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Abstract 

Rheumatoid arthritis (RA) is a debilitating autoimmune disease characterized by chronic joint inflammation and car-
tilage damage. Current therapeutic strategies often result in side effects, necessitating the development of targeted 
and safer treatment options. This study introduces a novel nanotherapeutic system, 2-APB@DGP-MM, which utilizes 
macrophage membrane (MM)-encapsulated nanoparticles (NPs) for the targeted delivery of 2-Aminoethyl diphe-
nylborinate (2-APB) to inflamed joints more effectively. The NPs are designed with a matrix metalloproteinase (MMP)-
cleavable peptide, allowing for MMP-responsive drug release within RA microenvironment. Comprehensive in vitro 
and in vivo assays confirmed the successful synthesis and loading of 2-APB into the DSPE-GPLGVRGC-PEG (DGP) NPs, 
as well as their ability to repolarize macrophages from a pro-inflammatory M1 to an anti-inflammatory M2 phenotype. 
The NPs demonstrated high biocompatibility, low cytotoxicity, and enhanced cellular uptake. In a collagen-induced 
arthritis (CIA) mouse model, intra-articular injection of 2-APB@DGP-MM significantly reduced synovial inflammation 
and cartilage destruction. Histological analysis corroborated these findings, demonstrating marked improvements 
in joint structure and delayed disease progression. Above all, the 2-APB@DGP-MM nanotherapeutic system offers 
a promising and safe approach for RA treatment by modulating macrophage polarization and delivering effective 
agents to inflamed joints.
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Graphical Abstract

Introduction
Rheumatoid arthritis (RA) is one of the most prevalent 
chronic inflammatory diseases, predominantly affect-
ing the whole joints leading to the progressive cartilage 
destruction and extensive bone erosion [1]. In 2019, 18 
million people worldwide had rheumatoid arthritis, and 
about 70% of those patients were women [2]. Currently, 
present clinical medications for RA mainly involve four 
categories of drugs: nonsteroidal anti-inflammatory 
drugs (NSAIDs), glucocorticoids, nonbiologic disease 
modifying antirheumatic drugs (DMARDs), and biologic 
DMARDs [3]. Unfortunately, the majority of these drugs 
cause numerous serious side effects due to the poor tar-
geting and limitation of administration route, narrowing 
their clinical application [4]. Therefore, the development 

of a safer and more effective drug delivery strategy for RA 
treatment is highly desired.

Innate immune system is widely recognized as the 
main contributor to the inflammatory response observed 
in RA, and these associated cells also play a crucial role 
in activating adaptive immune system. Macrophages are 
the central to inflammatory processes driving RA syno-
vitis, which constitute the major leucocyte population 
within the synovial inflammatory infiltrate (≥ 40%) [5]. In 
RA, the activated macrophages, termed M1 macrophage, 
produce a series of inflammation cytokines to aggravate 
joint inflammation [6, 7]. These macrophages are charac-
terized by surface marker expression that includes CD80, 
CD86 and the release of cytokines and chemokines 
such as tumor necrosis factor α (TNFα), interleukin-1β 
(IL-1β) and C-X-C motif chemokine ligand 9 (CXCL9). 
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Conversely, macrophages involved with anti-inflamma-
tory activity and tissue repair are considered to be M2 
type, which express surface markers such as CD206, 
CD209, and CD163 and upregulate the production of 
cytokines and chemokines such as IL-10 [7–10]. Thera-
peutically, modulating the macrophage population from 
a predominance of M1 to M2 in the arthritic RA joints 
may represent a viable treatment approach.

Boron, as a micro-nutrient, serves for bone synthe-
sis and resorption [11–14], enhancing the absorption 
of magnesium [15], and diminishing the concentrations 
of biomarkers involved in systemic inflammation [16, 
17]. The most reported biological activity of boron is for 
boron-containing compounds (BCC). 2-Aminoethoxy-
diphenylborate (2-APB), as a BCC, has been reported to 
have a variety of biological functions in multiple systems, 
such as the immune system, nervous system, and cardio-
vascular system [11]. Due to its lipophilicity, 2-APB can 

easily pass through the cell membrane. This property 
helps 2-APB to reach its different targets [11]. For exam-
ple, Jonathan G Bilmen et al. reported that 2-APB was an 
inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) Ca2+ pumps, and additionally increased ion 
leakage across the phospholipid bilayer [18]. Notably, 
2-APB has been shown to downregulate the levels of pro-
inflammatory cytokines like TNF-α and interleukin-6 
(IL-6) in immune cell [19–21], and reduce ROS produc-
tion [22, 23]. Our previous study reported that 2-APB 
could alleviate the progression of RA by inhibiting the 
TRPM7 channel to rescue ferroptosis of chondrocytes 
and could also reduce joint inflammation [24, 25]. These 
findings lead us to hypothesize whether 2-APB treats 
RA by modulating macrophage polarization. Interest-
ingly, our preliminary experiments suggest that 2-APB is 
capable of inhibiting M1 macrophage polarization while 
promoting M2 macrophage polarization, highlighting its 

Scheme 1  Construction of 2-APB@DGP-MM and their inhibition mechanisms of synovial inflammation in rheumatoid arthritis
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potential therapeutic value for RA. However, the short 
half-life and poor water-soluble of 2-APB pose a chal-
lenge for its clinical use [26].

The burgeoning field of nanomedicine offers a promis-
ing avenue for addressing the limitations of current RA 
therapies. Nanoparticles encapsulated within natural 
cell membranes can mimic the properties of parent cells, 
evade immune clearance and prolong systemic circula-
tion with specific targeting effects [27–30]. Various cell 
membrane types have been explored for different thera-
peutic purposes, including those from erythrocytes, stem 
cells, macrophages, neutrophil and tumor cells [28, 31]. 
Specifically, macrophage membrane (MM)-encapsulated 
nanoparticles (NPs) have been shown to exhibit inflam-
matory site-homing properties due to their characteristic 
antigenic markers [32]. However, the MM-based NPs for 
RA therapy need further investigation and have a broad 
application future.

