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A B S T R A C T   

Posttraumatic osteoarthritis (PTOA) patients are often diagnosed by X-ray imaging at a middle-late stage when 
drug interventions are less effective. Early PTOA is characterized by overexpressed matrix metalloprotease 13 
(MMP13). Herein, we constructed an integrated diagnosis and treatment micelle modified with MMP13 enzyme- 
detachable, cyanine 5 (Cy5)-containing PEG, black hole quencher-3 (BHQ3), and cRGD ligands and loaded with 
siRNA silencing MMP13 (siM13), namely ERMs@siM13. ERMs@siM13 could be cleaved by MMP13 in the 
diseased cartilage tissues to detach the PEG shell, causing cRGD exposure. Accordingly, the ligand exposure 
promoted micelle uptake by the diseased chondrocytes by binding to cell surface αvβ3 integrin, increasing 
intracellular siM13 delivery for on-demand MMP13 downregulation. Meanwhile, the Cy5 fluorescence was 
restored by detaching from the BHQ3-containing micelle, precisely reflecting the diseased cartilage state. In 
particular, the intensity of Cy5 fluorescence generated by ERMs@siM13 that hinged on the MMP13 levels could 
reflect the PTOA severity, enabling the physicians to adjust the therapeutic regimen. Finally, in the murine PTOA 
model, ERMs@siM13 could diagnose the early-stage PTOA, perform timely interventions, and monitor the OA 
progression level during treatment through a real-time detection of MMP13. Therefore, ERMs@siM13 represents 
an appealing approach for early-stage PTOA theranostics.   

1. Introduction 

Posttraumatic osteoarthritis (PTOA) is primarily induced by a me-
chanical joint injury [1]. The injuries frequently occur in military 

personnel and young athletes and lead to an accelerated pathology that 
necessitates surgical interventions 7–9 years earlier than primary OA 
[1–3]. Although PTOA only occupies ~12 % of OA cases in the world, it 
has led to a more severe socioeconomic burden due to affecting younger 
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patients and its accelerated progression [4,5]. Currently, OA diagnosis 
primarily depends on patient-reported symptoms and X-ray imaging [6]. 
X-ray imaging is always considered the “gold standard,” but it fails to 
detect early disease and subtle alterations [7]. The result led PTOA to be 
diagnosed in the middle-late stages when the therapeutic approaches are 
only limited to relieving symptoms, such as inflammation and pain [8]. 
Therefore, new strategies to diagnose and timely intervene in OA in its 
early stages are urgently needed. 

The pathological change usually precedes the onset of clinical 
symptoms (i.e., joint pain and swelling on OA) [8,9]. Articular cartilage 
degeneration is one of the most significant characteristics of early-stage 
OA [10]. Articular cartilage comprises chondrocytes and extracellular 
matrix (ECM) [11]. Type 2 collagen (Col 2) is the primary structural 
protein of cartilage, establishing a network structure of ECM with 
aggrecan (ACAN) and other proteoglycans tangled within it [12]. Matrix 
metalloproteinase 13 (MMP13) is primarily responsible for degrading 
Col 2 [13], which is highly expressed in the articular cartilage of OA 
patients and almost undetectable in normal tissues [13]. In particular, in 
the murine PTOA model, MMP13 overexpression can initiate the onset 
of OA by excessively degrading Col 2 [14]. Moreover, MMP13 levels 
positively correlate with the presence of hypertrophic chondrocytes in 
early-stage OA [13,14]. Notably, in the murine PTOA model, MMP13 
knockout mitigated the OA progression by protecting cartilage from Col 
2 loss and structural disruption [15]. Therefore, MMP13 is a crucial 
biomarker for early-stage OA diagnosis and a central player in initiating 
the onset of OA and persistently promoting OA progression. 

Fluorescence imaging can detect tumor-specific proteins and bio-
logical processes involved in oncogenesis through real-time imaging of 
tumor tissues [16]. Over the past decade, several tumor-specific fluo-
rescent tracers have entered early-phase clinical trials [17]. Fluores-
cence imaging is adept at detecting abnormal biomarkers, showing a 
higher resolution for OA diagnosis than X-ray imaging [17]. Black hole 
quencher-3 (BHQ3) has maximal adsorption in the 620–730 nm range 
but has no native fluorescence. Accordingly, BHQ3 can quench fluo-
rophores with emission wavelengths within this scope that are located at 
a distance of <10 nm [18], such as cyanine 5 (Cy5) and Cy 5.5 [19]. As 
an endopeptidase, MMP13 can cleave a specific peptide sequence 
(GPLG-VRG) [20]. Hence, we hypothesized that assembling BHQ3 and 
Cy5 via an MMP13-cleavable peptide spacer would achieve 
MMP13-triggered Cy5 fluorescence restoration with low background 
noise, enabling the facile visual detection of early-stage OA. 

Besides precise diagnosis, timely intervention in upregulated 
MMP13 is crucial because persistent degradation of Col 2 pushes OA into 
the incurable middle-late stage [21]. The specific MMP13 inhibitor 
CL82198 has retarded OA progression and suppressed chondrocyte 
apoptosis by increasing Col 2 turnover [15]. Unfortunately, 
small-molecule inhibitors of MMPs in clinical trials induced musculo-
skeletal syndrome (MSS)-associated pain, leading to the trial discon-
tinuation. The patients’ MSS results from the inhibitor’s nonspecific 
inhibition of multiple MMPs, such as MMP2, -3, -4, -7, and -9, which are 
crucial players in maintaining tissue homeostasis [22,23]. In contrast to 
small-molecule inhibitors, small interfering ribonucleic acids (siRNAs) 
can downregulate MMP13 more specifically because they silence target 
messenger RNAs (mRNAs) through base-pair complementation. How-
ever, free siRNAs face multiple delivery barriers after intraarticular in-
jection. SiRNAs are easily cleared from the joints within several hours 
due to the small dimension (approximately 13–14 KDa) and undergo 
nuclease degradation in extracellular space [11,24]. Moreover, these 
highly negatively charged macromolecules cannot pass through nega-
tively charged cellular membranes [25,26]. Therefore, delivering intact 
siRNAs to diseased chondrocytes at sufficient levels remains a significant 
challenge. Encapsulation with nanovehicles has been revealed to pro-
long the articular retention of payloads [11]. Healthy and diseased 
chondrocytes universally express αvβ3 integrins [27,28], which can 
mediate the cell internalization of Arg-Gly-Asp (RGD)-modified nano-
vehicles via ligand-receptor interaction [29–31]. Modification with the 

flexible and hydrophilic long PEG chains can shield the ligands on the 
nanovehicle surface, protecting the nanovehicles from nonspecific up-
take [32,33]. Therefore, we supposed that a nanovehicle modified with 
RGD ligands shielded by an MMP13-detachable PEG shell would achieve 
selective and on-demand internalization by diseased chondrocytes via 
MMP13-mediated deprotection. Moreover, if Cy5 and BHQ3 were fixed 
in the detachable PEG motif and the main body of nanovehicles, 
respectively, the MMP13-triggered PEG detachment would induce Cy5 
fluorescence restoration for real-time detecting diseased chondrocytes. 

With the above-mentioned considerations in mind, we synthesized 
MMP13 enzyme-detachable PEG (EP), its lipid conjugate DSPE-PEG2000- 
EP, DSPE-PEG2000-BHQ3, and DSPE-PEG2000-cRGDfK. With these major 
lipid components and the cationic lipid N-[1-(2,3-dioleoyloxy)propyl]- 
N,N,N-trimethylammonium methylsulfate (DOTAP), we prepared 
MMP13 enzyme-activated, cRGDfK-modified micelles loaded with siR-
NAs silencing MMP13 (siM13), i.e., ERMs@siM13 (Scheme 1). Upon 
activation by MMP13 overexpressed by diseased chondrocytes in early- 
stage PTOA, ERMs could detach Cy5-containing PEG shells. By sepa-
rating from BHQ3, Cy5 restored its fluorescence for early-stage OA 
diagnosis. The exposed cRGD promoted the micelle uptake by diseased 
chondrocytes to downregulate MMP13 accordingly, thus retarding 
PTOA progression. Moreover, as the treatment was pursued, the micelles 
could monitor the therapeutic efficacy in real-time, substantially facil-
itating physicians to adjust the treatment regimen in time in clinical 
practice. 

