
Chinese Chemical Letters 36 (2025) 110053

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Targeting TRPA1 with liposome-encapsulated drugs anchored to

microspheres for effective osteoarthritis treatment

Yulin Chena,b,1, Guangchao Wanga,1, Fengjin Zhouc,1, Zhifeng Yind,1, Fuming Shene,f,g,
Weizong Wenge, Hao Zhanga,e, Yingying Jiange,f,g, Xinru Liue,f,g, Yonghui Dengh,
Yuan Chenb,∗, Ke Xue,f,g,i,∗, Jiacan Sua,e,f,g,∗

aDepartment of Orthopedics, Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200092, China
bDepartment of Orthopedics and Traumatology, Nanning Hospital of Traditional Chinese Medicine, Guangxi University of Chinese Medicine, Nanning

530200, China
cDepartment of Orthopedics, Honghui Hospital, Xi’an Jiaotong University, Xi’an 710000, China
dDepartment of Orthopedics, Shanghai Zhongye Hospital, Shanghai 200444, China
e Institute of Translational Medicine, Shanghai University, Shanghai 200444, China
fOrganoid Research Center, Shanghai University, Shanghai 200444, China
gNational Center for Translational Medicine (Shanghai) SHU Branch, Shanghai University, Shanghai 200444, China
hDepartment of Chemistry, Department of Gastroenterology, Zhongshan Hospital of Fudan University, State Key Laboratory of Molecular Engineering of

Polymers, Fudan University, Shanghai 200433, China
iWenzhou Institute of Shanghai University, Wenzhou 325000, China

a r t i c l e i n f o

Article history:

Received 17 February 2024

Revised 23 May 2024

Accepted 24 May 2024

Available online 26 May 2024

Keywords:

Microsphere

HAMA hydrogel

Liposome

Osteoarthritis

TRPA1

a b s t r a c t

Crucial for mediating inflammation and the perception of pain, the ion channel known as transient recep-

tor potential ankyrin 1 (TRPA1) holds significant importance. It contributes to the increased production

of cytokines in the inflammatory cells of cartilage affected by osteoarthritis and represents a promising

target for the treatment of this condition. By leveraging the unique advantages of liposomes, a composite

microsphere drug delivery system with stable structural properties and high adaptability can be devel-

oped, providing a new strategy for osteoarthritis (OA) drug therapy. The liposomes as drug reservoirs

for TRPA1 inhibitors were loaded into hyaluronic acid methacrylate (HAMA) hydrogels to make hydrogel

microspheres via microfluidic technology. An in vitro inflammatory chondrocyte model was established

with interleukin-1β (IL-1β) to demonstrate HAMA@Lipo@HC’s capabilities. A destabilization of the me-

dial meniscus (DMM) mouse model was also created to evaluate the efficacy of intra-articular injections

for treating OA. HAMA@Lipo@HC has a uniform particle-size distribution and is injectable. The drug en-

capsulation rate was 64.29% ± 2.58%, with a sustained release period of 28 days. Inhibition of TRPA1

via HC-030031 effectively alleviated IL-1β-induced chondrocyte inflammation and matrix degradation. In

DMM model OA mice, microspheres showed good long-term sustained drug release properties, improved

joint inflammation microenvironment, reduced articular cartilage damage and decreased mechanical no-

ciceptive threshold. This research pioneers the creation of a drug delivery system tailored for delivery

into the joint cavity, focusing on TRPA1 as a therapeutic target for osteoarthritis. Additionally, it offers a

cutting-edge drug delivery platform aimed at addressing diseases linked to inflammation.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The global burden of osteoarthritis (OA) is increasing due to

an aging population, rising obesity rates, and frequent joint in-

juries, with an estimated 527.81 million people affected world-

wide [1]. During the early stages of OA, the synovial and car-
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tilage tissues within the joint exhibit substantial production of

pro-inflammatory factors, notably interleukin (IL)-1, IL-6, IL-8, and

transforming growth factor-β (TGF-β). This heightened production

subsequently triggers increased chondrocyte apoptosis, elevated

synthesis of matrix metalloproteinases (MMPs), and the degrada-

tion of the extracellular matrix (ECM) [2]. Consequently, a compro-

mised matrix that cannot endure normal mechanical stress forms,

ultimately leading to joint destruction [3,4]. In this process, there

are interactions between cartilage, sclerosis, and synovium, which
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Scheme 1. The principle and fabrication of HAMA@Lipo@HC, and design of the

composite microspheres for treating osteoarthritis by anti-inflammatory and reg-

ulating matrix degradation. Created with BioRender.com.