In this study, our goal in developing the 2-APB@DGP-
MM nanotherapy is to harness the targeting capabil-
ity of MM-encapsulated biomimetic NPs to induce the 
polarization of macrophages around the RA joint from 
M1 to M2. This system involves the synthesis of DGPs 
by ligating DSPE, GPLGVRGC, and PEG molecules; the 
D-terminus of DGPs is modified to carry 2-APB, while 
the P-terminus’s lipophilic nature facilitates MM encap-
sulation. The peptide GPLGVRGC, which is specifi-
cally cleavable by matrix metalloproteinases (MMPs) in 
the microenvironment, confers the DGPs with targeted 
properties (Scheme  1). This innovative nanoplatform, 
capable of immune system evasion and precise target-
ing of inflamed joint macrophages, has shown significant 
promise in ameliorating the progression of RA.

Methods
Chemicals and reagents
The chemicals and reagents used in this study were 
acquired from the following sources: 2-aminoethyl 
diphenylborinate (2-APB) and Cy5 NHS Ester (Cy5-SE) 
was obtained from MedChem Express (MCE). 1,2-Dis-
tearoyl-sn-glycero-3-phosphoethanolamine-Mal 

(DSPE-Mal), N-hydroxysuccinimide (NHS)-modi-
fied poly (ethylene glycol) 2000  Da (mPEG-NHS), 
and DSPE-mPEG were purchased from Xi’an ruixi 
Biological Technology Co., Ltd. The matrix metal-
loproteinases (MMPs)-specific peptide substrate 
(NH2-GPLGVRGC-SH) was obtained from Sangon Bio-
tech (Shanghai) Co., Ltd. The cell counting kit-8 (CCK-
8) was procured from Dojindo Chemical Technology 
(Shanghai) Co., Ltd. MMP2 was purchased from Pepro-
Tech (USA). The Mice macrophage cell line RAW264.7 
was obtained from Stem Cell Bank, Chinese Academy 
of Sciences.

Cell culture and treatment
RAW264.7 macrophages were plated in 6-well culture 
plates and were approximately 60–70% confluent. We 
changed the fresh cell culture medium containing dif-
ferent concentrations of 2-APB (0, 25, 50, 100  μM) and 
pre-incubated macrophages for 2 h. Finally, the effect of 
2-APB on macrophage polarization was observed after 
co-treatment with LPS (1000 ng/mL) or IL-4 (20 ng/mL) 
for 24 h.

Synthesis of the DSPE‑GPLGVRGC‑PEG (DGP), 2‑APB@DGP 
and 2‑APB@DP
NH2-GPLGVRGC-SH was used to connect DSPE-
Mal and mPEG-NHS, making it an MMPs-activatable 
nanosystem. Firstly, DSPE-Mal could react with the 
sulfhydryl of NH2-GPLGVRGC-SH, producing DSPE-
GPLGVRGC. DSPE-GPLGVRGC could further react 
with the NHS of the mPEG-NHS, producing DSPE-
GPLGVRGC-PEG (abbreviated as DGP).

As for the synthesis of 2-APB@DGP, we first added 
the prepared DGP or DSPE-PEG (abbreviated as DP) 
(5  mg) into PBS (5  mL). After ultrasound for 10  min, 
we added 2-APB (100 mM, 10 μL), which dissolved in 
methylene dichloride in advance, into the above mix-
ture. After stirring and ultrasound, the suspension 
became clear and further filtered with a 30 KD ultra-
filtration tube. The drug content in the supernatant 
was also detected via ultraviolet (UV). And the drug 
encapsulation efficiency and loading efficiency were 
also determined according to the following equation:

Encapsulation efficiency = weight of the loaded drug/weight of the drug in feed× 100%,

Drug loading efficiency = weight of the loaded drug/total weight of DGP or DP and the loaded drug× 100%.
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Extraction of MM and synthesis of DGP@MM, DP@MM 
and Cy5‑labeled DGP@MM
After cell counting, 5 × 107 of RAW264.7 cells were 
suspended in 1% NP-40 lysis buffer (3 mL) containing 
phenylmethanesulfonyl fluoride (PMSF). After being 
incubated in ice for 20  min, the lysis samples were 
subjected to freeze (liquid nitrogen) and thaw (37  °C) 
repeatedly three to five times. After that, the suspen-
sion was centrifuged at 850×g for 15 min, followed by 
collecting supernatant and centrifuging at 18,000×g 
for 1  h. Finally, the precipitate at the bottom of the 
tube is the MM. These components can be further 
cracked via radio immunoprecipitation assay (RIPA) 
lysis buffer and analyzed its protein quantification via 
bicinchoninic acid assay (BCA, Beyotime, P0010).

As for DGP@MM synthesis, DGP was mixed with 
the prepared MM (mass ratio: 1:1), and the mixture 
was repeatedly squeezed through the 800  nm poly-
carbonate membrane 15 times to prepare the DGP@
MM. Similarly, we prepared DP@MM by coating DP 
NPs with the prepared MM (mass ratio: 1:1). To pre-
pare the fluorescence-labeled NPs, 2 mg of fluorescent 
dye Cy5-SE was dissolved in 4 mL of dimethyl sulfox-
ide (DMSO). Then, the prepared Cy5-SE solution was 
added to 4 mL DGP solution. After gently stirring for 
4  h, the mixture was centrifuged at 12,000  rpm for 3 
times (10  min per time) to remove the free Cy5-SE. 
Then, the prepared MM was used to coat onto Cy5-
DGP to obtain the Cy5-DGP@MM.

Structural characterization, particle size distribution 
and zeta potential analysis of DGP@MM
The morphology of prepared DGP and DGP@MM 
were observed using a Transmission Electron Micro-
scope (TEM, JEM-2100), whereas size distribution was 
obtained via dynamic light scattering (DLS) test and 
zeta potential performed by a BI-200SM multiangle 
dynamic/static laser scattering instrument (Brookhaven, 
USA), respectively. A nuclear magnetic resonance spec-
trometer (Brooker, AVANCE III HD 400M) and fourier 
transform infrared spectrometer (FT-IR, IR Affinity 
1S) were used to detect the molecular structure and 
dynamics.

Matrix‑assisted laser desorption/ionization time of flight 
mass spectrometry (MALDI‑TOF/MS)
The analyzer was used at an acceleration voltage + 20 kV. 
Laser light was focused on the sample using a 8.02  kV 
lens. A pulsed ion extraction was optimized to 170  ns. 
MALDI-TOF/MS was ensured on 10 distinct sample 
deposit zones, and a total of 500 shots were provided.