2. Materials and methods 

2.1. Materials 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 
(polyethylene glycol) − 2000] (DSPE-PEG2000) and DSPE-PEG2000-NH2 
were purchased from Bide Pharmaceutical Technology Co., Ltd. 
(Shanghai, China). Cyanine 5 (Cy5)-C(PEG2000)-GPLGVRGK-NH2 (i.e., 
EP) and Cy5-C(PEG2000)-GplgvrGK-NH2 (i.e., nEP) were synthesized by 
Anhui Guoping Pharmaceutical Co. Ltd. (Anhui, China), the successful 
synthesis of which was confirmed via matrix-assisted laser desorption 
ionization time-of-flight (MALDI-TOF)/mass spectrum (MS). Various 
siRNAs silencing MMP13 (siM13s) were synthesized by BioTNT Co. Ltd. 
(Shanghai, China): siRNA-1: 5′-GGAGUUAUGAUGAUGUUAATT-3’; 
siRNA-2: 5′- GAGAAACUAUGAUCUUUAATT-3’; siRNA-3: 5′-CAAA-
GUAGAUGCUGUCUAUTT-3’. Lipofectamine 3000 and LysoTracker Red 
were purchased from Invitrogen (NY, USA). Recombinant human 
MMP13 proenzyme (511-MM-010) was ordered from the R&D Systems 
Co., Ltd. (Minnesota, USA). DSPE-PEG2000-NHS was bought from Peng 
Sheng Biological Co., Ltd. (Shanghai, China). DSPE-PEG2000-c (RGDfK) 
(DSPE-PEG-cRGD) was obtained from Ruixibiotech Co., Ltd. (Xi’an, 
China). BHQ3-NHS was bought from Changsha Hanchen Biotechnology 
Co., Ltd. (Changsha, China). DOTAP was obtained from AVT Pharma-
ceutical Tech Co., Ltd. (Shanghai, China). Deuterium oxide (D2O) was 
bought from Adamas-beta Co., Ltd. (Shanghai, China). Cell Counting 
Kit-8 (CCK-8) and the BeyoClick™ EdU Cell Proliferation Kit with Alexa 
Fluor 647 were obtained from Beyotime Biotechnology Co. Ltd. 
(Shanghai, China). Coumarin 6 (C6) and 1,1-dioctadecyl-3,3,3,3-tetra-
methylindotricarbocyaineiodide (DiR) were obtained from Yeasen 
Biotechnology Co., Ltd. (Shanghai, China). The dialysis bag (MWCO: 
3500 Da) was purchased from Viskase Co., Ltd. (USA). A mouse MMP13 
Enzyme-linked immunosorbent assay (ELISA) kit was acquired from 
Biolegend Co., Ltd. (California, USA). Unless otherwise specified, all 
other reagents were obtained from Macklin Reagent Co., Ltd. (Shanghai, 
China). 

2.2. Formulation optimization and characterization of ERMs@siM13 

2.2.1. Preparation of ERMs@siM13 
ERMs@siM13 was prepared using a thin-film hydration method, as 
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previously reported [34,35]. Briefly, the lipid components of DSPE--
PEG2000-cRGD, DSPE-PEG2000-EP, DSPE-PEG2000-BHQ3, DSPE-PEG2000, 
and DOTAP (DSPE-PEG2000-cRGD: DSPE-PEG2000-EP: DSPE--
PEG2000-BHQ3: DSPE-PEG2000: DOTAP = X1:X2:X3:100-X1-X2-X3:8, mol: 
mol) were dissolved in chloroform. The organic solvents were removed 
through rotary evaporation under vacuum, forming a lipid thin film. 
Then, FAM-siRNA/siM13 dissolved in phosphate buffer solution (PBS, 
pH 7.4) was added to hydrate the thin lipid film and form micelles. The 
micelles were purified with preparative HPLC through a size-exclusion 
chromatography (SEC) column (YMC-Pack Diol-120/S, Japan) using a 
mobile phase of PBS (pH = 7.0–7.2) to remove free EPs and unloaded 
siM13s. nERMs@siM13 were prepared using the same procedure except 
for replacing DSPE-PEG2000-EP with DSPE-PEG2000-nEP. 

2.2.2. Optimizing modification density of DSPE-PEG2000-cRGD 
C6-labeled cRGD-modified micelles (i.e., RMs@C6) micelles with 

varied cRGD density were prepared with DSPE-PEG2000-cRGD, DSPE- 
PEG2000, DOTAP, and C6 (DSPE-PEG2000-cRGD: DSPE-PEG2000: DOTAP: 
C6 = x:100-x:8:0.5, mol: mol; x = 5, 10, and 15) following the above- 
mentioned procedure. Then, the modification density of DSPE- 
PEG2000-cRGD was optimized via cell uptake. 

Primary chondrocytes were extracted from the C57 mice (1-5-day- 
old), as previously reported, with minor modifications [36]. Briefly, the 
femoral condyles and tibial plateaus were soaked in PBS containing 
streptomycin (100 μg/mL) and penicillin (100 U/mL) for 5 min, cut into 
pieces, and digested for 12 h in 2 mg/mL of type II collagenase. The 

chondrocytes were collected and maintained in the DMEM/F-12 com-
plete medium. The attached cells were considered primary chon-
drocytes, and passages 0 to 3 of these cells were used for subsequent 
assay. 

The primary chondrocytes were seeded in 24-well plates at a density 
of 1.0 × 105 cells/well for adherence, and fresh medium containing IL- 
1β (10 ng/mL) was added to induce the cells for 48 h. Then, the diseased 
cells were treated with RMs@C6 with various cRGD modification den-
sities at a C6 final concentration of 0.5 μg/mL for 2 h. The chondrocytes 
were collected and resuspended in PBS for flow cytometry analysis 
(CytoFlex3, Beckman Coulter, USA). The DSPE-PEG2000-cRGD modifi-
cation density of x = 10 was selected to maximize chondrocyte uptake. 

2.2.3. Optimizing modification density of DSPE-PEG2000-nEP 
The cRGD shielding effects by nEP were optimized via cellular up-

take. The nERMs@C6 micelles were prepared with the lipid components 
of DSPE-PEG2000-cRGD, DSPE-PEG2000-nEP, DSPE-PEG2000, DOTAP, 
and C6 (DSPE-PEG2000-cRGD: DSPE-PEG2000-nEP: DSPE-PEG2000: 
DOTAP: C6 = 10:x:90-x:8:0.5, mol: mol, x = 0, 2.5, 5, 10, and 20). 

Primary chondrocytes were extracted and induced with IL-1β for 48 
h, as mentioned above. Various nERMs@C6 formulations containing 
different modification densities of DSPE-PEG2000-nEP were added to the 
cells for 2 h of incubation. Then, the chondrocytes were collected for 
flow cytometry analysis (CytoFlex3, Beckman Coulter, USA). The DSPE- 
PEG2000-nEP modification density of x = 10 was selected to maximize 
cRGD shielding. 

Scheme 1. Proposed action mechanism of ERMs@siM13 in the early-stage posttraumatic osteoarthritis (PTOA) mouse model. (A) Schematic illustration of prep-
aration procedure of ERMs@siM13 and its matrix metalloproteinase 13 (MMP13)-mediated activation. (B) After intraarticular injection into the joints with early- 
stage PTOA, ERMs@siM13 can be activated by MMP13 overexpressed surrounding diseased chondrocytes, detaching the Cy5-bearing PEG protective shell. 
Accordingly, cRGD is exposed to promote the siRNA silencing MMP13 (siM13)-loaded micelle uptake by the diseased cells for on-demand MMP13 downregulation, 
and Cy5 fluorescence is restored to report the diseased state of cartilage tissues. 
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2.2.4. Optimizing modification density of DSPE-PEG2000-BHQ3 
The modification density of DSPE-PEG2000-BHQ3 was optimized by 

maximizing its fluorescence quenching effects on Cy5-containing EPs. 
ERMs were prepared with the lipid components of DSPE-PEG2000-cRGD, 
DSPE-PEG2000-EP, DSPE-PEG2000-BHQ3, DSPE-PEG2000, and DOTAP 
(DSPE-PEG2000-cRGD: DSPE-PEG2000-EP: DSPE-PEG2000-BHQ3: DSPE- 
PEG2000: DOTAP = 10:10:x:80-x:8, mol: mol, x = 0, 5, 10, and 20), as 
described above. Accordingly, the DSPE-PEG2000-EP-free formulation 
served as a control. The fluorescence signal of Cy5 was captured through 
in vivo spectrum imaging system (λex/em = 605/680 nm) (AniView100, 
BLT, China) and a microplate reader (λex/em = 605/650–800 nm) 
(Infinite®200 PRO, Tecan, Switzerland). The DSPE-PEG2000-BHQ3 
modification density of x = 20 was selected to maximize Cy5 fluores-
cence quenching. 