will further amplify the tissue damage [5,6]. Hence, it becomes

apparent that inflammation significantly contributes to the pro-

gression of the disease, underscoring the importance of research

aimed at the early phases of OA [7]. In current clinical practice,

pharmacological interventions are commonly used to alleviate ini-

tial arthritis symptoms and prevent progression [8]. Traditional

OA drugs, plagued by poor solubility and low bioavailability, re-

quire frequent, higher dosing, potentially causing gastrointestinal

and organ damage [9-11]. Overcoming these treatment challenges

remains a key clinical focus. Transient receptor potential ankyrin 1

(TRPA1) is a non-selective cation channel protein, which is involved

in pain and inflammation [12,13]. It has been revealed that inter-

vention on TRPA1 can effectively inhibit tissue inflammation, and

cartilage degradation, which is a potential drug target for the treat-

ment of OA [14-16]. HC-030031, a selective TRPA1 blocker with hy-

drophobic properties like traditional osteoarthritis drugs, requires

high and frequent dosing for effectiveness [17,18]. Enhancing drug

pharmacokinetics through improved dosage forms is a key research

focus to address these challenges [19].

Nanoparticles in drug delivery systems are gaining attention

for treating OA, offering reduced dosages, fewer administrations,

increased efficacy, and lower toxicity [20,21]. Liposomes (Lipo)

are amphiphilic nano-drug carriers that encapsulate both hy-

drophilic and lipophilic drugs, known for their high drug load-

ing, slow release, low toxicity, biocompatibility, and biodegrad-

ability, making them popular in drug carrier research [22]. Lo-

cally applied in joint cavities, they reduce drug washout by syn-

ovial fluid, extend drug duration, and improve lubrication and car-

tilage condition to treat OA [23,24]. Despite liposomes’ advan-

tages, their clinical use is limited by certain drawbacks, which

hydrogels can offset due to their stable and adaptable proper-

ties [25]. By combining these with liposomes’ benefits, compos-

ite materials that maximize both substances’ strengths can be

created [26].

Hyaluronic acid (HA) is crucial in cartilage’s ECM, enhancing

cellular function and promoting differentiation, while also regu-

lating inflammation and tissue repair [27]. Hyaluronic acid hy-

drogels can be obtained by introducing methacrylic groups into

HA, and their injectability and easily adjustable size give them

potential as a novel delivery system [28,29]. Based on this, we

synthesized a HAMA@Lipo hydrogel microsphere targeting TRPA1

(Scheme 1). The TRPA1 inhibitor was encased within the lipo-

somes’ phospholipid bilayer, synthesized through the thin film

hydration technique. These liposomes were then combined with

hyaluronic acid methacrylate (HAMA) to form HAMA@Lipo hydro-

gel microspheres utilizing a microfluidic approach [30,31]. Follow-

ing their degradation, assessments of encapsulation efficiency, drug

liberation, and biocompatibility were conducted. The composite

microspheres’ anti-inflammatory capabilities and ability to regu-

late matrix metabolism were confirmed in primary mouse chon-

drocytes. The injectable microspheres facilitated sustained drug re-

lease and exhibited effective therapeutic outcomes in a mouse

model of destabilization of the medial meniscus (DMM)-induced

OA.

First, we demonstrated the functional expression of TRPA1 in

mice primary chondrocytes, the extraction and identification of

mice primary chondrocytes as shown in Fig. S1 (Supporting infor-

mation). After pharmacological inhibition by HC-030031, both gene

and protein levels showed a downregulation of inflammatory fac-

tor levels, a homeostasis of cartilage matrix metabolism, and carti-

lage matrix staining to visualize the drug effect (Fig. S2 in Support-

ing information). We also performed experiments with chondro-

cytes that had knocked down TRPA1 expression to further validate

that TRPA1 mediates chondrocyte inflammation (Fig. S3 in Sup-

porting information). Blank liposomes were synthesized via a thin

film hydration method with hydrogenated soybean phosphatidyl-

choline (HSPC), 1,2-distearoyl-sn–glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycerol)−2000] (DSPE-MPEG2000) and

cholesterol, referring to our previous work [32]. As shown in Fig.

