptotic. Double-stained
cells were considered as necrotic/late apoptotic cells.

2.13. Quantitative real-time PCR (qRT-PCR)

Gene expression was examined via qRT-PCR. In detail, after
treatment for 24 h, total RNA was isolated from chondrocytes
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using the HiPure Total RNA Mini Kit (Magen, China), in
accordance with the manufacturer's instruction, and then the
reverse transcription kit (Takara Bio, Japan) was used for reverse
transcription. In the end, the qRT-PCR reactions were imple-
mented using the LightCycler® 96 System (Roche, Swiss
Confederation). The corresponding primers are presented in SI
Table 1, and the expression levels of the gene were calculated
using the 272 method and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) serving as the internal reference.

2. 14. Immunofluorescence staining

The intracellular protein expression levels of MMP-3 and IL-1
were identified via immunofluorescent staining. Chondrocytes
were fixed with 4% paraformaldehyde for 30 min after treatment
for 48 hours and then gently rinsed with PBS 3 times for 2
minutes each time. After being soaked in 3% H,O, for 15 min
and gently rinsed with PBS 3 times, the goat serum was soaked
for another 15 min to avoid non-specific binding. Subsequently,
200 pL of primary antibody MMP-3 (1:200 dilution, Boster,
China) or IL-1 (1:200 dilution, Boster, China) was added to the
cell slides and incubated at 4 °C overnight in the dark. Finally,
after washing 3 times with PBS, FITC-Anti-Rabbit IgG (Boster,
China) was added and incubated for 2 hours in the dark. The
nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI)
for 10 min. Images were captured using a fluorescence micro-
scope (Olympus, Japan).

2.15. In vivo study

2.15.1. Induction of osteoarthritis in rats. Male SD rats
were used as experimental animals to establish an arthritis
model via anterior cruciate ligament transection (ACLT).*® After
the rats were anesthetized via intraperitoneal injection of
pentobarbital sodium, the lateral skin of the patella was cut
using a scalpel following disinfection with iodophor and sepa-
rated layer by layer to access the joint cavity, after which the
joint cavity was opened to remove the anterior cruciate ligament
of the knee joint. Subsequently, the wound was sutured layer by
layer, and then intramuscular injection of penicillin was
administered to prevent infection.

After approval by the Ethics Committee, male rats weighing
200-250 g were randomly divided into 4 groups: (1) sham group,
only the surface skin of the knee joint was incised; (2) OA + PBS
group, one week after ACLT surgery, 100 pL PBS solution was
injected into the joint cavity weekly; (3) OA + EA group, one week
after ACLT surgery, 100—uL EA solution (100 pg mL™") was
injected into the joint cavity weekly; (4) OA + EA-MOF group, one
week after ACLT surgery, 100 pL EA-MOF solution (100 pg mL™")
was injected into the joint cavity weekly. The joints were irra-
diated with an infrared laser (808 nm) at a distance of 5 cm for
10 minutes every day. The changes in knee joints were observed
after 8 weeks of injection of drugs or PBS.

2.15.2. Collection of joint tissue and joint fluid. The rats
were killed via intraperitoneal injection of excessive pentobar-
bital sodium after 8 weeks of treatment. After the rats were
killed, their femur and tibiofibular were cut to completely
remove the knee joint. Then, 150—uL PBS solution was injected

© 2026 The Author(s). Published by the Royal Society of Chemistry
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into the joint. After bending the knee joint repeatedly 10 times,
about 100 pL of the joint fluid was extracted.

2.15.3. Macroscopic observation. The collected knee spec-
imens were dissected, and the cartilage changes were assessed
and scored in each group by three independent observers. As
described by Pelletier et al.,* observers assessed the extent of
articular cartilage lesion on a scale of 0 to 4. (0 = normal
surface, 1 = slight tremor or yellow discoloration on the surface,
2 = erosion extending only to the superficial or intermediate
layer, 3 = erosion extending deep, 4 = erosion extending to the
subchondral bone).