2.2.5. Screening of siM13 sequences 
Three siM13 sequences were synthesized to transfect diseased 

chondrocytes and mmp13 RNA expression was measured via RT-qPCR 
assay. Briefly, diseased chondrocytes were induced, as mentioned 
above. The siRNAs were mixed with Lipofectamine 3000 in DMEM/F12 
complete medium and added to diseased chondrocytes for 24 h of in-
cubation at a final siM13 concentration of 5 μg/mL. Subsequently, the 
total RNA was extracted using Trizon reagent (Cwbio, China), and the 
cDNA was obtained through a reverse transcription kit (Takar-
a#RR036A, Takara Bio USA). The RT-qPCR assay was performed using 
TB Green Premix Ex Taq II (Tli RNaseH Plus) (RR820, Takara Bio, USA) 
at the qTOWER3 real-time PCR system (Analytik Jena, Jena, Germany). 
GAPDH served as an internal reference. The relative expression of 
mmp13 mRNA was calculated using the 2− ΔΔCt methodology. 

2.2.6. Characterization of ERMs@siM13 
The morphology of ERMs@siM13 was observed under a transmission 

electron microscope (TEM) (JEM-1400 Flash, Japan). ERMs@siM13 and 
nERMs@siM13 were incubated with MMP13 for 1 h at 37 ◦C according 
to 136 μg peptide corresponding to 0.08 μg MMP13. The ERMs@siM13 
and nERMs@siM13 before and after enzymatic cleavage were analyzed 
by an in vivo spectrum imaging system to evaluate the MMP13 tracking 
ability of ERMs@siM13. The FAM-siRNA content in ERMs, nERMs, and 
RMs at various N/P ratios was measured through a microplate reader 
(Cytation 5, BioTek, USA) after the micelle structure was disrupted with 
2 % Triton X-100. The encapsulation efficiency (EE) of siRNA was 
calculated with the following equation (1). 

EE (%)=
amount of siRNA loaded in the micelles

amount of the feeding siRNA
× 100% (1) 

To study the protective effects of ERMs@siM13 on siMP 13 from 
nuclease degradation, nERMs@siMMP13, ERMs@siM13, RMs@siM13, 
and free siM13 were incubated with 50 % fetal bovine serum (FBS) at 
37 ◦C. After preset intervals, the samples were collected and cooled at 
− 80 ◦C. Then, the micelles were disrupted with 2 % Triton X-100, fol-
lowed by the electrophoresis assay using a 2 % agarose gel at an 
equivalent siM13 amount of 0.1 μg/well. The electrophoresis was per-
formed at 120 kV for 20 min. The agarose gel was imaged by UV illu-
mination and photographed under a ChemiDoc MP imaging system (Bio- 
Rad, USA). 

2.3. Cell delivery of ERMs@siM13 

2.3.1. Diagnostic capability of ERMs for diseased chondrocytes 
Diseased chondrocytes were induced by IL-1β for 48 h, as described 

above. ERMs and nERMs were added to the diseased chondrocytes at a 
Cy5 final concentration of 1.0 μg/mL for 2 h of incubation. Normal 
chondrocytes serve as a control. The cells in the plates were directly 
imaged with an in vivo spectrum imaging system (AniView100, BLT, 
China). 

2.3.2. Cellular uptake assay of ERMs@C6 
To evaluate the MMP13-activated uptake behavior of ERMs@C6, 

Ms@C6, RMs@C6, nERMs@C6, and ERMs@C6 were added to the 
diseased chondrocytes at a C6 final concentration of 0.5 μg/mL for 2 h of 
incubation in the dark. Then, the cells were collected for flow cytometry 
assay. 

Confocal imaging was also performed to visually observe the cellular 
uptake of ERMs@C6. Briefly, the diseased chondrocytes were treated 
with various C6-labeled formulations, as described above. Then, the 
cells were washed with PBS and fixed in 4 % paraformaldehyde (PFA) 
for 15 min. The nuclei were counterstained with 4′, 6-diamidino-2-phe-
nylindole (DAPI) for 5 min. The cells were imaged by confocal laser 
scanning microscopy (CLSM) (FV3000, Olympus, Japan). 

2.3.3. Endosomal escape assay 
FAM-siRNA-loaded ERMs were incubated with diseased chon-

drocytes for 1 h at a final FAM-siRNA concentration of 100 nM. Then, 
the medium was replaced with a fresh culture medium, and incubation 
continued for 1, 4, and 8 h. At 30 min before each time point, Lyso-
Tracker Red was added to label late endosomes/lysosomes. Subse-
quently, the cells were fixed in 4 % PFA for 15 min, and the nuclei were 
stained with DAPI. Then, the cells were observed by CLSM (FV3000, 
Olympus, Japan). The colocalization coefficients of endosomes/lyso-
somes and FAM-siRNAs were calculated using ImageJ software. 

2.4. Diagnostic and treatment effects of ERMs@siM13 on diseased 
chondrocytes 

2.4.1. Diagnostic ability of ERMs@siM13 for in vitro treatment efficacy 
The diseased chondrocytes were induced by IL-1β for 48 h and 

treated with nERMs@siM13, ERMs@siM13, and free siM13 for 24 h at 
an siM13 final concentration of 5 μg/mL. Then, ERMs were added to the 
treated cells for 2 h of incubation and imaged using an in vivo spectrum 
imaging system. 

2.4.2. RT-qPCR assay 
The diseased chondrocytes were treated with free siM13, ERMs@-

siM13, and nERMs@siM13 (siM13: 5 μg/mL), as described above. Then, 
mmp13 mRNA expression was detected via q-PCR assay. 

2.4.3. Western blot analysis 
The diseased chondrocytes were treated as described above. Normal 

chondrocytes served as a control. Then, the cells were lysed using RIPA 
Lysis Buffer (Beyotime, China). The lysis solution was centrifuged at 
12,000×g for 15 min at 4 ◦C to harvest the supernatants. The protein 
levels in the supernatants were measured using a BCA protein assay kit. 
The samples were loaded onto a 10 % SDS-PAGE gel at an equivalent 
protein amount (40 μg) and separated via electrophoresis. Then, the 
proteins were transferred onto polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked by 5 % non-fat milk in TBS con-
taining 0.1 % Tween-20 (TBST) for 2 h and then probed with the primary 
antibodies against MMP13 (1:500, GB11247-1, Servicebio, China) and 
Col 2 (1:1000, GB11021, Servicebio, China) overnight at 4 ◦C. GAPDH 
served as an internal reference. After washed thrice with TBST, the 
membranes were then incubated with goat anti-rabbit IgG-HRP (1:5000, 
GB23303, Servicebio, China)) and visualized using a ChemiDoc MP 
imaging system (Bio-Rad, USA). 

2.4.4. Immunofluorescence imaging assay 
The diseased chondrocytes were treated, as mentioned above. 

Healthy chondrocytes served as a normal control. The chondrocytes 
were fixed in 4 % PFA and incubated with the primary antibodies against 
MMP-13 (1:250, 18165-1-AP, Proteintech, USA) and Col 2 (1:250, 
28459-1-AP, Proteintech, USA) overnight at 4 ◦C. Next, the cells were 
incubated in the dark with Alexa Fluor 488-conjugated goat anti-rabbit 
IgG (1:1000, ab150077, Abacm, USA) for 1 h. The nuclei were stained 
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with DAPI. The MMP13 expression was imaged under a fluorescence 
microscope (ECLIPSE Ci-L, Nikon, Japan), and the Col 2 expression was 
observed by CLSM (FV3000, Olympus, Japan). The fluorescence in-
tensity was quantified using ImageJ software. 

2.4.5. Cell proliferation assay 
The diseased chondrocytes were induced and treated, as mentioned 

above. Then, the chondrocyte proliferation was evaluated via EdU 
staining (BeyoClick™ EdU-647, Beyotime, China) following the manu-
facturer’s protocols. 

2.5. Animals 

Male C57 mice (6–7 weeks old) were purchased from Changzhou 
Cavens Experimental Animal Co., Ltd. (Jiangsu, China). The mice were 
kept at 20–25 ◦C and 50 % humidity with a 12 h light/dark cycle. They 
were provided with unrestricted access to water and rodent chow. All 
animal experiments were performed following the protocols approved 
by the ethics committee of Shanghai University (NO. ECSHU 2023–101). 