1A, liposomes present a uniform spherical shape structure by

transmission electron microscope (TEM) for observing their mor-

phology. The zeta potential of the blank liposomes was −18.2mV,

which slightly increased to −16.3mV after drug loading, with a

polydispersity (PDI) of 0.129 and a particle size of 100–120nm, in-

dicating that our prepared liposomes had a suitable particle size

(Figs. 1B and C). HAMA@Lipo microspheres were prepared using a

microfluidic device. As shown in Fig. 1D, where the microspheres

(ii) prepared after mixing the liposome solution (i) with the hydro-

gel settled naturally at the bottom of the Eppendorf (EP) tube. Un-

der the optical microscopy, the microspheres appeared uniformly

dispersed in water, with a smooth, round morphology and an av-

erage diameter of 150μm (Figs. 1E and F). The morphology of the

microspheres after dehydration was observed via scanning electron

microscopy (SEM), and their profiles had a clear structure of retic-

ulated porosity, which facilitated the loading of more liposomes

(Fig. 1G). The elemental composition of HAMA@Lipo was analyzed

using energy dispersive X-ray (EDS), confirming the successful in-

corporation of phosphorus from liposomes into the hydrogel (Fig.

1H). DiI-labeled liposomes verified through laser scanning confo-

cal microscopy (LSCM) demonstrated uniform distribution within

the microspheres (Fig. 1I). HAMA@Lipo is a purely physical enve-

lope with no new characteristic peaks formed in its Fourier trans-

form infrared spectroscopy (FTIR), and the addition of liposomes

makes the mechanical properties degrade (Figs. S4A and B in Sup-

porting information). Combining the above characterization results,

we successfully prepared HAMA@Lipo.

Using liposomes to deliver hydrophobic drugs improves their

aqueous solubility and prolongs their body retention, enhancing

hydrophobic drug utilization [33]. Here, we used high performance

liquid chromatography (HPLC) to detect the drug loading (Fig. S5

in Supporting information), the encapsulation rate of drug-carrying

liposomes obtained from the preparation was up to 86.76%, and

the encapsulation rate of microspheres prepared by further mixing

with HAMA was 64.29% (Fig. 2A). The decrease in HAMA@Lipo@HC

encapsulation rate may be due to shear pressure in the microflu-

idic system causing drug leakage during preparation, and the use

of organic solvents to remove paraffin oil may also contribute to

this result [26]. The drug release curves were plotted for 28 days

detect the drug release from liposomes and microspheres at each

defined time point, as shown in Fig. 2B. The liposomes released

almost all the drugs explosively within one week, compared with

the significantly much slower release rate of HAMA@Lipo, where

the drugs were not released abruptly but continuously under the

dual blockage of liposomes and hydrogels.

An enzymatic degradation method was used to simulate the

degradation of the microspheres in vivo to ensure that HAMA@Lipo

achieves optimal drug delivery [34]. As shown in Fig. 2C, the mi-
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Fig. 1. Characterization of liposome and HAMA@Lipo. (A) TEM image of the liposome. (B) Zeta potential distribution of liposomes. Data are presented as mean ± standard

deviation (SD) (n=3). (C) Hydrodynamic diameters of liposomes. (D) (i) Liposome solution and (ii) HAMA@Lipo microspheres loaded with liposomes. (E) Microscopic images

of HAMA@Lipo. (F) Particle size distribution of the microspheres (n=150). (G) SEM image of HAMA and HAMA@Lipo from (i, iii) the overall view and (ii, iiii) the local

view. (H) Elemental mapping images of the HAMA@Lipo. C: carbon; O: oxygen; P: Phosphorus; N: Nitrogen. (I) Images of HAMA@Lipo microspheres via LSCM. Liposomes in

microspheres were labeled with Dil dye.

crospheres remain unchanged for the first 3 days but develop a

rough surface by day 7. By day 14, cracks appear, followed by ex-

tensive disintegration by day 21, leaving only gel fragments by day

28. The microspheres were weighed on dry weight at each time

point and the degradation curve is shown in Fig. 2D. The biocom-

patibility of HAMA@Lipo on chondrocyte viability was confirmed

by Live/Dead and CCK-8 assays, and the results showed that the

microspheres did not impair chondrocyte viability (Figs. 2E and F).

Patients with OA have high IL-1β levels in their cartilage and

synovial fluid, and modeling OA inflammation with IL-1β increases

TRPA1 expression and Ca2+ influx in chondrocytes [35,36]. Ele-

vated Ca2+ influx through TRPA1 channels increased inflammation

in chondrocytes, leading to higher MMPs (especially MMP13) and

a disintegrin and metalloproteinase with thrombospondin motifs

(ADAMTSs) levels, resulting in cartilage matrix degradation and

production imbalance [37]. To evaluate the effect of TRPA1 in-

hibitor release from HAMA@Lipo on cartilage function, chondro-

cytes were first exposed to 10ng/mL IL-1β for 24h to mimic

joint inflammation, then HAMA@Lipo@HC was added (Fig. 2G). The

Western blot (WB) results showed that HAMA@Lipo@HC could suc-

cessfully release inhibitors to reduce TRPA1 expression levels (Fig.