High performance liquid chromatograph (HPLC)
HPLC analysis was carried out on an Agilent 1260 
system equipped with a YMC-Pack ODS-A column 
(250 × 4.6 mm, i.d., 5 μm) at 35  °C. The gradient elution 
mode with acetonitrile–water containing 2% acetic acid 
as follows: acetonitrile: 0–10  min, 6–6%; 10–20  min, 
6–10%; 20–45  min, 10–20%; 45–80  min, 20–35%. The 
effluent was monitored at 254 nm, and the flow rate was 
1.0 mL/min.

Gel permeation chromatography (GPC)
GPC was utilized for analysis using Agilent PL-GPC50 
and PL-GPC220 instruments (New York, USA). After dis-
solving the samples, organic phase samples were filtered 
through a 0.45 μm filter membrane, and aqueous phase 
samples were filtered through a 0.22 μm membrane.

Cell viability assay
Cytotoxicity of DGP-MM and 2-APB@DGP-MM against 
RAW264.7 cells and was evaluated via CCK-8 analysis 
according to the manufacturer’s procedures. Specifically, 
these cells were seeded in 96-well plates at a density of 
5 × 103 per well. DGP-MM were suspended in culture 
medium at different concentrations (0, 6.25, 12.5, 25, 50, 
and 100 μg/mL) and the cells were incubated with these 
culture mediums for 24 and 72 h, respectively. During the 
incubation time, the culture medium was refreshed every 
24  h. Finally, the cells were incubated with 10% CCK-8 
solution for 2 h and subsequently subjected to microplate 
reader (Spectra Max, Molecular Devices, USA) detection 
at a wavelength of 450 nm.

Also, we detected the hematotoxicity of DGP-MM or 
2-APB@DGP-MM using the fresh red blood cell (RBC) 
from mice. After incubated with different concentrations 
of DGP-MM NPs (0, 12.5, 25, 50, and 100  μg/mL), 1% 
Triton-X 100 (positive control) and sterile PBS (negative 
control) for 1 h at 37 °C, the RBCs were centrifuged, the 
OD at 540  nm of supernatant for each sample was fur-
ther determined with a UV–vis spectrophotometer. The 
hemolysis percentage = (OD sample − OD negative)/(OD 
positive − OD negative) × 100%.

NPs uptake assays in vitro and in vivo
The Cy5-labeled DGP-MM NPs were prepared firstly, 
then these NPs were incubated with bone marrow-
derived macrophages (BMDM) for 4 h. After treatment, 
the samples were fixed with 4% paraformaldehyde (PFA) 
and after that stained with DAPI. Finally, these samples 
were subjected to confocal detection. As for the NPs 
uptake assay in vivo, the Cy5-labeled DGP-MM and DGP 
NPs were injected into the ankle joint of the hind legs 
(5 μL) on DBA/1J mice. After treatment, these mice were 
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subjected to an in  vivo imaging system (IVIS) to deter-
mine the residence time in situ.

Western blot
Cells were lysed on ice by RIPA buffer (Beyotime, 
P0013B). Proteins were loaded and separated by 8–10% 
SDS-PAGE, stained proteins with Coomassie Brilliant 
Blue (MDTEK, MD5001) or transferred proteins to 
PVDF membrane (Millipore, IPVH00010) for detection. 
The PVDF membrane was blocked in 5% non-fat milk 
and then incubated with corresponding primary antibod-
ies overnight at 4  °C. As for the cell membrane compo-
nent verification, some important protein markers, such 
as CD11b (1:2000, Proteintech, P11215, USA), CD49d 
(1:2000, Proteintech, P13612, USA), F4/80 (1:1000, Cell 
Signaling Technology, USA)  and CD86 (1:1000, Pro-
teintech, P42081, USA), were utilized. Alternatively, the 
expression of macrophage polarization-related markers 
iNOS (1:500, Proteintech, 22226-1-AP, USA) and Arg-1 
(1:1000, Proteintech, 22226-1-AP, USA) were detected. 
Then the PVDF membranes were conjugated by peroxi-
dase secondary antibody for 2  h. Finally, the blots were 
visualized by using an ECL solution, detected with an 
automatic chemiluminescence imaging analysis system 
(Tanon, China), and analyzed by Image J software.

Quantitative real‑time PCR (RT‑qPCR)
Cells were harvested and total RNA were extracted with 
the Trizol reagent (Accurate Biology, AG21102), and 
transcription-PCR was performed by real-time PCR (AB 
Stepone). The gene expression was calculated via the 2−

ΔΔCT method, and GAPDH was used as a reference gene. 
Primers used for RT-qPCR are listed in Table S1.

Animal experiment
DBA/1J mice (8–10  week-old) were obtained from the 
GemPharmatechand feed in the Experimental Ani-
mal Center of Anhui Medical University (Hefei, China). 
All animal experiments were approved by the Ani-
mal Ethics Committee of Anhui Medical University 
(LLSC20190062). The collagen-induced arthritis (CIA) 
mice model was established as previously described [33]. 
Specifically, male DBA/1J mice were injected intrader-
mally at the base of the tail with a mixture of 100 μL of 
emulsion containing 50 μL of chick type II collagen (CII; 
Chondrex) and an equal volume of Complete Freund’s 
Adjuvant (5  mg/mL; Chondrex). On day 21, a booster 
injection containing a mixture of 100 μL of an emulsion 
100 μg of chick CII, and an equal volume of Incomplete 
Freund’s Adjuvant (Chondrex) was given intradermally at 
the base of the tail. Mice were then monitored daily for 
arthritis progression. Special care was taken to ensure 

that all mice had adequate access to food and water dur-
ing disease development.

The CIA mice were divided into 5 groups (n = 8) and 
the normal healthy mice with saline treatment were used 
as control. The treatment was started on day 28 after the 
first immunization, 5 μL of saline, 2-APB (100 μM) and 
NPs (DGP-MM, 2-APB@DGP and 2-APB@DGP-MM) 
were injected into each ankle joint of the hind legs every 
4  days from day 28 to 49. The hind paw thickness and 
arthritis index score were recorded every other day.