2.15.4. Biochemical examination of joint fluid. The
concentrations of MMP-3 and IL-1 in the joint fluid were
determined using an ELISA kit (Meimian, China). The concen-
trations of MMP-3, IL-6 and carbonyl protein in each group were
calculated by drawing the corresponding standard curve
according to the reagent instructions.

2.15.5. HE and saffron-O/Fast Green staining. The knee
specimens were fixed with 4% paraformaldehyde, embedded in
paraffin and cut into 4 um thick tissue slices, which were dyed
according to the instructions for the HE staining kit. The simple
description was as follows: after dewaxing and hydration, the
nucleus was stained with hematoxylin, then the cytoplasm was
stained with eosin, and finally, the slices were gently rinsed with
PBS. Saffron-O/Fast Green staining was also performed according
to the instructions. The nucleus was stained with hematoxylin
first, then the bone with Fast Green, and finally, the cartilage with
Saffron-O, with the latter gently washed with PBS and then
sealed. A light microscope was used for observation and to take
pictures. The sections were evaluated by three independent
assessors according to the scoring criteria established by the
Osteoarthritis Research Society International (OARSI).*

2.15.6. Immunohistochemical chemistry. After dewaxing
and hydration, the sections were immersed in 3% H,0, for
15 min to block endogenous peroxidase, gently rinsed with PBS
and then incubated with goat serum for another 30 min. After
being added with primary antibody, the sections were incu-
bated at 4 °C overnight and gently rinsed with PBS. Later, they
were incubated at room temperature for 20 min after the
addition of the secondary antibody and then rinsed with PBS.
Finally, the sections were dyed with DAB for 5 min, and the
nucleus was stained with hematoxylin. After the transparent
resin was sealed, the optical microscope was used for observa-
tion and to take pictures.

2.16. Biocompatibility in vivo

The effects of EA-MOF on erythrocyte sedimentation rate (ESR),
erythrocyte stability, entrails and skeleton development were
tested. Normal blood was obtained from rats. The tails were
immersed in warm water at 45 °C for 15 s to dilate the caudal
vein. Venous blood was drawn (10 mL) using a needle, and
a 0.25-fold volume of 4% sodium citrate solution was immedi-
ately added for anticoagulation.

Normal saline (NS, 0.2 mL) or NS (0.2 mL) containing 100 pg
mL ™" EA-MOF was added to 1.4 mL of blood and incubated at
37 °C for 2 hours before being added to the sedimentation tube
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for rest. The erythrocyte sedimentation distance was observed 6
hours later (ESR).

Blood (5 mL) was diluted with 10 mL NS and then centri-
fuged at 800 rpm for 30 min. This step was repeat 3 times to
obtain concentrated red blood cells (CRBC). CRBC (200 uL) was
transferred into EP tubes and then mixed with 1.3 mL of NS
containing either 100 pg mL™' EA, 100 ug mL ™' EA-MOF or
distilled water (DW). After incubation for 2 hours, the
morphology of the red blood cells was observed under a micro-
scope. Then, the mixture was centrifuged at 3000 rpm for 5
minutes, and the color as well as the light absorption at 415 nm
of the supernatant were examined using an enzyme label.

Following OA treatment, the hearts, livers, spleens, lungs
and kidneys of the rats were harvested and fixed in 4% para-
formaldehyde. The tissues were then embedded in paraffin and
sectioned into 4 mm slices. After dewaxing and hydration, the
sections were stained with HE dye, sealed, observed under an
optical microscope and then photographed.

After OA treatment, the lower limbs of the rats were dissected
below the tibia. The skin and subcutaneous fat were excised and
fixed in anhydrous ethanol for one week, with the ethanol
replaced every two days. Following degreasing in ethyl acetate for
three days, a gradient alcohol hydration was performed over one
week. Subsequently, immersion in 2% KOH solution for four
hours was followed by staining with alizarin red ethanol satu-
rated solution (with nine-fold volume of 1% KOH) for 48 hours.
Then use distilled water washed every day for 1 week, and then
soak in 3% H,0, solution for 24 hours and hyalinization with
gradient glycerin finally.