2.6. In vivo retention assay of ERMs@DiR 

C57 male mice were subjected to destabilized medial meniscus 
(DMM) surgery on the right knees and sham surgery on the left knees to 
establish PTOA models. Briefly, the joint capsules of mice were swiftly 
opened following anesthesia, and the medial meniscotibial ligament was 
incised to destabilize the meniscus without damaging the surrounding 
tissues. Two weeks later, ERMs@DiR and nERMs@DiR were intra-
articularly administered at a DiR dose of 0.2 μg/mouse. Then, the mice 
were imaged using an in vivo spectrum imaging system (AniView100, 
BLT, China) at the predetermined time points (DiR: λex/em = 780/820 
nm). 

2.7. Monitoring PTOA progression by ERMs during treatment 

To monitor PTOA progression during treatment, a murine PTOA 
model was established through DMM surgery, as described above. At 2 
weeks post-surgery, the PTOA mice were intraarticularly administered 
with nERMs@siM13 and ERMs@siM13 at a siM13 dose of 10 μg/mouse. 
The treatment was then repeated every 5 days for 9 cycles. The ERMs 
were injected into the articular cavity for diagnosis at 17, 32, 42, and 57 
d post-surgery, and the Cy5 fluorescence signal was captured with an in 
vivo spectrum imaging system. 

2.8. MMP13 expression in PTOA mice during treatment 

Immunofluorescence staining of MMP13 was performed during 
treatment to confirm the diagnosis mechanism of ERMs. Briefly, the 
PTOA mice were treated with siM13-containing formulations, as 
mentioned above. At 17, 32, 42, and 57 d post-surgery, the mice were 
sacrificed to collect the joints for fixation in 4 % PFA and subsequent 
paraffin sectioning. Paraffin sections (6-μm thickness) were subjected to 
immunofluorescence staining of MMP13, as described above. Fluores-
cence images were captured by CLSM (FV3000, Olympus, Japan) and 
quantified with ImageJ software. 

2.9. Therapeutic efficacy of ERMs@siM13 in the murine PTOA model 

2.9.1. ERMs@siM13 administration 
The murine PTOA model was generated, as mentioned above. The 

mice were randomly divided into 5 groups and intraarticularly injected 
with PBS, free siM13, RMs@siM13, nERMs@siM13, and ERMs@siM13 
at a siM13 dose of 10 μg/mouse (dissolved or suspended in PBS). 
Treatment was performed every 5 days for 4 or 8 weeks. At the end of 
treatment, the animals were sacrificed to remove the joints, which were 
fixed in 4 % PFA for subsequent analysis. 

2.9.2. Histological evaluation of cartilages 
The fixed joints were decalcified in 0.5 M EDTA (pH = 7.4) (G1105, 

Servicebio, China) for 2 weeks. The samples were then embedded in 
paraffin and sectioned into 6-μm slices along the sagittal plane. The 
slices were stained with hematoxylin-eosin (H&E) (Solarbio, China) and 
safranin O/fast green (Solarbio, China). The stained slices were then 
imaged on a fluorescence microscope (ECLIPSE Ci-L, Nikon, Japan) to 
visualize the cartilage tissue morphology. The Mankin score was adop-
ted to evaluate the treated tissues [37,38]. 

2.9.3. Micro-computed tomography (Micro-CT) 
The fixed joints were scanned with a SkyScan 1275 CT scanner 

(Bruker, Germany), and the application software (DataViewer and 
CTAn) was used to evaluate and analyze relevant parameters. 

2.9.4. Immunohistochemical (IHC) analysis 
Paraffin sections of the articular tissues were subjected to IHC 

analysis. Briefly, after antigen retrieval, the samples were incubated 
with primary antibodies, including rabbit anti-MMP13 (1:250, 
GB11247, Servicebio, China), Col 2 (1:250, GB11021, Servicebio, 
China), and ACAN (1:500, GB11373, Servicebio, China) overnight at 
4 ◦C, followed by binding with biotinylated secondary antibodies and 
incubation with diaminobenzidine (DAB) substrate for 10 min. The 
samples were imaged under the fluorescence microscope (ECLIPSE Ci-L, 
Nikon, Japan). The positive areas of MMP13, Col 2, and ACAN were 
quantified through ImageJ software. 

2.10. Biosafety analysis 

The healthy C57 mice were intraarticularly injected with a single 
dose of PBS, ERMs@siM13, nERMs@siM13, RMs@siM13, and free 
siM13. On the fifth day postinjection, the joints were collected and 
processed for H&E staining to evaluate local synovium irritation. 

The PTOA mice were treated every 5 days for 12 cycles, as described 
above. Then, the major organs (kidney, liver, lung, heart, and spleen) 
and the blood samples were collected. The blood samples were subjected 
to a routine blood examination and blood biochemical assay. The major 
organs were processed for H&E staining. 

2.11. Statistical analysis 

All the data were presented as the mean ± SD. Significant differences 
were assessed with Student’s unpaired t-test, and three or more inde-
pendent groups were compared by nonparametric two-tailed analysis of 
variance, followed by Tukey’s post hoc test. Under all conditions, a p- 
value ≤0.05 is considered statistical significance. The analysis was 
performed with GraphPad Prism 8.4.3 software. 

3. Results 

3.1. Synthesis of DSPE-PEG2000-EP and DSPE-PEG2000-BHQ3 

To obtain an MMP13-detachable PEG shell, we synthesized EPs (Cy5- 
C(PEG2000) GPLGVRGK) that contained MMP13-sensitive peptide motif 
(GPLG-VRG) [20], fluorescent dye Cy5, and PEG2000. First, the suc-
cessful synthesis of Cy5-CGPLGVRGK was confirmed by detecting two 
multiply charged ion peaks in the MS spectrum, and its purity was above 
95 % based on the HPLC/UV analysis (Fig. S1A). Similarly, 
Cy5-CGplgvrGK, a MMP13-insensitive counterpart, was also success-
fully synthesized (Fig. S1B). Moreover, the H NMR spectra showed that 
the characteristic peaks of PEG2000-mal (a) and 
Cy5-CGPLGVRGK/Cy5-CGplgvrGK (b, b’, c, and c’) simultaneously 
appeared in the spectrum of EP/nEP, confirming their successful syn-
thesis (Fig. S2). 

EPs are expected to be cleaved by MMP13 overexpressed in OA 
cartilage tissues at the position of G-V within the peptide sequence [13, 

D. Zhou et al.                                                                                                                                                                                                                                    



Bioactive Materials 37 (2024) 378–392

383

20]. After 2 h of incubation with MMP13, no degradation peak appeared 
in the HPLC spectrum of nEP (Fig. 1A). In contrast, EP generated a new 
peak at a retention time (tR) of 18.75 min, suggesting its MMP13 
responsiveness. 

Then, the obtained EP/nEP was conjugated with DSPE-PEG2000-NHS 
via acylation reactions to yield DSPE-PEG2000-EP/nEP. The conjugating 
efficiency of EP (nEP) was 33.24 % (35.63 %), determined through 
HPLC/UV. 

DSPE-PEG2000-BHQ3 was synthesized by conjugating BHQ3-NHS to 
DSPE-PEG2000-NH2 via acylation reactions. DSPE-PEG2000-BHQ3 had a 
UV spectrum comparable to BHQ3 (Fig. S3). Moreover, the H NMR 
spectra revealed that the characteristic peaks of BHQ3-NHS (9.70 ppm 
(a), 9.49 ppm (b), and 6.98 ppm (c)) and DSPE-PEG2000-NH2 (3.58 ppm 
(d)) simultaneously appeared in the spectrum of DSPE-PEG2000-BHQ3 

(Fig. S4). Collectively, these results confirmed the successful synthesis of 
DSPE-PEG2000-BHQ3. 

3.2. Formulation optimization of ERMs@siM13 

The diagnosis- and treatment-integrated micelle ERMs@siM13 was 
designed based on the following considerations. In the MMP13-deficient 
region, EPs are expected to shield cRGD ligands through the PEG layer, 
protecting the micelles from nonspecific uptake by healthy chondrocytes 
that also express αvβ3 integrin at a certain level [27,28,39–41]. Mean-
while, the fluorescence signal of Cy5 in EPs is quenched by BHQ3 [19]. 
Upon reaching the diseased chondrocytes overexpressing MMP13, the 
Cy5-containing PEG motif is detached by MMP13 cleavage to restore the 
fluorescence signal due to the separation from BHQ3 on the micelles. 