Histological analysis
After treatment, the mice were sacrificed, and the ankle 
joints and main organs were collected and fixed in 4% 
paraformaldehyde overnight for 48  h. Ankle joints were 
decalcified with 10% EDTA solution for 30 days. Samples 
were embedded in paraffin and sliced into 4  μm-thick 
sections. Hematoxylin and eosin (H&E) and safranin 
O-fast green (S/F) staining were performed for the paraf-
fin histological study. In addition, the histological study 
of heart, liver, spleen, lungs, and kidneys provided evi-
dence for the biosafety evaluation of the above NPs.

Immunofluorescence staining
Immunofluorescence staining of Aggrecan (1:200, 
Thermo Fisher, 1380-1-AP, USA) and Collagen II (1:200, 
Proteintech, 28459-1-AP, USA) in cartilage was per-
formed to reflect its degradation degree in vivo. The joint 
samples of the CIA mice were stained with antibody 
against iNOS (the M1 macrophage marker) and CD206 
(the M2 macrophage marker) to determine the anti-
inflammatory effect of MM-encapulated NPs in vivo.

Arthritis index score and paw thickness measurement
Specific arthritis index scoring criteria is ranked on a 0–4 
scale as previously reported [34]: (1) 0 point: no local 
redness or swelling; (2) 1 point: slight swelling of the 
knuckles; (3) 2 point: moderate swelling of the ankle or 
wrist joint; (4) 3 point: severe swelling of the entire foot 
and claws; (5) 4 point: claws appear stiff or deformed 
[35]. Electronic vernier calipers were used to measure 
the toe thickness of the inflammatory joints in mice in 
each group. The vernier caliper happens to be in contact 
with the mouse toe skin, ensuring the mouse skin is not 
squeezed and that the position is the same for each assay.

Micro‑CT
Ankle bone mass was analyzed by Skyscan 1276. The 
original data were reconstructed using NRcon to obtain 
the results, and sample drawing was performed using 
CTvox software (Skyscan Bruker). Three-dimensional 
structural parameters including bone volume percent-
age (BV/TV), bone surface density (BS/TV), trabecular 
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thickness (Tb.Th), trabeculae number (Tb.N), and tra-
becular bone (Tb.Sp) were analyzed.

Statistical analysis
All results were reported as means ± standard deviation 
(SD) or mean ± standard error of mean (SEM). Differ-
ences between two comparative groups were assessed 
using the Student’s t-test, and the significance among 

multiple groups was examined by the one-way analysis of 
variance (ANOVA).

Results
2‑APB repolarized M1 type macrophages to M2 phenotype
Macrophages have a high plasticity and can be acti-
vated into different subpopulations that are involved not 
only in the propagation, but also in the inflammation 

Fig. 1  2-APB promotes the phenotypic transformation of macrophages from M1 to M2. A, B The effect of 2-APB on the expression of polarization 
marker proteins iNOS and Arg-1 in RAW264.7 cells after LPS/IL-4 treatment. C, D Effect of 2-APB on the expression of iNOS and Arg-1 on RAW264.7 
via confocal fluorescence (scale bar: 50 μm). E Quantitative analysis of the iNOS and Arg-1 fluorescence intensity (n = 3). F Effect of 2-APB 
on the expression of CD206 and Arg-1 mRNA in RAW264.7. ns = no significance; *P < 0.05; **P < 0.01

Fig. 2  Synthesis and characterization of DGP-MM and 2-APB@DGP. A The synthesis process of DSPE-GPLGVRGC-PEG (DGP). B The characteristic 
peak of DSPE-PEG, GPLGVRGC and DGP in 1H-NMR assay. C The characteristic wavelength numbers in the FT-IR assay. D TEM images of DGP 
and DGP-MM (scale bar: 50 nm). E Coomassie blue fast staining assay for the MM, DGP and DGP-MM. F Western blot detection for the macrophage 
markers, including CD11b, CD49d, F4/80, and CD86. G, H The mean particle size and mean zeta potential of MM, DGP, and DGP-MM. I The GPC 
detection of DGP and DGP plus MMP2 (30 ng/mL). ns = no significance; *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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alleviation, depending on their activation state (M1 or 
M2) [36]. Therefore, we try to achieve the goal of treating 
RA by inhibiting the transformation of macrophages into 
a pro-inflammatory phenotype (M1 type) and promoting 
their conversion to an anti-inflammatory phenotype (M2 
type). To investigate the effect of 2-APB on macrophage 
polarization, we analyzed the expression of macrophage 
markers. Based on the western blot results (Fig.  1A, B), 
2-APB decreased the expression of M1-related gene 
iNOS and increased the expression of M2-related gene 
Arg-1 in a dose-dependent manner. Immunofluores-
cent observations showed that 2-APB downregulated 
iNOS positive cell percentage, whereas increased Arg-1 
positive cells (M2 macrophage) (Fig.  1C, D). The quan-
titative analysis results showed that 2-APB significantly 
inhibited the high expression of iNOS in RAW264.7 cells 
after LPS stimulation. Meanwhile, 2-APB-treated mac-
rophages upregulated Arg-1 expression than untreated 
and IL-4-treated cells via fluorescence detection (Fig. 1E). 
To confirm this result, we measured the mRNA expres-
sion of Arg-1 and CD206 (Fig. 1F). Collectively, compared 
to the non-treatment cells, 2-APB could significantly 
decrease the expression of M1 markers, while increase 
the M2 markers. These data showed 2-APB could signifi-
cantly repolarize M1 macrophages to the M2 phenotype. 
In accordance with our previous report, 2-APB acted as a 
potentially potent ferroptosis inhibitor to reduce inflam-
mation and rescued RA by inhibiting TRPM7 channels 
[24]. On the other hand, 2-APB decreased iNOS expres-
sion in M1 macrophages and increased Arg-1 expression 
in M2 macrophages in a concentration-dependent man-
ner, as shown in Fig. 1. iNOS was an enzyme that cata-
lyzed the NADPH-dependent oxidation of L-arginine to 
produce l-citrulline and nitric oxide (NO). The sustained 
production of NO triggered inflammation and induced 
macrophage migration [37]. Nevertheless, the Arg-1 
enzyme converted l-arginine to urea and l-ornithine. By 
degrading arginine, Arg-1 occupied the substrate of iNOS 
and downregulated NO production. Therefore, inhibition 
of NO release may also be a mechanism by which 2-APB 
regulates macrophage polarization.