2.17. Statistical analysis

All the quantitative data were obtained in triplicate, and
representative results were displayed. The values were
expressed as mean =+ standard deviation. Statistical compari-
sons among different groups were made via one-way ANOVA,
and Student's t-test was conducted between the groups with
significant comparisons. A p-value < 0.05 was considered
statistically significant. All statistical analyses were performed
using the SPSS 23.0 software.

3. Results and discussion

3.1. Characterization of EA-MOF

No obvious changes were observed when the EA solution
(vellow) was mixed with DPBP solution (colorless), but after the
FeCl; solution was added to the mixture, black film solid
precipitates immediately appeared (Fig. S3 and S4). FTIR spec-
troscopy was performed to study the chemical structure of the
products (Fig. 2A). The peaks at 1055 cm™ ' and 1113 cm™ " are
attributed to ester bonds (C-O-C) in EA; these absorption peaks
also appear in EA-MOF (1033 cm ' and 1109 cm™'). The
absorption peaks at 1684 cm ™' (C=0) and 928 cm ' (-OH) are
contributed by carboxyl group in DBPB, in EA-MOF, the peak at
of C=0 at 1697 cm™ ' (blue shift), but the peak of -OH is
disappear. The XRD results are presented in the Fig. 2B and S5,
indicating that the particles possess a lamellar microstructure.
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TEM images reveal that the EA-MOF nanoparticles have
a uniform lamellar structure and measure approximately 100-
200 nm (Fig. 2C). The morphology of nanoparticles was further
investigated via SEM and was found to have a lamellar struc-
ture, and the various elements, such as B, C and O, were evenly
distributed (Fig. 2D(i-iv). The DLS size measurement in
distilled water indicated that the MOF had an average size of
211 nm with a poly-dispersity index of 0.349, indicating uniform
NP size distributions (Fig. 2E). The zeta-potential measure-
ments indicated that EA-MOFs were negatively charged (—27.7

>

o
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mV) (Fig. 2F). The boron content of EA-MOF was 3.1% (m m )
by theoretical calculation, 4.9% by SEM test, and 5.17% by
elemental analysis (SI Table 2). These results collectively
confirm the successful synthesis of EA-MOF. From the results of
N, adsorption BET (SI Table 3), the specific surface area of EA
was 0.750348 m> g~ ', that of Fe-OH was 18.912070 m* g™, and
that of EA-MOF was 143.208671 m” g~ . The area of EA-MOF was
larger than those of FE-OH and EA but smaller than that of
common MOF (MOF-5:1000-1500 m? g~*, MOF-801 600-800 m*
g~ 1), which could be due to the sheet-like structure.

T T T 2000 T T T T
3 p——~—_ _ EAMOF B0
s 3
8 110/9 b 31200 [
= n 3
z 2 800
0 2]
c 1=
© = — 400 f
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Fig. 3 Drug release properties and photothermal conversion of EA. (A) Image of the EA-MOF in different pH PBS buffer. (B) Drug release
characteristics. (i). The amount of drug the particles release every 12 hours (100% is defined as the light absorption of the EA-MOF after the
complete dissolution of excess HCl solution). (ii). Cumulative release. (C) Photothermal conversion of EA. (i). Temperature changes within 15
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3.2. Density in water

MOF has a loose porous structure and a huge specific surface
area. After dispersing it in water and subjecting it to centrifu-
gation at a low speed, we measured its volume and calculated its
water phase density as 10 mg mL ™" (Fig. $6). This result means
that the nanoparticles are extremely loose and have a large
surface area, with a physical basis that responds quickly to pH.

3.3. Invitro drug loading and release behavior

EA was directly involved in the form of the nanoparticles, so it
has a vast drug loading. After the strong acid (HCl, pH 1.0) was
completely dissolved, the light absorption characteristics of the
solution were detected using an ultraviolet visible-light instru-
ment. The results indicated that the solution had characteristic
light absorption at 336 nm (Fig. S7A). Then, the light absorption
of the solution was measured at 336 nm using a microplate
reader, and the standard curve was drawn (Fig. S7B). The EA
contained in the MOF was calculated as 41.7% (m m ") (SI
Table. 2).