Fig. 1. Preparation and characterization of ERMs@siM13. (A) High-performance liquid chromatography (HPLC) spectra of Cy5-C(PEG2000)-GPLGVRGK-NH2 (EP) 
and Cy5-C(PEG2000)-GplgvrGK-NH2 (nEP) before and after incubation with matrix metalloproteinase 13 (MMP13). (B) Representative flow cytometry histogram 
showing the uptake of coumarin 6 (C6)-labeled RMs with various cRGD modification densities by diseased chondrocytes and (C) the corresponding mean fluores-
cence intensity (MFI) of C6. (D) Representative flow cytometry histogram showing the internalization of nERMs@C6 with various ratios of cRGD: PEG by diseased 
chondrocytes and (E) the corresponding C6 MFI. (F) Representative fluorescence spectra and fluorescence images of nERMs containing various molar ratios of BHQ3- 
to-Cy5. (G) Representative transmission electron microscopy (TEM) images of ERMs@siM13. Scale bar: 50 nm. (H) Representative fluorescence spectra and fluo-
rescence images of ERMs and nERMs before and after incubation with MMP13. (I) Serum stability of siM13 loaded by RMs, ERMs, and nERMs determined through 
agarose gel electrophoresis. Free siM13 served as the controls. “E” represents MMP13. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, 
no significant difference among the marked groups using nonparametric two-tailed analysis of variance. 
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Meanwhile, the cRGD exposure promotes the micelle uptake by hyper-
trophic chondrocytes. To achieve these desirable functions, we per-
formed extensive formulation optimization by screening the feeding 
ratios of DSPE-PEG2000-cRGD, DSPE-PEG2000-nEP, and 
DSPE-PEG2000-BHQ3. 

ERMs@siM13 was prepared through thin-film hydration and puri-
fied by preparative HPLC (Scheme. 1A). Modification density of cRGD in 
RMs was optimized by changing the feeding ratios of DSPE-PEG2000- 
cRGD (i.e., 0, 5, 10, and 15 mol%) to maximize the micelle uptake by 
diseased chondrocytes. The flow cytometry assay revealed that cellular 
internalization of RMs@C6 gradually increased as cRGD modification 
density was elevated from 0 to 10 mol% (Fig. 1B and C). However, 
cellular internalization of RMs@C6 was not significantly different be-
tween 10 mol% and 15 mol% of cRGD. Therefore, the DSPE-PEG2000- 
cRGD feeding ratio of 10 mol% was selected for subsequent assay. 

Subsequently, the DSPE-PEG2000-nEP ratio in nERMs was further 
optimized for more effective cRGD shielding. nERM internalization by 
diseased chondrocytes continuously declined with the improvement in 
the nEP feeding ratios due to elevated cRGD shielding (Fig. 1D and E). 
However, when the molar ratio of DSPE-PEG2000-nEP-to-DSPE-PEG2000- 
cRGD increased from 1:1 to 1:2, the uptake efficiency of nERMs was not 
significantly different, which was even comparable to that of bare 
micelle Ms. These results suggest that 10 mol% of DSPE-PEG2000-nEP 
could shield the cRGD ligands on the nERMs completely, which was 
selected for the follow-up assay. 

BHQ3 is a non-fluorescent dark quencher with maximal fluorescent 
absorption ranging from 620 to 730 nm [42]. Hence, it effectively 
quenches the fluorescence of fluorophores emitting within this spec-
trum, such as Cy5 (λex/em = 635/675 nm). The DSPE-PEG2000-BHQ3 
feeding ratio in nERMs was further optimized to maximize the Cy5 
fluorescence quenching. When the BHQ3-to-Cy5 molar ratio increased 
to 2:1, Cy5 fluorescence intensity substantially decreased (Fig. 1F). 
Moreover, the Cy5 fluorescence signal at this ratio was almost invisible 
in the fluorescence images. Hence, the DSPE-PEG2000-BHQ3 feeding 
ratio of 20 mol% was selected. 

siM13 sequences were screened through RT-qPCR assay (Fig. S5). 
Compared to PBS control (100 %), siM13-1 reduced mmp13 mRNA 
expression to 30.7 %, far lower than siM13-2 (70.0 %) and siM13-3 
(47.3 %). Therefore, the siM13-1 sequence 5′-GGAGUUAUGAUGAU-
GUUAATT-3′ was selected. 

When the feeding amount of siM13 was increased from 10:1 to 8:1 
(N/P ratio), EE of siM13 by ERMs, nERMs, and RMs was still maintained 
at approximately 90 %. However, as the siM13 feeding amount was 
further improved to 6:1 (N/P ratio), its EE substantially decreased to 
approximately 55 % (Table S1). Hence, a feeding ratio of 8:1 (N/P ratio) 
was selected. 

3.3. Characterization of the optimized ERMs@siM13 formulation 

The optimized final formulation of ERMs@siM13 contained DSPE- 
PEG2000-cRGD, DSPE-PEG2000-EP, DSPE-PEG2000-BHQ3, DSPE-PEG2000, 
and DOTAP at a molar ratio of 10:10:20:60:8. The ERMs@siM13 mi-
celles exhibited a uniform particle size of approximately 20 nm with a 
spherical morphology (Fig. 1G). The zeta potentials of ERMs@siM13, 
nERMs@siM13, and RMs@siM13 were 0.15 ± 1.04, 0.18 ± 1.07, and 
− 0.41 ± 0.64 mV, respectively. The neutral surfaces would facilitate the 
micelles to penetrate the negatively charged cartilage matrix. 

The MMP13-triggered Cy5 fluorescence recovery of ERMs was tested 
by fluorescence spectrum analysis and an in vivo spectrum imaging 
system (Fig. 1H). The fluorescence spectra of nERMs remained un-
changed before and after incubation with MMP13. In contrast, incuba-
tion with MMP13 substantially magnified the Cy5 fluorescence intensity 
of ERMs due to the effective detachment of Cy5-containing EPs from 
BHQ3-containing micelles. The result was further confirmed by the 
fluorescence images where MMP13-treated ERMs emitted more intense 
fluorescence than the other groups. 

The protection of siM13 by ERMs from nuclease degradation was 
evaluated via agarose gel electrophoresis (Fig. 1I). Free siM13 remained 
stable after 6 h of incubation in nuclease-free water. However, it was 
completely degraded after only 2 h of incubation in 50 % FBS due to 
nuclease digestion. In contrast, the bands of siM13s loaded by RMs, 
ERMs, and nERMs gradually became weak and were still detectable after 
6 h of incubation. These results confirmed that the micelle encapsulation 
facilitated protecting siM13 from nuclease degradation. 

3.4. ERMs@siM13 delivery at cellular levels 

Diseased chondrocytes highly express MMP13 [15], which are pro-
posed to detach the Cy5-and PEG-containing EPs from the micelles to 
expose cRGD ligands, achieving diseased chondrocyte-specific uptake 
and Cy5 fluorescence restoration (Fig. 2A). To test these hypotheses, we 
first induced diseased chondrocytes by incubating primary chondrocytes 
with IL-1β [43,44]. MMP13 expression in IL-1β-treated chondrocytes 
was significantly higher than that in normal chondrocytes, indicating 
successful generation of diseased chondrocytes (Fig. 2B). Notably, 
although the highest MMP13 expression was observed for cells incu-
bated for 72 h, cell viability substantially decreased. Hence, the incu-
bation time was set at 48 h for subsequent assay. 

First, we investigated whether ERMs could be cleaved by MMP13 
secreted by diseased chondrocytes to detach EP by monitoring Cy5 
fluorescence restoration. MMP13-inert nERMs emitted weak fluores-
cence after incubation with normal or diseased chondrocytes for 2 h 
(Fig. 2C). In contrast, ERMs showed faint fluorescence after incubation 
with normal chondrocytes. However, after 2 h of incubation with 
diseased chondrocytes, they exhibited significantly more intense fluo-
rescence. These results confirmed that ERMs could be activated by 
diseased chondrocyte-secreted MMP13 to release Cy5-containing EP. 