S6A in Supporting information). Moreover, using Fluo-3-AM fluo-

rescent dye to measure Ca2+ influx, IL-1β-treated chondrocytes ex-

hibited significantly greater fluorescence, suggesting elevated Ca2+

influx. Conversely, the introduction of HAMA@Lipo@HC signifi-

cantly reduced this fluorescence intensity (Fig. 2H). TNF-α and IL-

6, traditional markers of inflammation, are found in high concen-

trations in the knee joints of individuals with OA [38]. As shown

in Fig. S6B (Supporting information), IL-1β-stimulated chondro-

cyte inflammatory factor expression levels were significantly in-

creased, HC-030031 inhibited TRPA1 thereby reducing inflamma-

tion, and the microspheres group with statistically significant dif-

ferences from the blank group. Enzyme-linked immunosorbent as-

say (ELISA) is a common assay of detecting cytokine secretion lev-

els, which further used to measure the levels of inflammatory fac-

tors in the chondrocyte supernatant, as shown in Fig. S6C (Sup-

porting information). Next, Alcian blue staining visually reflected

chondrogenic differentiation, and the HAMA@Lipo@HC group sig-

nificantly increased the intensity of cell staining after IL-1β treat-

ment (Fig. 3A). The WB assay results showed that IL-1β treat-

ment increased MMP13 and decreased collagen type II (COL-II) ex-

pression in chondrocytes, which was reversed by HAMA@Lipo@HC

treatment (Fig. 3B). The results of the RT-qPCR assay in Fig. 3C

showed a significant increase in MMP13 and ADAMTS5 expression

in the stimulated chondrocytes, and a substantial downregulation

of COL-II and SOX9 expression, which are key factors for cartilage
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Fig. 2. Drug loading, release properties, degradation, biocompatibility and reduction of cartilage inflammation of HAMA@Lipo. (A) The encapsulation efficiency of HC-030031

in the liposome, and HAMA@Lipo. (B) Release curve of HC-030031 from liposome, and HAMA@Lipo. (C) Degradation of HAMA@Lipo microgels after treatment with 10U/mL

hyaluronidase in vitro. (D) The degradation curves of HAMA@Lipo. (E) Live/dead staining of chondrocytes cocultured with Lipo@HC and HAMA@Lipo@HC after 1, 3, and 5

days show the toxicity of the microsphere components. (F) The CCK-8 results on 1, 3, and 5 days. OD, optical density. (G) HAMA@Lipo@HC inhibit inflammation and cartilage

degradation induced by IL-1β through inhibitor release. (H) Representative images of Ca2+ fluorescence in different chondrocyte treatment groups. Data are presented as

mean ± SD (n=3). ns, no statistically significant difference between groups.

synthesis. Immunofluorescence staining assessed MMP13 and COL-

II, key cartilage biomarkers, in IL-1β-treated chondrocytes. Results

showed that HAMA@Lipo@HC enhanced COL-II synthesis and re-

duced MMP13 activity (Figs. 3D–G). The above experimental re-

sults suggest that the HAMA@Lipo@HC possesses the ability to reg-

ulate the inflammation-substrate metabolic balance, which may be

a promising therapeutic.

Experiments used 8-week-old male C57BL/6J mice (20–22g)

from Changzhou Cavens Laboratory Animal Co., treated accord-

ing to Care and Use of Laboratory Animals. All animal exper-

imental procedures were strictly conducted in accordance with

the established guidelines for animal experiments and had re-

ceived approval from the Animal Ethics Committee of Shang-

hai University (No. 2023–022). Starting four weeks post-surgery,

phosphate buffered saline (PBS), HC-030031, HAMA, Lipo@HC, and

HAMA@Lipo@HC were administered weekly to five of the groups,

with the study concluding eight weeks after the commencement of

treatments. The right knee joint and serum harvested were used

for the assessment of OA treatment effects by radiography, his-

tology, and inflammatory factor expression levels in serum (Fig.

4A). The bone density distribution of the subchondral bone will

change during the development of osteoarthritis, and the subchon-

dral bone microstructure will remodel and thicken to form dense

tissue [39]. The schematic diagram of the subchondral bone was

obtained through micro-computed tomography (micro-CT) tomog-

raphy followed by three-dimensional (3D) reconstruction, which

visualized the degree of subchondral bone sclerosis in the proximal

femur (Fig. 4B). Compared with the DMM group, the subchondral

bone microstructure was improved in the HC-030031 group, HAMA

group, Lipo@HC group, and HAMA@Lipo@HC group, with the most

pronounced effect in the HAMA@Lipo@HC. Moreover, analysis of

bone volume/tissue volume (BV/TV), subchondral bone plate thick-

ness (SBP.th), and trabecular pattern factor (Tb.pf) at the medial

tibial plateau further quantified subchondral bone changes (Figs.