EA-MOF is very sensitive to pH, and its drug-release behav-
iour was detected under different conditions. The results are
shown in Fig. 3A and B. Under physiological conditions (pH
7.4), the release amount of EA-MOF was extremely low, and
nearly 0.5% of EA was released after 24 hours. Under sub-health
conditions (pH 7.0), the drug release of nanoparticles signifi-
cantly increased, with 1.3% accumulated after 24 hours. Under
the condition of OA, when the pH dropped significantly, the
release of nanoparticles increased rapidly; at pH 6.6 and 6.2, 4%

© 2026 The Author(s). Published by the Royal Society of Chemistry

and 6% were released, respectively. The cumulative release of
EA over 144 hours was calculated, which was only 6.24% at pH
7.4, 86.82% at pH 6.2, and 13.02% and 40.42% at pH 7.0 and
6.6, respectively (Fig. 3B).

The results indicated that the EA-MOF we designed had
a very high drug-loading rate and sensitive drug-release
behaviors to pH changes.

3.4. Photothermal effect of EA-MOF

EA-MOF appears in black (Fig. S4) and has the ability to absorb
light energy and convert it into heat energy. Herein, an infrared
camera was used to observe the photothermal conversion of EA-
MOF with different concentrations under near-infrared (NIR)
conditions. As shown in Fig. 3C and S8, the liquid with different
concentrations all underwent photothermal conversion under
near-infrared light, and the temperature reached equilibrium
about 10 minutes later (Fig. 3C(i)). The liquid with a low
concentration of 50 pg mL " increased in temperature from
26.6 °C to 29.6 °C at the highest, the liquid with a high concen-
tration of 200 pg mL ™" increased to 37.2 °C at the highest, and
the liquid with a medium concentration increased to 32.3 °C
(Fig. S8). This type of photothermal property is reversible. The
liquid with different concentrations shows periodic temperature
changes after three cycles of 10 minutes of illumination and 10
minutes of natural cooling. The liquid temperature reached its
highest after 10 minutes of illumination and gradually cooled to
room temperature after 10 minutes of cooling (Fig. 3C(ii)). The
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results indicate that the nanoparticle has good photothermal
properties and is useful in joint photothermal treatment.

3.5 MOF stability and degradation in vitro

EA-MOF is highly sensitive to pH, and it degrades and releases
drugs in acidic environments. At pH 7.4, the mass of EA-MOF
almost does not decrease, and the mass decrease is close to
2.4% after 144 hours. At pH 6.4, the mass decrease of nano-
particles increases significantly, and the mass decrease is 24.2%
after 144 hours. At pH 5.4, the mass decrease is 64.9% (Fig. 3D).
Compared with the loss of mass at pH 7.4, the mass of EA-MOF
was reduced significantly at pH 6.4 and 5.4, respectively, indi-
cating that the stability of particles was significantly reduced

View Article Online

RSC Advances

under acidic conditions, which was conducive to timely removal
of particles in the joint.

3.6. Chondrocyte viability test

The cytotoxic effects of EA and EA-MOF on chondrocytes were
analyzed via MTT. As shown in Fig. 4A, both EA and EA-MOF
showed little cytotoxicity, and chondrocyte viability was above
90% at concentrations ranging from 0.5 to 100 pg mL™ ‘. We
chose EA and EA-MOF with 100 pg mL~" concentration for
subsequent biological experiments, because the cell vitality was
above 90% at this concentration. According to the results of live
and dead cell staining (Fig. 4B), 5 ng mL " IL-1P significantly
reduced the number of live chondrocytes (green), and the live-
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Fig.5 Inhibition of the inflammatory factor expression of the IL-1p (10 ng mL™%)-treated chondrocytes by EA and the EA-MOF (100 mg mL™Y). (A)
Relative mRNA levels of chondrogenic markers (ACAN), anti-inflammatory gene (GSH-px, SOD-1) and OA-relative genes (IL-6, MMP-13, and
MMP-3). (n = 3, mean £+ SD, ***p < 0.001). (B) The expression of IL-6 was detected via immunofluorescence staining. (C) The expression of MMP-
13 was detected via immunofluorescence staining (scale bar: 100 um). (D) Quantification of fluorescence after incubation with EA or EA-MOF for