Further, we examined whether MMP13-triggered detachment of EPs 
promoted the micelle uptake by diseased chondrocytes. The flow 
cytometry assay showed that nERMs@C6 was taken up by the diseased 
chondrocytes at a low level comparable to cRGD-free Ms@C6 (Fig. 2D). 
In contrast, cellular internalization of ERMs@C6 was significantly 
higher than that of nERMs, which was even comparable to cRGD- 
exposed RMs@C6. A similar trend was also found in the confocal im-
ages (Fig. 2E, top). These results suggest that ERMs@C6 uptake by 
diseased chondrocytes was considerably promoted by MMP13 
activation-induced cRGD exposure. Notably, RMs@C6 uptake by normal 
chondrocytes was higher than ERMs@C6, indicating that EPs protected 
ERMs from nonspecific uptake by normal chondrocytes (Fig. 2E, 
bottom). 

siRNAs silence target mRNAs in the cytoplasm. Cationic lipids, such 
as DOTAP, have been reported to promote endosome escape of siRNAs 
from nanovehicles by destabilizing endosome membranes [26]. Herein, 
we investigated the intracellular delivery of nERMs@FAM-siRNA by 
labeling late endosomes/lysosomes with LysoTracker Red. After 1 h of 
incubation, most FAM-siRNA loaded by ERMs was colocalized with the 
lysosomes with a colocalization coefficient of 0.60, indicating that ERMs 
entered cells via the endosome-lysosome pathway (Fig. 2F and G). As 
incubation time prolonged, FAM-siRNAs gradually separated from the 
lysosomes. In particular, after 8 h of incubation, the colocalization co-
efficient decreased to 0.27, indicating that siM13 could effectively 
escape from endosomes. 

3.5. Diagnostic and therapeutic effects of ERMs@siM13 on diseased 
chondrocytes 

The diagnostic and therapeutic efficacy of ERMs@siM13 was eval-
uated by treating diseased chondrocytes with various siM13-containing 
formulations, followed by diagnosis with ERMs (Fig. 3A and B). PBS- 
treated diseased chondrocytes emitted significantly higher fluores-
cence signals than normal chondrocytes, confirming the MMP13- 
overexpressed status of diseased chondrocytes. The free siM13 and 
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nERMs@siM13 groups showed strong fluorescence at a level compara-
ble to the PBS control, indicating limited MMP13 downregulation. This 
result was attributed to their insufficient uptake by the diseased chon-
drocytes. In contrast, ERMs@siM13 led to faint Cy5 fluorescence com-
parable to the normal chondrocytes, indicating effective MMP13 
downregulation. These results confirmed that ERMs@siM13 could effi-
ciently silence MMP13 and diagnose the therapeutic efficacy at cellular 
levels. 

To further confirm the therapeutic efficacy of ERMs@siM13, we 
detected mmp13 mRNA expression via RT-qPCR assay after the diseased 
chondrocytes were treated, as described above (Fig. 3C). The mmp13 
mRNA expression in the PBS control was 15.58-fold higher than normal 
chondrocytes, showing the MMP13-overactivated abnormality. Treat-
ment with ERMs@siM13 decreased the mmp13 mRNA expression 
(23.66 % remaining of the PBS control) to a greater extent than free 
siM13 and nERMs@siM13 (80.0 % and 54.91 % remaining of the PBS 

control, respectively) due to the more efficient chondrocyte uptake. 
A similar trend was also observed in protein expression of MMP13 by 

Western blot assay, indicating that silencing mmp13 mRNA led to 
MMP13 downregulation (Fig. 3D). Meanwhile, among all treatment 
groups, ERMs@siM13 upregulated Col 2 at the highest level, even 
comparable to normal chondrocytes. Moreover, these results were 
further confirmed by the confocal imaging, where ERMs@siM13 
induced MMP13 downregulation and Col 2 upregulation to an extent 
close to normal chondrocytes (Fig. 3E and F). These results suggest that 
ERMs@siM13 could downregulate MMP13 protein by silencing mmp13 
mRNA, reducing Col 2 degradation. 

Diseased chondrocytes have lower proliferative activity than normal 
chondrocytes. Herein, we investigated whether treatment with 
ERMs@siM13 could restore the survivability of diseased chondrocytes 
via EdU staining (Fig. 3G). The EdU-positive cells in the ERMs@siM13 
group were 3.45, 2.37, and 2.08-fold of the PBS control, free siM13, and 

Fig. 2. ERMs@siM13 delivery at cellular levels. (A) Schematic illustration of MMP13-triggered diseased chondrocyte-specific delivery and fluorescence imaging of 
ERMs@siM13. (B) Fold change of MMP13 expression in culture medium was determined by enzyme-linked immunosorbent assay (ELISA) after chondrocytes were 
induced by IL-1β for different intervals. (C) Representative fluorescence images and the corresponding fluorescence intensity of normal or diseased chondrocytes after 
incubation with ERMs or nERMs for 2 h. (D) Representative flow cytometry histogram showing the uptake of coumarin 6 (C6)-labeled micelles by the diseased 
chondrocytes after 2 h of incubation and the corresponding mean fluorescence intensity (MFI) of C6. (E) Representative confocal images of IL-1β-induced diseased 
chondrocytes after 2 h of incubation with C6-labeled various micelles. Scale bar: 50 μm. (F) Intracellular delivery of ERMs@FAM-siRNA in IL-1β-induced diseased 
chondrocytes. Late endosomes/lysosomes are labeled by LysoTracker Red. Scale bar: 25 μm. (G) Pearson’s correlation coefficients calculated from Panel F. Data are 
presented as mean ± SD (n = 3). **P < 0.01, ***P < 0.001, and ns, no significant difference among the marked groups using nonparametric two-tailed analysis 
of variance. 
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nERMs@siM13 groups, respectively, and were even comparable to 
normal chondrocytes. These results suggest that ERMs@siM13 could 
transfer the diseased chondrocytes to a healthier status for enhanced 
regeneration activity. 

3.6. Delivery and diagnostic ability of ERMs@siM13 in the PTOA mice 

Intraarticular retention of ERMs@DiR was evaluated after a single- 
dose injection through in vivo fluorescence imaging. The DiR fluores-
cence in the joints of ERMs@DiR-treated mice declined more slowly 
over time than that of nERMs@DiR group (Fig. 4A and B). Further 
quantitative data show that the area under curve (AUC) in the 
ERMs@DiR group was 1.99-fold significantly higher than that in the 
nERMs@DiR group (Fig. 4B, P < 0.001), indicating prolonged articular 
retention. 

To explore the potential retention mechanism for ERMs, the cartilage 
distribution of ERMs@C6 at the histological level was examined. 
Whether ERMs@C6 or nERMs@C6 showed poor distribution in the 
normal cartilage that expressed MMP13 (red fluorescence) at an 
extremely low level (Fig. 4C and D). In contrast, ERMs@C6 was exten-
sively perfused in the MMP13-overactivated diseased cartilage, showing 
3.15-fold higher fluorescence intensity than nERMs@C6. Moreover, 
ERMs (green fluorescence) were primarily distributed in the MMP13- 
rich area. Therefore, the extended retention of ERMs in the diseased 
cartilage was attributed to their increased internalization by diseased 
chondrocytes after MMP13-medicated cRGD exposure. 

To set an appropriate period for diagnosis, we first detected the Cy5 
fluorescence decay in the joints of PTOA mice after a single-dose 

injection of ERMs or nERMs. The nERMs-treated joints showed weak 
Cy5 fluorescence all the time. In contrast, Cy5 fluorescence in the ERMs- 
treated joints peaked at 7 h and gradually declined over time, with the 
fluorescence intensity falling below 5 % of the maximum value at 72 h 
(Fig. S6 A-B). These results revealed that the Cy5 fluorescence signal 
completely washed out 3 days after a single-dose injection of these 
formulations. Therefore, the diagnosis was performed on day 4 post-
treatment. Notably, Cy5 fluorescence decayed from the joints more 
rapidly than DiR fluorescence. This result occurred because the detached 
Cy5-containing EP motif had a smaller dimension and thus was more 
easily eliminated from the joints. 

The PTOA mice were treated with ERMs@siM13 and nERMs@siM13 
every 5 days for 9 cycles. Then, ERMs were intraarticularly injected on 
days 17, 32, 42, and 57 post-surgery (i.e., on day 4 posttreatment) for 
periodic diagnosis when the Cy5 fluorescence signals from the last dose 
completely decayed. On day 17 post-surgery (i.e., at the initial stage of 
treatment), the Cy5 fluorescence intensity from ERMs@siM13 and 
nERMs@siM13 groups was comparable (Fig. 4E and F). As the treatment 
continued, ERMs@siM13-treated cartilage emitted weaker fluorescence 
than the nERMs@siM13 group, signifying more effective relief of PTOA 
by ERMs@siM13. 