Characterization of 2‑APB@DGP‑MM
The main synthesis procedure is shown in Fig. 2A, the 
MMPs cleavable peptide, NH2-GPLGVRGC-SH was 
used to connect DSPE-Mal and mPEG-NHS, and the 
prepared DSPE-GPLGVRGC-PEG (DGP) was sub-
jected to MALDI-TOF/MS, nuclear magnetic reso-
nance spectroscopy (NMRS) and FT-IR  analysis. 
Indeed, the MALDI-TOF mass spectrometry was car-
ried out to determine the relative molecular altera-
tions between DGP and DP. As shown in Fig. S1A, the 
molecular weight of basic substance DSPE-mPEG is 

about 2814.92  Da. Then GPLGVRGC with a molecu-
lar weight of about 884 Da was introduced into DSPE-
mPEG, forming a product with 3587.338 Da and being 
in line with our expectations (Fig. S1B). After the addi-
tion of MMP2  (30 ng/mL) to DGP, a product with an 
approximate molecular weight of 2918.104  Da was 
observed. This product may be resulted from enzyme 
shearing. The newly emerging molecular weight was 
close to mPEG-GPLGVRGC after removal of DSPE 
fragment (Fig. S1C). Furthermore, the characteristic 
peak of GPLGVRGC in 1H-NMR assay was shown at 
8.31  ppm, while the obvious characteristic peak was 
also found at 8.29  ppm for DSPE-GPLGVRGC-mPEG 
(Fig.  2B). In addition, the wavelength numbers in the 
FT-IR assay were also shown in the Fig. 2C. Combined 
with MALDI-TOF mass spectrometry results, we can 
conclude the successful combination of GPLGVRGC 
and DSPE-mPEG.

To further confirm the macrophage membrane coat-
ing effect, we first detected the morphology of DGP and 
DGP-MM via TEM. As shown in Fig. 2D, DGP and DGP-
MM NPs share similar core morphology, however, the 
latter has a unique core–shell structure. Moreover, the 
DGP-MM NPs display the same protein profile as MM 
(Fig. 2E), which is included in the whole cell lysate. DGP-
MM NPs also showed similar key macrophage surface 
biomarkers expression as MM, including CD11b, CD49d, 
F4/80, and CD86 (Fig.  2F), further demonstrating the 
successful cell membrane coating effect.

As shown in Fig. 2G, the DGP-MM NPs bear a mean 
particle size of about 147 ± 4.526 nm, relatively larger than 
the DGP NPs (128 ± 6.346 nm) and MM (103 ± 6.036 nm). 
Similarly, the prepared DGP-MM NPs, DGP NPs, and 
MM equally displayed the negative surface zeta potential, 
among which the DGP-MM NPs had the highest nega-
tive potential (Fig. 2H).

Above all, it is demonstrated that DGP-MM NPs was 
successfully synthesized. Based on these, we further 
loaded the 2-APB to delivery into macrophages in  vitro 
and the inflammatory joint in  vivo. As demonstrated in 
Fig. S3, the UV absorption spectrum results showed 
that 2-APB@DGP (213 ± 5 nm and 275 ± 3 nm) had both 
characteristic features of 2-APB (213 ± 5  nm) and DGP 
(275 ± 3 nm), revealing the successful loading of 2-APB in 
DGP NPs.

2‑APB@DGP‑MM NPs improves macrophage uptake 
efficiency, prolong drugretention time with high biological 
safety
After synthesis and characterization of 2-APB@DGP-
MM NPs, we detected their biosafety via CCK-8 assay. 
As shown in Fig.  3A, after being treated with different 
concentrations of DGP-MM NPs and 2-APB@DGP-MM 
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Fig. 3  2-APB@DGP-MM promotes macrophage polarization from M1 to M2 via enhancing cellular uptake and drug release. A The effects of DGP-MM 
and 2-APB@DGP-MM on cell viability at different time points and concentrations. B The mean diameter alteration of different NPs at different pH 
conditions after incubation for various time, and the release percentage of 2-APB from different groups at different times. C Hematotoxicity of DGP-MM 
or 2-APB@DGP-MM on the fresh red blood cell from mice at different concentrations of DGP-MM NPs or 2-APB@DGP-MM NPs (0, 12.5, 25, 50 and 100 μg/
mL), 1% Triton-X 100 (positive control) and sterile PBS (negative control) for 1 h. D The uptake efficiency of Cy5-loaded 2-APB@DGP or Cy5-loaded 2-APB@
DGP-MM in BMDMs (scale bar: 40 μm). E The protein expression of iNOS and Arg-1 after different treatments for 4 days. F–I The relative mRNA expression 
of M1 polarization markers (iNOS and IL-2b) and M2 polarization markers (Arg-1 and CD206) after corresponding treatments. *p < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001
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NPs for 24  h or 72  h, no significant change after being 
treated with DGP-MM NPs and 2-APB@DGP-MM NPs 
at the same concentration and the same time point. Simi-
larly, there was no significant hematotoxicity after incu-
bating with gradient concentrations of DGP-MM NPs or 
2-APB@DGP-MM NPs compared with the 1% Triton-
X 100 treatment group (Fig.  3C, Fig. S2). On the other 
hand, the GPLGVRGC, which was further included in 
DSPE-PEG (DP) and forming DSPE-GPLGVRGC-PEG 
(DGP), can be cleaved by MMP2. To determine the cleav-
ability of DGP, the GPC detection was applied, which was 
better than HPLC analysis, and the molecular change 
was shown in Fig. 2I. The molecular weight (MW) of dw/
dlogM peak for DGP and DGP plus MMP2 was about 
1513 and 3891, respectively. This result showed the sig-
nificant decrease of MW after co-incubation with MMP2, 
demonstrating the MMP2-responsive effect of DGP.

We further incubated 2-APB@DGP-MM NPs in differ-
ent pH and MMP2-containing mediums (30 ng/mL) for 
evaluating their bio-stability as demonstrated in Fig. 3B. 
We can conclude that weak acidic microenvironment 
accelerates the degradation of macrophage membrane 
coated NPs. This rapid release was mainly attributed to 
the fact that macrophages themselves were more sensi-
tive to environmental acidity than alkalinity [38]. Wu 
et al. reported that macrophage morphology changed to 
an elongated spindle-shaped shape that was more prone 
to rupture when the environmental pH decreased from 
7.4 to 6.2 [39]. Additionally, as previously reported, sev-
eral critical cellular functions such as membrane-associ-
ated enzyme activities, ion transport activity, and protein 
and DNA syntheses got weaken at acidic environment, 
which affected cell morphology and accelerating the deg-
radation of cell membranes [40, 41]. After incubating 
with MMP2, the degradation rate of DGP-MM NPs was 
promoted significantly.