24 h (n = 3, mean + SD, and ***p < 0.001).
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to-death ratio was 5.3. The number of living chondrocytes in the
EA group was not significantly increased, and the survival per
death ratio was 20.8. However, EA-MOF saved IL-1B-induced
chondrocytes with a ratio of 78.3 (Fig. 4C). The results indicated
that EA-MOF could effectively prevent the damage of chon-
drocytes caused by oxidative stress induced by IL-1p.

Cell flow cytometry also obtained similar results. As shown
in Fig. 4D, in the EA group, the proportion of apoptotic cells
(green) decreased from 33.17% to 18.49%, while in the EA-MOF
group, the proportion of apoptotic cells dropped to 10.51%, and
in the normal group, it was 7.55%. The results indicated that IL-
1B induced a strong inflammatory response, and EA-MOF
exerted a significant anti-inflammatory effect, effectively pre-
venting damage to chondrocytes caused by IL-1B-induced
oxidative stress. However, the EA group provided limited
protection for chondrocytes.

3.7 Action of EA-MOF on IL-1B-induced chondrocytes

After 24 hours of co-culture with IL-1p, the effect of EA-MOF on
IL-1B-induced chondrocyte inflammation was studied by
detecting the expression levels of OA inflammatory genes
MMP-13, IL-6, and MMP-3; anti-inflammatory genes SOD-1
and GSH-px; and cartilage matrix gene ACAN. The expression
of the OA inflammatory gene in the IL-1f group was the
highest in all groups, and those of IL-6, MMP-13 and MMP-3
significantly increased by a factor of 28.51-fold, 2.76-fold,
and 1.80-fold, respectively, compared with those in the normal
control group (Fig. 5A). After transient EA treatment, the
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those of IL-6, MMP-13 and MMP-3 still increased by 26.98-fold,
2.37-fold and 1.75-fold, respectively. However, after contin-
uous treatment with EA-MOF, the expressions of inflammatory
genes were significantly reduced; those of IL-6, MMP-13 and
MMP-3 only increased by 7.50-fold, 1.14-fold and 1.01-fold,
respectively.

Anti-inflammatory genes SOD-1 and GSH-px were signifi-
cantly inhibited in the IL-1B group. Compared with normal
control group, in the IL-1B group, SOD-1 expression was 0.57-
fold of normal group, GSH-px expression was 0.27-fold,
temporary treatment of EA group SOD-1 expression was 0.76-
fold of normal group, GSH-px expression was 0.33-fold, on the
contrary, after treatment with EA-MOF, related anti-
inflammatory genes were significantly restored, the expres-
sions of SOD-1 and GSH-px were 0.91-fold and 0.79-fold,
respectively. The expression level of ACAN, a vital gene secreted
by the cartilage matrix, was significantly inhibited under the
action of IL-1PB. The expression level of ACAN was 0.05-fold
relative to the normal group, and that of ACAN was only 0.06-
fold in the EA group, while the expression level of ACAN in the
EA-MOF group recovered to 0.43-fold. These changes in gene
expression levels suggested that EA-MOF inhibited the expres-
sion of IL-1B-upregulated inflammatory factors and improved
the expression of anti-inflammatory factors in the presence of
IL-1B while maintaining the chondrocyte phenotype and saving
the loss of cartilage matrix induced by IL-1P.