Then, the cartilage tissues were processed for immunofluorescence 
staining of MMP13 at each time point of diagnosis to confirm the 
diagnostic mechanism of ERMs (Fig. 4G and H). Consistently, despite an 
MMP13 expression comparable to nERMs@siM13 at the initial 2 weeks, 
as the treatment pursued, ERMs@siM13 downregulated MMP13 
expression to a lower degree than nERMs@siM13. These results confirm 
that ERMs could precisely diagnose the PTOA severity level during 

Fig. 3. Diagnostic and therapeutic effects of ERMs@siM13 on diseased chondrocytes. (A) The diseased chondrocytes were treated with the indicated formulations, 
followed by 2 h of incubation with ERMs to diagnose the chondrocyte status. Normal chondrocytes served as a control. (B) Mean fluorescence intensity (MFI) of Cy5 
calculated from Panel (A). (C) Mmp13 mRNA levels of diseased chondrocytes relative to that of the PBS control after treated with RMs@siM13, nERMs@siM13, and 
ERMs@siM13. (D) Representative Western blot images showing MMP13, Col 2, and GAPDH protein levels after treatment mentioned above and the corresponding 
mean protein expression of MMP13 and Col 2. (E–F) Immunofluorescence staining and semiquantitative analysis of (E) MM13 and (F) Col 2 for diseased chondrocytes 
after treatment mentioned above. (G) Proliferation assay of diseased chondrocytes that were treated as mentioned above, as determined via EdU staining. EdU + cell 
ratios relative to the PBS control were calculated. Scale bar: 100 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, no significant 
difference among the marked groups using nonparametric two-tailed analysis of variance. 
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treatment by responding to dynamically changed MMP13 levels within 
the diseased cartilage. 

3.7. Therapeutic efficacy of ERMs@siM13 in the PTOA mice 

The PTOA mice were treated with the siM13-containing formulations 
every 5 days for 4 or 8 weeks. The H&E staining images revealed that 
PBS-treated PTOA joints showed severe defects, and the defects enlarged 
over time, effectively recapitulating the cartilage-damaged status of 
PTOA (Fig. 5A). Treatment with siM13, Ms@siM13, and nERMs@siM13 
retarded the cartilage defects to a limited degree. In contrast, the 
ERMs@siM13-treated cartilage exhibited a complete morphology after 4 
and 8 weeks of treatment, almost comparable to the sham group, indi-
cating favorable efficacy. 

Further, the safranin O/fast green staining was performed to observe 
the cartilage morphology. Compared to the sham group, the PBS group 
showed typical morphological changes of OA, i.e., increased cartilage 
loss (safranin O-labeling area), which persistently deteriorated over time 
(Fig. 5B). Cartilage morphological improvement, such as increased 
proteoglycan retention, was observed in the siM13, RMs@siM13, 
nERMs@siM13, and ERMs@siM13 groups after 4 and 8 weeks of 

treatment. In particular, ERMs@siM13 treatment led to the most inte-
gral cartilage morphology and reduced Mankin score (Fig. 5C) to a 
comparable degree (4 w: 11.70 %; 8 w: 20.73 %) to the sham group (4 w: 
2.56 %; 8 w: 4.88 %). These findings suggest that ERMs@siM13 could 
effectively prevent cartilage degeneration by downregulating MMP13 
expression. 

Osteophyte formation increased during OA progression to stabilize 
the damaged OA joints [45]. Among all treatment groups, the 
ERMs@siM13-treated joints had the lowest number of osteophytes 
(Fig. 5D and E). These results suggest that ERMs@siM13 could maintain 
healthy bone morphology by retarding OA progression. 

3.8. Therapeutical mechanism study of ERMs@siM13 via 
immunohistochemical (IHC) assay 

Considering the inspiring efficacy of ERMs@siM13 in the PTOA 
mice, we further explored its therapeutic mechanism through IHC 
staining. The PBS-treated cartilage expressed 20.24- and 15.24-fold 
higher MMP13 than the sham group at weeks 4 and 8, respectively, 
persistently maintaining the MMP13-overactivated feature of PTOA 
(Fig. 6A and B). Among all treatment groups, MMP13 was 

Fig. 4. In vivo delivery and diagnostic effects of ERMs@siM13 in the murine posttraumatic osteoarthritis (PTOA) model. (A) Representative fluorescence images of 
the PTOA mouse joints at various time points after intraarticular injection with ERMs@DiR and nERMs@DiR. (B) The fluorescence signal from Panel (A) was 
qualified. (C) Representative confocal images showing the ERMs@C6 and nERMs@C6 penetration into healthy and PTOA cartilage. (D) Mean fluorescence intensity 
(MFI) of C6 calculated from Panel (C). (E) The PTOA mice were treated with ERMs@siM13 and nERMs@siM13 every 5 days for 9 cycles. ERMs were intraarticularly 
injected at preset time points to monitor the PTOA progression. (F) Cy5 MFI calculated from Panel (E). (G) The PTOA mice were treated as described above. The joints 
were collected at preset time points and processed for immunofluorescence staining of MMP13. (H) MMP13 MFI calculated from Panel (G). Scale bar: 100 μm. Data 
are presented as mean ± SD. *P < 0.05, ***P < 0.001, and ns, no significant difference among the marked groups using nonparametric two-tailed analysis 
of variance. 
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downregulated after 4 and 8 weeks of treatment following the sequence: 
ERPs@siM13 > RMs@siM13 > nERMs@siM13 > siM13. 

Col 2 is the primary matrix skeleton of cartilage tissues and is pri-
marily degraded by MMP13 [8,12]. After 4 and 8 weeks of treatment, 
corresponding to the MMP13 downregulation trend, a synchronous 
upregulation in Col 2 levels was observed (Fig. 6C and D). In particular, 
ERMs@siM13-treated cartilage showed 4.06- and 6.04-fold higher Col 2 
expression than the PBS control, suggesting the most effective blockade 
of Col 2 digestion. These results support that the favorable efficacy of 
ERMs@siM13 was attributed to its ability to silence MMP13 protein, 
thereby improving the Col 2 turnover in the cartilage tissues. 

In addition, treatment with the siM13-containing formulations also 
enhanced ACAN turnover to different degrees, positively associated with 
their downregulation levels of MMP13 (Fig. 6E and F). In particular, 
ERMs@siM13 led to 4.92- and 8.36-fold higher ACAN expression than 
the PBS control at weeks 4 and 8, respectively, indicating the most 
effective relief of ACAN degradation. These results were attributed to 
two reasons. First, although ACAN is degraded primarily by a disintegrin 
and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5), 

MMP13 also digests ACAN [46–48]. Moreover, upon MMP13 cleavage, 
the newly produced fragments with smaller sizes more easily perfuse 
through the cartilage matrix to reach ADAMTS-5 for degradation. Sec-
ond, the MMP13-induced breakdown of the collagen network makes 
ADAMTS-5 more accessible to its substrate ACAN [46–48]. Overall, 
MMP13 downregulation increased ACAN turnover primarily by 
reducing the substrate availability to ADAMTS-5. 

3.9. Biosafety evaluation 

Considering the intraarticular administration route, we first inves-
tigated the synovium irritation of ERMs@siM13 by injecting single-dose 
formulations into the joints of healthy mice (Fig. 7A). The H&E staining 
images of synovium showed that no infiltration of immune cells 
occurred for all treatment groups, indicating their negligible synovium 
irritation. 

The PTOA mice were treated every 5 days for 8 weeks. The H&E 
staining images of the major organs collected at the end of treatment 
revealed no morphological abnormity, indicating that these 

Fig. 5. Therapeutic efficacy of ERMs@siM13 in the posttraumatic osteoarthritis (PTOA) mice. (A) Representative hematoxylin and eosin (H&E) staining images of 
articular cartilage at weeks 4 and 8 after treatment with the indicated formulations. (B) Representative safranin O/fast green staining images of articular cartilage 
after 4 or 8 weeks of treatment. (C) The OA severity at weeks 4 and 8 from Panel (B) was accessed using the Mankin score. (D) Osteophyte (white arrows) formation 
at week 8 posttreatment was examined through micro-computed tomography (Micro-CT). (E) The osteophyte number was quantified from Panel (D). Scale bar: 200 
μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, no significant difference among the marked groups using nonparametric two- 
tailed analysis of variance. 

D. Zhou et al.                                                                                                                                                                                                                                    



Bioactive Materials 37 (2024) 378–392

389

formulations had no discernible organ toxicities (Fig. 7B). In addition, 
the indexes from the routine blood examination and blood biochemical 
analysis fell within the normal range (Fig. S7). Therefore, these data 
support that ERMs@siM13 and other formulations had negligible tox-
icities to the major organs and blood after local intraarticular injection. 