The uptake efficiency detection was also per-
formed to investigate the internalization ability of NPs 
in macrophages. We incubated BMDMs with Cy5-
loaded  2-APB@DGP and 2-APB@DGP-MM NPs (or 
Cy5-DGP and Cy5-DGP-MM NPs) for 4  h. As a result, 
the intracellular uptake of 2-APB@DGP and 2-APB@
DGP-MM NPs (or DGP and DGP-MM NPs) var-
ied according to the different fluorescent intensity of 
BMDMs (Fig.  3D, S4). That is to say 2-APB@DGP-MM 
dramatically promoted cellular internalization in mac-
rophages compared with 2-APB@DGP NPs treatment 
group. We could conclude that macrophage membrane 
coating (DGP-MM group) dramatically promoted cellu-
lar internalization in macrophages compared with DGP 
NPs treatment group. Furthermore, we have performed 
in  vivo fluorescence imaging for sequential four days. 
Specifically, Cy5-loaded 2-APB@DGP-MM and 2-APB@

DGP NPs were injected into the ankle joint (5  μL) and 
subjected to IVIS imaging to determine the residence 
time in situ. As shown in Fig. S5, we found that the mem-
brane coating dramatically extended the whole NPs resi-
dence time compared with the no coating group.

The 2-APB release manner from 2-APB@DGP-MM 
NPs was also determined by HPLC. After indicated incu-
bation time, the supernatant was collected and subjected 
to HPLC detection. As shown in Fig.  3B, in the pres-
ence of MMP2, the cumulative release of 2-APB from 
the 2-APB@DGP-MM NPs was gradually increased over 
90%, and became stable after 120 h of incubation. How-
ever, the 2-APB release from other three groups, includ-
ing 2-APB@DP-MM, 2-APB@DGP-MM and 2-APB@
DP-MM plus MMP2, was relatively lower at any time 
point compared with 2-APB@DGP-MM plus MMP2 
treatment group. In the presence of MMP2, the release 
of 2-APB from 2-APB@DGP-MM was accelerated owing 
to the GPLGVRGC peptide segment being able to be 
clipped. Overall, these MMP2-cleavable NPs wrapped 
in cell membranes could realize the on-demand release 
of agents upon reaction with high expression of MMPs 
in the RA microenvironment. In addition, we calculated 
the drug loading efficiency and encapsulation rate for 
2-APB@DGP and 2-APB@DGP-MM, respectively. The 
drug loading efficiency of 2-APB@DGP and 2-APB@
DGP-MM was 4.53% and 3.79%, respectively, and the 
agent encapsulation rate was 78.21% and 87.75%, respec-
tively (Table S2).

2‑APB@DGP‑MM NPs manipulate macrophage polarization
After being pre-treated with different NPs for 6  h, 
Raw264.7 cells were treated with LPS (1 μg/mL) for four 
days. After treatment, macrophages were subjected to 
mRNA and protein extraction, respectively. As previ-
ously reported [42], there was a significant change of 
the M1 and M2 marker gene expression. Similarly, we 
also found LPS stimulation significantly promoted M1 
polarization and inhibited M2 polarization (Fig.  3E). 
Interestingly, after co-treated with 2-APB, DGP-MM and 
2-APB@DGP, the M1 macrophage biomarker expres-
sion (iNOS and IL-2b) was downregulated and the M2 
biomarker expression (CD206 and Arg-1) was upregu-
lated compared with LPS stimulation group at vary-
ing degrees as shown in Fig.  3F–I. Notably, 2-APB and 
2-APB@DGP had essentially the same ability to polar-
ize macrophages. This might be attributed to the fact 
that 2-APB acting alone and 2-APB@DGP, which had 
not been enveloped by the macrophage membrane, 
could only enter and interact with macrophages based 
on their own lipophilic physical properties. On the other 
hand, given that macrophages were inflammation- and 
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Fig. 4  2-APB@DGP-MM inhibits CIA progression. A Schematic diagram of treatment schedule. B Representative photographs of mice ankle 
joints after 2-APB@DGP-MM treatment. C H&E and D S/F staining of ankle joints or synovium from mice after different treatments. E The arthritis 
scores were calculated for the inflammatory joints with different treatments. F The paw thickness of the inflamed joints for different treatments. G 
Statistical analysis for the synovitis score and cartilage thickness after different treatments. *P < 0.05; **P < 0.01; ***P < 0.001
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immune-associated cells that showed chemotaxis and 
selective binding [43, 44], 2-APB@DGP-MM with mac-
rophage membrane coating was allowed to bind tightly to 
target cells. Therefore, 2-APB@DGP-MM could be con-
sidered to have a greater potential for modulating mac-
rophage polarization. Interestingly, DGP-MM slightly 

rescued LPS-induced M1 polarization mainly owing to 
the macrophage membrane neutralizing cytokines and 
eliminating inflammation. As a typical effector cells, 
macrophage cells membrane can not only adsorb endo-
toxin, but also receive inflammation cytokines [45]. Neu-
tralization of inflammatory cytokines could effectively 

Fig. 5  2-APB@DGP-MM alleviates joints destruction in CIA mice. A Micro-CT images of ankle joints of CIA mice after 2-APB@DGP-MM, 2-APB@DGP, 
DGP-MM or 2-APB treatment. B Quantitative analysis of the BV/TV, BS/TV, Tb.Sp and Tb.N. ns = no significance; *P < 0.05; **P < 0.01; ***P < 0.001
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prevent innate and adaptive immune cells recruitment 
and inhibit inflammation induced cartilage destruction, 
which in turn prevent joint damage [46–48]. Based on 
the above analysis, 2-APB@DGP-MM can not only effec-
tively absorb and neutralize a large number of inflam-
matory factors from the environment with the help of 
macrophage coating on the surface, but also achieve tar-
geted drug delivery with macrophage membrane coating, 

thereby more effectively promoting M2-type macrophage 
polarization and achieving a more ideal therapeutic 
effect. In particular, the 2-APB@DGP-MM co-treatment 
dramatically rescued the LPS-stimulation effect and sig-
nificantly reduced inflammation-related gene expression, 
demonstrating their therapeutic potential for RA.