4C–E). HAMA@Lipo@HC is thought to have positively influenced

the biomechanical characteristics and microstructure of subchon-

dral bone during the early stages of OA.

The results of the von Frey and cold plate tests showed that

pain perception significantly decreased in the second week after

treatment with HAMA@Lipo@HC, and this severe pain gradually

diminished with an increasing number of treatments (Figs. S7A

and B in Supporting information). Subsequently, we examined al-
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Fig. 3. Inhibition of cartilage degradation effects of HAMA@Lipo@HC. (A) Representative images of alcian blue staining of chondrocytes treated with IL-1β or IL-1β and

HC-030031, liposomes or microspheres co-cultured for 24h. (B) The protein expression level of MMP13, and COL-II. (C) The mRNA expression level of MMP13, ADAMTS5,

COL-II, and Sox9. (D) The representative immunofluorescence staining results of MMP13. (E) Quantification of MMP13 fluorescence. (F) The representative immunofluores-

cence staining results of COL-II. (G) Quantification of COL-II fluorescence. All data were from n=3 independent experiments. Data are presented as mean ± SD. ∗∗P<0.01,
∗∗∗P<0.001 vs. the Blank group.

terations in cartilage histology following microsphere treatment

safranin O-fast green staining (S&F) by utilizing as well as hema-

toxylin and eosin (H&E) for articular cartilage (Figs. 4F and G).

While, after injection of the therapeutic agent into the joint, the

drug-laden hydrogel microsphere treatment group showed signif-

icant improvement in cartilage, with the joint indicating smooth-

ness and significant cartilage staining. MMP13 expression in articu-

lar cartilage was assessed by immunohistochemistry. The Lipo@HC

and HAMA@Lipo@HC groups had fewer positive cells than the PBS

group, with the greatest reduction in the HAMA@Lipo@HC group

(Fig. 4H). Furthermore, the HAMA@Lipo@HC group’s effect on car-

tilage degeneration was scored by the Osteoarthritis Research So-

ciety International (OARSI) criteria, showing no significant differ-

ence from the sham group (Fig. S7C in Supporting information).

To evaluate the in vivo anti-inflammatory effect of microsphere-

delivered drugs, we analyzed the serum’s inflammatory factor ex-

pression levels (Figs. S7D–F in Supporting information). Specifi-

cally, the therapeutic effect of drug-loaded microspheres was bet-

ter, which is consistent with the aforementioned imaging and his-

tological results. H&E staining revealed no significant lesions in

major mouse organs or notable differences in organ appearance

between groups, and biochemical markers in orbital blood samples

showed no significant variations across all groups (Figs. S8 and S9

in Supporting information).

Previous studies have reported the successful development

of liposome-hydrogel composite delivery systems with promising

therapeutic effects [26]. In this study, based on TRPA1, a poten-

tial therapeutic target for OA, we prepared a hydrogel micro-

sphere named HAMA@Lipo by microfluidic system, which formed

by HAMA hydrogels anchored with TRPA1 inhibitor-loaded lipo-

somes, and application for OA treatment. HAMA@Lipo exhibited

good stability, biocompatibility, and its slow drug release improved

drug utilization, both at the in vitro cellular level and in vivo ani-

mal level, and showed superior to the liposomes. The simple micro

and minimally invasive drug delivery reduced inflammatory factor

levels, regulated the metabolic balance of ECM, reduced subchon-
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Fig. 4. Radiology, pain behavior, S&F staining, H&E staining and immunohistochemical staining. (A) Timeline of treatment and surgery. (B) Three-dimensional images of the

sagittal plane of medial tibial subchondral bone structure at 12 weeks after the operation (scale bar: 100μm). (C–E) Micro-CT quantitative analysis of tibial subchondral bone

of BV/TV (%), SBP.th (mm) and Tb.pf (mm−1). (F, G) Representative images of S&F staining, and H&E staining. (H) Representative images of MMP13 protein immunohisto-

chemical staining. All data were from n=6 independent experiments. Data are presented as mean ± SD. ∗∗P<0.01 vs. the PBS group.

dral osteosclerosis, and greatly reduced joint pain in mice. Overall,

the HAMA@Lipo drug delivery system is an ideal delivery system

that provides a new strategy for the treatment of osteoarthritis.
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