4. Discussion 

The post-synthesis method is extensively used to conjugate ligands 
on the nanoparticle surface. However, this approach can not precisely 
and reproducibly control the ligand proportion, particularly in the 
presence of multiple ligands. Therefore, for the micelle assembly, we 
first synthesized a series of lipid-tethered ligands, including DSPE- 
PEG2000-EP (nEP), DSPE-PEG2000-cRGD, and DSPE-PEG2000-BHQ3. As 
such, each ligand ratio in the micelle formulation can be flexibly 

adjusted by changing its feeding amount to optimize the micelle’s 
diagnostic and therapeutic efficacy. 

The fluorescence dye (donor) can be efficiently quenched by the 
BHQ3 (acceptor) within a distance of 10 nm via forster resonance energy 
transfer (FRET) [18]. Accordingly, in the previous studies, the dyes are 
generally linked to BHQ3 via a short disease-specific stimulus-cleavable 
linker for diagnosis [18,49]. However, this connection approach limits 
the probe assembly into nanovehicles. Herein, we independently syn-
thesized lipid-tethered DSPE-PEG2000-EP and DSPE-PEG2000-BHQ3, 
which could be easily fabricated into the micelles via the facile thin-film 
hydration method (Scheme 1A). More importantly, unlike the previous 
connection approach (i.e., the ratio is fixed at 1:1), the ratio of BHQ3 
versus Cy5 was tunable. In particular, when the molar ratio of BHQ3 
versus Cy5 was increased from 1:1 to 1:2, the quenching efficiency of 
Cy5 fluorescence was further elevated (Fig. 1F). Hence, ERMs showed a 

Fig. 6. Immunohistochemical (IHC) staining of sham or posttraumatic osteoarthritis (PTOA) mouse knee joints after 4 and 8 weeks of treatment. (A) Representative 
IHC staining images of MMP13 in the mouse cartilages after treatment with the indicated formulations. The sham group served as a normal control. (B) The MMP13- 
positive (MMP13+) area (%) calculated from Panel (A). (C) Representative IHC staining images of Col 2 in the mouse cartilages posttreatment with the indicated 
formulations. (D) The Col 2-positive (Col 2+) area calculated from Panel (C). (E) Representative IHC staining images of aggrecan (ACAN) in the mouse cartilages 
posttreatment with the indicated formulations. (F) The ACAN-positive (ACAN+) area calculated from Panel (E). Scale bar: 100 μm. Data are presented as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ns, no significant difference among the marked groups using nonparametric two-tailed analysis of variance. 
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high signal-to-noise ratio when detecting diseased chondrocytes in vitro 
(5.37) and in vivo (8.97) (Fig. 2C & Fig. S6). In addition, the Cy5 fluo-
rescence signal completely decayed at 72 h postinjection because the 
detached Cy5-containing EP fragments with a small size are easily 
cleared from the cartilage tissues (Fig. S6). This property allows periodic 
diagnosis without the last-dose interference. With this subtle design, 
ERMs@siM13 could diagnose the OA progression during treatment at 
cellular levels and in the murine PTOA model (Fig. 3A and B & Fig. 4E 
and F). 

siRNAs can inhibit MMP13 more specifically than small-molecule 
inhibitors. However, it is difficult for free siRNAs to enter diseased 
chondrocytes at sufficient concentrations due to multiple barriers, such 
as nuclease degradation and less effective cell uptake. The cationic lipid 
DOTAP-containing micelle had a high EE for siM13 (approximately 90 
%) via electrostatic adsorption when the N/P ratio was over 6:1 
(Table S1). In addition, encapsulation within the micelle effectively 
protected siM13 from nuclease degradation, as indicated by agarose gel 
electrophoresis analysis (Fig. 1I). 

Normal and diseased chondrocytes express αvβ3 integrins [27,28], 
mediating cRGD-modified nanovehicles’ internalization [29–31]. 
However, surrounding the MMP13-deficient healthy chondrocytes, the 
ERMs’ cRGD ligands were shielded by EP-derived PEG layer, showing 
significantly lower cellular uptake than cRGD-exposed RMs (Fig. 2E, 
bottom). In contrast, in the MMP13-overexpressed diseased chon-
drocytes, the PEG-containing EPs were detached from the micelle by 
MMP13 cleavage, leading to cRGD exposure. Therefore, ERMs showed a 
comparable uptake by diseased chondrocytes to cRGD-exposed RMs 
(Fig. 2D and E, top). Diseased chondrocyte-specific uptake of ERMs was 
further confirmed in the in vivo experiments, where ERMs selectively 

accumulated to MMP13-overexpressed area (i.e., diseased chon-
drocytes) (Fig. 4C). Moreover, this increased cell uptake markedly 
prolonged articular retention of ERMs, which had a 1.99-fold higher 
AUC than its MMP13-insensitive counterpart (nERMs) (Fig. 4A and B). 
In addition, ERMs@siM13 promoted the endosome escape of siM13 by 
destabilizing the endosome membrane with the cationic lipid (DOTAP) 
(Fig. 2F). 

By efficiently delivering siM13 to diseased chondrocytes, ERMs@-
siM13 substantially downregulated MMP13 expression and thus 
increased Col 2 turnover in the cartilage tissue of the PTOA mice 
(Fig. 6A–D). ACAN is primarily degraded by ADAMTS-5 [46–48]. Un-
expectedly, treatment with ERMs@siM13 simultaneously elevated 
ACAN turnover (Fig. 6E and F). This result occurred mainly because 
MMP13 downregulation made the substrate less accessible to its 
enzyme, as discussed above. In addition to increasing cartilage matrix 
turnover, ERMs@siM13 enhanced chondrocyte proliferation by down-
regulating MMP13, confirming its ability to promote cartilage regener-
ation (Fig. 3G). Therefore, ERMs@siM13 effectively retarded cartilage 
degeneration after 4 and 8 weeks of treatment, as indicated by the H&E 
and safranin O/fast green staining (Fig. 5A–C). Moreover, the lowest 
number of osteophytes formed in the ERMs@siM13-treated joints, 
indicating that it facilitated healthy bone morphology by delaying OA 
progression (Fig. 5D and E). In addition, ERMs@siM13 exerted negli-
gible synovium irritation after a single-dose injection while causing no 
detectable organ and blood toxicities after 8 weeks of treatment 
(Fig. 7A–B & Fig. S7). 

Currently, OA is diagnosed primarily through patient-reported 
symptoms and X-ray imaging [6]. Unfortunately, X-ray imaging fails 
to detect subtle alterations in early-stage disease [7]. In contrast, 

Fig. 7. Biosafety assessment of ERMs@siM13. (A) Representative hematoxylin-eosin (H&E) staining images of the knee joint synovium of healthy mice on the 5th 
day after intraarticular injection with the single-dose indicated formulations. Scale bar: 100 μm. (B) Representative H&E staining images of the major organs of the 
posttraumatic osteoarthritis (PTOA) mice after treatment with the indicated formulations every 5 days for 8 weeks. Scale bar: 200 μm. 
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fluorescence imaging may diagnose early-stage OA by detecting specific 
proteins and biological processes involved in OA progression. However, 
the fluorescent probe is delivered into the diseased cartilage area pri-
marily through an invasive approach, i.e., intraarticular injection. 
Therefore, frequent injections bring pain to patients. Herein, the inte-
grated diagnosis and treatment micelle ERMs@siM13 retained in the 
articular joints for over 10 days (Fig. 4A and B) and thus could be 
administered in a long interval, thereby facilitating improved patients’ 
compliance. 

5. Conclusion 

In the current study, an integrated diagnosis and treatment micelle, 
ERMs@siM13, was developed to diagnose and intervene early-stage 
PTOA by targeting the overexpressed MMP13 in the diseased cartilage 
tissues. In MMP13-deficient normal cartilage, ERMs@siM13 maintained 
a fluorescence-quenched status for low background noise and avoided 
nonspecific cell uptake due to the cRGD ligands shielded by PEG- 
containing EPs. In contrast, upon reaching the diseased chondrocytes, 
the overexpressed MMP13 could detach the PEG shell, restoring Cy5 
fluorescence for early-stage OA diagnosis and exposing cRGD ligands for 
increased cellular internalization and on-demand treatment (i.e., 
MMP13 downregulation). Accordingly, ERMs@siM13 effectively 
retarded the early-stage OA progression by restoring the balance of 
cartilage matrix metabolism. Moreover, ERMs@siM13 can provide a 
real-time report about the OA progression degree by promptly 
responding to different levels of MMP13, which reflects the PTOA 
severity. Finally, ERMs@siM13 realized effective diagnosis and timely 
intervention for the early-stage PTOA in the murine PTOA model 
without causing additional side effects, which warrants further explo-
ration in the clinical application in the future. 
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