Fig. 6  2-APB@DGP-MM restores the level of collagen II and reduces the level of NF-κB-p65 in the joints of CIA mice. Representative fluorescence 
images of Collagen II (A) and NF-κB-p65 (B) in the joint tissues after different treatments (scale bar: 50 μm)
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2‑APB@DGP‑MM NPs modulate macrophage polarization 
and alleviate cartilage destruction in CIA mice
The efficacy of the above NPs in vivo was investigated in 
the collagen-induced arthritis (CIA) model of DBA/1J 

mice. To test whether MM modification can prolong the 
residence time of NPs and thus achieve better therapeu-
tic outcomes, we injected different drugs every 4  days. 
The timetable for induction and treatment of arthritis 

Fig. 7  2-APB@DGP-MM modulates macrophage polarization in CIA mice joint. Representative fluorescence images of the co-localization of iNOS 
(A) and CD206 (B) with macrophage, respectively, in the joint after different treatment (scale bar: 50 μm)
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is shown in Fig. 4A. At the end of treatment, compared 
with the saline-treated mice, the mice subjected to each 
formulation showed obvious improvement in the degree 
of swelling as well as much less redness except for the 
DGP-MM group (Fig.  4B). Joint swelling was assessed 
every other day starting at day 21. Arthritis scores for 
paws gradually increased in saline-treatment animals as 
the disease progressed, while this progression was slower 
in animals treated with naked 2-APB, 2-APB@DGP and 
2-APB@DGP-MM. It is worth mentioning that the effect 
of the last group is more pronounced (Fig. 4E). Besides, 
we performed fluorescence detection of cartilage slides. 
Specifically, after the articular injection of Cy5-loaded 
2-APB@DGP and 2-APB@DGP-MM NPs for 24  h, the 
joint was collected and subjected to fluorescence detec-
tion. We applied F4/80 antibody to label synovial mac-
rophage and FITC fluorescent secondary antibody for 
visualization. As shown in Fig. S6, the fluorescence sig-
nal in Cy5-loaded 2-APB@DGP-MM treatment group is 
scarcely detected in cartilage. However, the Cy5-loaded 
2-APB@DGP-MM can be uptaken more by synovial 
macrophage (FITC labeled) compared to Cy5-loaded 
2-APB@DGP treatment group, indicating the MM-
coated NPs could penetrate into synovium and were 
further uptaken by macrophages, rather than stay in the 
articular cavity or penetrate into cartilage.

To further validate the therapeutic effect of mac-
rophage membrane-camouflaged NPs on CIA mice, we 
performed histological analysis of ankle sections from 
mice in each group using H&E and S/F staining. The 
degree of cartilage injury and destruction in the CIA 
group was significantly higher than that in the control 
group, while the 2-APB, 2-APB@DGP and 2-APB@DGP-
MM groups alleviated the damage to varying degrees, 
and it is worth mentioning that the effect of the 2-APB@
DGP-MM group was the most significant (Fig.  4C, D). 
Consistent with these results, this phenomenon is also 
observed in the thickness of the ankle cartilage in mice 
(Fig.  4H). This is almost consistent with the results we 
observed for the degree of swelling of the ankle joints in 
the mice in each group (Fig. 4F). The above results sug-
gest that 2-APB and 2-APB@DGP-MM can effectively 
inhibit the progression of RA.

Bone destruction has emerged as the key mile-
stone during RA progression, indicating its severity 
and prognosis [49]. Therefore, we investigated joint 
destruction by Micro-CT which displayed that ankle 
joints in the sham group still held a rough bone surface 
and severe bone erosion (yellow triangles) after treat-
ment. We found that treatment with 2-APB@DGP-MM 
effectively alleviated the cartilage and bone destruc-
tion in CIA mice (Fig. 5A). Quantitative results showed 
that RA decreased the BV/TV, BS/TV, Tb.N and Tb.Th 

compared with those of healthy mice, indicating sig-
nificant bone destruction caused by RA, 2-APB@DGP-
MM had shown better results in salvaging these injuries 
(Fig. 5B).

Cartilage destruction and synovitis are also primary 
pathological features of RA [26]. However, chondrocytes 
lack specific surface markers; therefore, aggrecan and 
collagen II are currently the primary indicators used to 
determine whether there is a chondrocyte biological phe-
notype. As demonstrated in Fig. 6A, S7, the expression of 
collagen II (green fluorescence) and aggrecan (red fluo-
rescence) significantly decreased in both the CIA group 
and the DGP-MM group compared to the control group. 
Conversely, in the 2-APB@DGP-MM group, there was 
a substantial increase in the expression of collagen II 
and aggrecan, indicating a potential cartilage-protective 
effect. The specialized structure of the lining layer was 
filled with macrophages and FLS, while the sub-lining 
layer mainly consisted of vascularized connective tissue 
[50].

Synovial macrophages and infiltrating monocyte-
derived macrophages are essential cells for the develop-
ment and chronicity of synovitis in RA [36]. Therefore, 
we further assessed the progression of synovitis by meas-
uring the expression of macrophages in ankle sections of 
mice in each group. As a result, the positive expression 
level of NF-κB p65 and iNOS in the CIA group were the 
highest among the six groups. However, among 2-APB, 
2-APB@DGP and 2-APB@DGP-MM treatment groups, 
the above indicator expression pattern was reversed 
at different levels (Fig.  6B,  7A). Meanwhile, CD206, a 
marker for M2 type macrophages, had the highest fluo-
rescence intensity in 2-APB@DGP-MM group (Fig. 7B). 
The expression of these related markers in articular 
synovial macrophages suggests that 2-APB@DGP-MM 
can alleviate the inflammatory response in RA joints. 
Furthermore, we observed the H&E staining of the syn-
ovial membrane of the joints and found that 2-APB@
DGP-MM was effective in inhibiting synovitis (Fig.  4C, 
G). These evidence suggest that the 2-APB@DGP-MM 
nanotherapeutic system has rescued articular cartilage 
damage and synovitis in CIA model mice, and further 
illustrates its potential for the treatment of RA.