MMP-13 and IL-6 play an essential role in cartilage degen-
eration induced by OA. The effect of EA-MOF on the protein
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Fig. 6 OA therapeutic effects of EA and the EA-MOF. (A) Inflammatory factor (IL-6 and MMP-13) expression of the synovial fluid measured using
the ELISA kit (n = 3, mean + SD, and ***p < 0.001). (B) Macroscopic observation of the OA joint cartilage after EA or the EA-MOF treatment. The
corresponding groups were sham (normal joint), OA + PBS (OA joint), OA + EA (OA joint treated with EA) and OA + EA -MOF (OA joint treated with

the EA-MOF).
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chondrocytes was studied via immunofluorescence staining.
As shown in Fig. 5B and C, the control group all emitted weak
fluorescence, indicating low-level secretion of MMP-13 and IL-
6 in chondrocytes. Compared with the control group, both the
IL-1B and EA groups showed strong green fluorescence, indi-
cating that IL-1f strongly promoted the expressions of MMP-
13 and IL-6, and transient EA treatment could not signifi-
cantly inhibit the expressions of MMP-13 and IL-6. On the
contrary, the fluorescence intensity in chondrocytes after
treatment with EA-MOF was significantly decreased, and the
fluorescence intensity decreased by 44.08% and 46.42%,
respectively (Fig. 5D), compared with the IL-1B group. These
findings suggest that EA-MOF maintains chondrocyte pheno-
type in the presence of IL-1, inhibits the expression of IL-1p-
upregulated inflammatory cytokines, and rescues IL-1pB-
induced cartilage matrix loss.

A

Sham

OA+PBS

H&E

Safranin-O
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3.8. EA-MOF attenuate the progression of OA in rat

Knee fluid, femoral condyle and tibial plateau were collected
after different treatments, and the mice were sacrificed at 6
weeks. The concentrations of MMP-13 and IL-6 in the synovial
fluid were quantified using the ELISA kit (Fig. 6A and S9). The
expressions of IL-6 and MMP-13 were significantly increased in
the OA + PBS group compared with the sham group, whereas EA
slightly reduced the expressions of IL-6 and MMP-13 by nearly
18.07% and 23.51% and EA-MOF significantly decreased these
expressions by nearly 72.12% and 76.33%, respectively.

The articular cartilage was visually observed and compared
with the smooth articular surface of the sham group; OA features
represented by cartilage erosion, osteophyte formation and joint
deformation were observed in the OA + PBS group. There was still
extensive cartilage erosion after EA treatment. The cartilage lesions
and erosion were significantly reduced after EA-MOF treatment
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Fig.7 Histological analysis of OA therapeutic effects by EA and the EA-MOF. (A) H&E staining (up) and Safranin-O/Fast Green staining (down). (B)
The corresponding macroscopic scores (i) and histological scores (i) (n = 3, mean + SD, and ***p < 0.001). (C) Immunohistochemical staining of

IL-6 and MMP-13 in the cartilage after treatment (scale bar: 100 pm).
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Fig. 8

. Biocompatibility in vivo. (A) The images of the sedimentation test. (B) The hemolysis test was conducted under a microscope. (C) The

images of the hemolysis test. (D) The H&E staining of the laboratory animals' guts. (E) Alizarin red bone staining.

(Fig. 6B). Based on Pelletier's macro scoring, the cumulative scores
of EA and EA-MOF were reduced by 16.32% and 84.21%, respec-
tively, compared with the OA + PBS group (Fig. 7B i).

The cartilage tissue was evaluated via H&E and Saffron-O/
Fast Green staining. As shown in Fig. 7A, the surface of the
cartilage layer in the PBS group was rough, with vertical cracks,
erosion, denudation, and deformation, consistent with the
characteristics of OA. The surface of EA formation was rough,
and there was still a large area of denudation. However, EA-MOF
reversed the pathological changes, restoring the integrity of the
tidal line, increasing the thickness of the cartilage layer, and
enabling proteoglycan retention (Safranin-O staining-positive).
Among all groups, the EA-MOF group achieved the greatest
recovery of cartilage surface damage, complete cartilage struc-
ture, the strongest Saffron-O staining (red), and an 80%
decrease in the cumulative score of OARSI, followed by the
effect of EA, which decreased by 20% (Fig. 7B(ii)).

7282 | RSC Adv, 2026, 16, 7271-7286

Immunohistochemical staining was used to evaluate
inflammatory cytokines (MMP-13 and IL-6) in the cartilage. As
shown in Fig. 7C, IL-6 and MMP-13 in the PBS and EA groups
were strongly positive (dark brown). However, the EA-MOF
group was negative, similar to the sham group. The results
indicated that EA-MOF could effectively inhibit the progression
of OA and exert a chondrocyte protective effect on OA joints.

3.9. Biocompatibility in vivo

The results of the sedimentation test are shown in Fig. 8A and
S10(i). After 6 hours of natural sedimentation, the erythrocytes
in the normal group sank about 5 mm, while those in the EA-
MOF group sank about 5.5 mm. Similar results indicated that
EA-MOF had a limited effect on erythrocyte sedimentation.
The results of the hemolysis experiment are shown in Fig. 8B
and C, S10(ii), S11and S12. After 2 hours of incubation with NS,
concentrated red blood cells still maintained a disc shape under
microscope observation. After centrifugation, the supernatant was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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colorless and transparent, and no hemoglobin overflow was
detected in the supernatant. After 2 hours of incubation with
distilled water (DW), the red blood cells were completely ruptured
under the microscope. After centrifugation, a white cell membrane
was seen at the bottom, and the supernatant was clear and
exhibited a bright red color. The supernatant achieved strong light
absorption at 386 nm. After the addition of NS containing EA and
EA-MOF, the disk shape was maintained under the microscope
(Fig. 8B and S11). After centrifugation, the supernatant could not
be distinguished from the NS group by the naked eye (Fig. 8C). By
measure the light absorption of the solution, 3.8% for EA and 6.8%
for EA-MOF of red blood cells were ruptured, respectively (Fig. S12).
The results indicated that EA and EA-MOF did not have the ability
to induce rapid erythrocyte breakage.

The viscera of the EA-MOF group were collected and
observed under the microscope to see whether the viscera were
damaged. The results were as shown in the figure. Compared
with the sham group (normal), no obvious damage was
observed in the EA-MOF group, indicating that EA-MOF did not
have the ability to affect the visceral function of rats (Fig. 8D).

Tissue-clearing staining enables visual observation of the
skeletal system of the animal. The results are shown in the
figure. The calcium-containing bone is stained red (alizarin
red). As can be seen from the figure, there is no significant
difference in the lower limb skeletal system of rats between the
control group and the experimental group, indicating that EA-
MOF had no effect on bone growth (Fig. 8E).

4. Conclusion

In summary, we successfully designed a novel MOF drug
delivery platform to treat early OA. Due to its direct involvement
in the composition of MOF, its drug loading capacity reaches
41.7% of the total weight, which reduces the toxicity caused by
drug carrier residues, which decreases the number of articular
cavity injections. Click chemistry enables simple and efficient
synthesis steps and sensitive drug release procedures.
Furthermore, it avoids cumbersome drug synthesis procedures
and strict synthesis conditions. This nanoparticle has an
extremely sensitive pH sensing ability and can adjust the drug
release speed according to pH change in the joint cavity. It is
conducive to the realization of personalized treatment. At the
same time, the excellent photothermal conversion ability of
nanoparticles can provide multiple treatments for arthritis.

The synthesized MOF particles have good biocompatibility,
unlike hydrogels with low drug loading efficiency. These drug-
assembled particles can offer a variety of therapeutic options
and can intelligently regulate drug release. Compared with
nanozyme, they avoid the risks of particle retention and heavy
metal accumulation. This study provides hope for the clinical
treatment of OA.
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DBPB 3,5-Dicarboxyphenylboronic acid

MOF Metal-organic framework

OA Osteoarthritis

NS Normal saline

DW  Distilled water

MTT 3- (4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide

ACLT Anterior cruciate ligament transection

ESR  Erythrocyte sedimentation rate

CRBC Concentrated red blood cells
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