Furthermore, no significant systemic toxicity and 
important organs (heart, liver, spleen, lungs, and kidney) 
injury in mice after various sample administrations was 
observed according to the results of H&E staining (Fig. 
S8). This result verified that DGP-MM, 2-APB@DGP 
and 2-APB@DGP-MM had no obvious toxicity to the 
main organs, demonstrating their good biocompatibility. 
This undoubtedly provides valuable insights for further 
research and application of 2-APB@DGP-MM NPs.
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Discussion
RA is an autoimmune disorder affecting approximately 
1% of the global population, characterized by chronic 
inflammation leading to joint pain, extensive joint dam-
age, and eventual disability of synovial joints [51]. One 
of the hallmarks of RA is the uncontrolled proliferation 
and migration of various cell types, such as fibroblasts, T 
cells, B cells, neutrophils, and monocytes, into the syn-
ovium. These immune-associated cell types are driving 
forces behind synovial inflammation and pannus forma-
tion [52, 53].

Macrophages, as the most abundant immune cells 
in the synovium, play a critical role in RA progression. 
Upon activation, macrophages secrete pro-inflamma-
tory cytokines, such as TNF-α and IL-1, which pro-
mote the recruitment of immune cells to the inflamed 
site and enhance the expression of adhesion molecules 
on endothelial cells [54]. Macrophages also release 
chemokines, such as MCP1 and IL-8, which attract more 
immune cells into the RA joint. TNF-α and IL-1 stimu-
late synovial fibroblasts to express additional cytokines, 
chemokines, and growth factors. TNF-α also participates 
in activating and differentiating osteoclasts, which are 
cells responsible for bone resorption, while IL-1 acceler-
ates chondrocytes to produce MMPs that degrade carti-
lage [55]. Given the central role of macrophages in both 
initiation and progression of RA, targeting macrophage 
polarization is a potential therapeutic strategy for RA 
management.

2-APB, a boron-containing compound, was found to 
reduce the levels of inflammatory cytokines in rat bone 
marrow-derived mast cells, including IL-6, C-reactive 
protein and fibrinogen [23]. The reduction in IL-6 levels 
is a key step in modulating inflammatory lesions, includ-
ing RA and edema in remitting seronegative symmetrical 
synovitis with pitting edema syndrome [21]. Our research 
has uncovered that the 2-APB could mitigate joint dam-
age and local inflammation in RA. This may be due to 
the role of 2-APB as a potential potent ferroptosis inhibi-
tor [24]. In this study, we found that 2-APB significantly 
inhibited the polarization of pro-inflammatory M1 mac-
rophages and promoted their polarization towards the 
anti-inflammatory M2 phenotype. This finding expands 
our understanding of the therapeutic potential of 2-APB.

RA is usually accompanied by synovial hyperpla-
sia and pannus formation, both of which increase the 
permeability of the synovial sublining layer’s capillar-
ies and subsequent infiltration of mononuclear cells, 
especially macrophages. This heightened permeability 
accelerates the elimination of therapeutic drugs, thereby 
shortening their duration in  situ [56]. Such enhanced 
drug clearance poses a formidable challenge to effec-
tive drug delivery. Moreover, systemic administration of 

nanotherapies often leads to their premature clearance 
by the mononuclear phagocyte system, resulting in the 
unsatisfying pharmacokinetics and drug concentrations 
within lesions [57]. Contemporarily, cell membrane-
camouflaged nanotechnology has been regarded as a 
promising drug delivery platform for immune-related 
diseases, because natural cell membrane-coated nano-
particles could increase penetration and accumulation 
of drugs in  situ, prolong circulation and half life, acti-
vate targeting ability [58]. Noteworthily, macrophage 
membranes-based nanoparticles present unique advan-
tages because of their self-recognition capacity, including 
enhanced anti-phagocytosis ability by dendritic cells and 
macrophage, and improved lesion tissues targeting bias 
[29]. To improve the bio-utilization of 2-APB, we have 
constructed a nanotherapeutic delivery platform that 
employed macrophage membranes, thereby addressing 
the issues of large dosing requirements, poor targeting, 
and rapid drug clearance of 2-APB. In addition, both our 
experiments in vitro and in vivo have demonstrated their 
good biosafety profile of our 2-APB@DGP-MM nano-
therapy system, which specifically targeting macrophages 
and exhibiting excellent anti-inflammation effect.

In our current study, we extracted macrophage mem-
branes from macrophages, carefully preserving their 
composition and antigens. The resultant nanotherapy 
system possesses several unique characteristics and func-
tionalities of their native cells, such as the ability to neu-
tralize pathological molecules, evade immune responses, 
circulate for extended periods, and selectively accumu-
late at the affected site. We synthesized DGP, a molecule 
that can be specifically recognized and cleaved by MMP2, 
and successfully conjugated the D-terminus of 2-APB on 
it, resulting in the formation of 2-APB@DGP. This drug 
delivery system was then coated with the extracted mac-
rophage membrane to form the final 2-APB@DGP-MM 
nanotherapy system. Upon injection into the ankle joints 
of CIA model mice, this system acted in two ways. The 
inflammatory joint environment facilitated degradation 
of the macrophage membrane, exposing 2-APB@DGP 
to the site of inflammation, where MMP2 cleaved DGP 
to release 2-APB. Simultaneously, the endogenous mac-
rophage membranes allowed 2-APB@DGP-MM to be 
internalized by synovial macrophages, thereby targeting 
these cells and further releasing 2-APB, which has the 
potential to regulate macrophage polarization, and con-
sequently alleviate RA.

Conclusion
In summary, our development of 2-APB@DGP-MM 
nanotherapeutic system has demonstrated its substan-
tial potential in alleviating inflammation by reducing 
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pro-inflammatory M1 macrophages percentage and 
promoting anti-inflammatory M2 macrophages, offer-
ing promising therapeutic opportunity for RA. The sys-
tem ensures targeted release of 2-APB within inflamed 
joints and improves its bioavailability. We have proven 
that the intra-articular injection of 2-APB@DGP-MM 
can significantly reduce synovial inflammation and carti-
lage destruction in CIA mice, highlighting the substantial 
promise of the 2-APB@DGP-MM nanotherapeutic sys-
tem for RA treatment.
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