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A B S T R A C T   

Osteoarthritis (OA) is the main cause of disability in the elderly. Effective intervention in the early and middle 
stage of osteoarthritis can greatly prevent or slow down the development of the disease, and reduce the prob-
ability of joint replacement. However, there is to date no effective intervention for early and middle-stage OA. 
OA microenvironment mainly destroys the balance of oxidative stress, extracellular matrix synthesis and 
degradation of chondrocytes under the joint action of biological and mechanical factors. Herein, hollow Prussian 
blue nanozymes (HPBzymes) were designed via a modified hydrothermal template-free method. The aim of this 
study was to investigate the effects of HPBzymes on chondrocytes and the progression of OA. The intrinsic 
bioactivities of HPBzymes were excavated in vitro and in vivo, remodeling microenvironment for significantly 
protecting chondrocytes and delaying the progression of traumatic OA by inhibiting reactive oxygen species 
(ROS) and Rac1/nuclear factor kappa-B (NF-κB) signaling in a rat model. HPBzyme significantly diminished 
interleukin (IL)-1β-stimulated inflammation, extracellular matrix degradation, and apoptosis of human chon-
drocytes. HPBzyme attenuated the expression of Rac1 and the ROS levels and prevented the release and nuclear 
translocation of NF-κB. Deeply digging the intrinsic bioactivities of nanozyme with single component to remodel 
microenvironment is an effective strategy for ROS-associated chronic diseases. This study reveals that excavating 
the bioactivities of nanomedicine deserves attention for diagnosis and treatment of severe diseases.   

1. Introduction 

Osteoarthritis (OA) is the main cause of disability in the elderly [1]. 
OA is becoming more common as the population ages and the preva-
lence of obesity increases [2]. In clinic, the treatment of early OA is 
typically based on non-pharmacological and pharmacological treat-
ments. Non-pharmacological strategy mainly include physical activity 
[3] and nutrition [4]. Non-steroidal anti-inflammatory agents or 
intra-articular injection of hyaluronic acid and corticosteroids [5]. 

Although these drugs alleviate pain and symptoms, they cannot delay 
disease progression [6], and have side effects, such as damage to the 
digestive and cardiovascular systems [7]. Artificial joint arthroplasty is 
effective for patients with end-stage OA [8]. However, because of the 
wear, cost, and invasiveness of artificial joints, they are mainly suitable 
for patients with severe symptoms of late OA [9]. Effective intervention 
in the early and middle stage of osteoarthritis can greatly prevent or 
slow down the development of the disease, and reduce the probability of 
joint replacement [10]. However, there is to date no effective 
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intervention for early and middle-stage OA [11]. 
Microenvironment is an important factor to maintain joint homeo-

stasis. OA is primarily characterized by the damage of cartilage, largely 
resulting from hostile microenvironment [12]. OA mircoenvironment 
mainly destroys the balance of oxidative stress, extracellular matrix 
(ECM) synthesis and degradation of chondrocytes and subchodral bone 
under the joint action of biological and mechanical factors. These pro-
cesses lead to degeneration and fibrosis of articular cartilage, sub-
chondral osteosclerosis, peripheral hyperosteogeny, joint space 
narrowing and synovitis [13,14]. Growing evidence reveals that OA 
microenvironment includes excessive inflammation [15,16], matrix 
metalloproteases (MMPs) overexpression [17], oxidative stress and the 
overproduction of reactive oxygen species (ROS) [12,18,19]. The most 
important aspect of OA is the degeneration of articular cartilage [20]. 
Articular cartilage is predominantly composed of ECM with chon-
drocytes. Chondrocytes secrete collagen, aggrecan, elastin, and other 
ECM components. The majority of cartilage ECM is composed of COL2 
and proteoglycan, and it protects the integrity of bone and maintains 
cartilage tension and compressive properties [21]. Chondrocyte 
apoptosis and ECM degradation are the most important characteristic 
pathological changes in OA [22,23]. ROS are free radicals and are 
involved in diverse biological processes [19]. Oxidative stress and ROS 
are closely related to the pathogenesis of OA, and result in MMPs pro-
duction, ECM degradation, joint inflammation and chondrocyte 
apoptosis [12,19,24]. ROS modulate cartilage metabolism, chondrocyte 
apoptosis, ECM synthesis and decomposition, and cytokine production 
[18]. The balance of ROS and antioxidants is linked to the occurrence, 
development, and progression of OA. Overproduced ROS is involved in 
various signaling pathways activated by injury or cytokines, amplifying 
inflammation and accelerating chondrocyte catabolism and apoptosis 
[25]. H2O2 and inflammation induce excess ROS production by chon-
drocytes [26]. Manganese ferrite and ceria nanoparticle-anchored 
mesoporous silica nanoparticles with methotrexate ameliorated rheu-
matoid arthritis, by scavenging ROS and inducing M2 macrophages 
Polarization [27]. However, its multiple components, complex prepa-
ration, and potential in vivo toxicity diminish the clinical potential. In 
the OA microenvironment, the levels of inflammatory mediators such as 
chemokines, adipokines and proinflammatory factors (IL-6 COX-2, and 
inducible nitric oxide synthase [iNOS]) are elevated [28]. Remodeling 
joint microenvironment may be a potential therapeutic strategy for OA 
[19]. 

Compared with conventional enzymes, nanozymes are a special kind 
of nano-materials with intrinsic enzyme-like activities, exhibiting their 
own unique advantages, such as multifunctionality and efficiency 
[29–32]. Xi et al. revealed that a nanozyme-based artificial peroxisome 
ameliorated hyperuricemia and ischemic stroke [33]. Liu et al. showed 
that an integrated cascade nanozyme with a formulation of 
Pt@PCN222–Mn was developed to eliminate excessive ROS to treat in-
flammatory bowel disease [34]. Prussian blue is an antidote approved 
by the United States Food and Drug Administration (FDA) for poisoning 
by radioactive Cs+ or non-radioactive Tl+ and shows good biocompati-
bility and biosafety [35,36]. Based on their intrinsic anti-inflammatory 
and anti-oxidative bioactivities, PBzymes have been investigated as 
therapeutics for lipopolysaccharide induced inflammation, inflamma-
tory bowel disease, and ischemic stroke [37–40]. The peroxidase, 
catalase, and superoxide dismutase (SOD) activities of PBzymes mediate 
their scavenging of •OH, •OOH, and H2O2 [39,41]. ROS scavenging 
property of PBzymes is mediated by electron transport. In addition, 
PBzymes can be applied for cancer theranostics, as biosensors, and for 
treating inflammatory diseases [36,40,42]. May PBzymes take full 
advantage of their intrinsic properties to remodel OA microenviron-
ment, providing guarantee for normal growth and recovery of bone and 
joint? It is also of great significance to reveal the bioactivities of PBzyme 
in the treatment of OA, providing an alternative efficient strategy to 
develop new OA drug. 

Herein, a nanozyme-mediated microenvironment remodeling 

strategy to protect chondrocytes and delay OA was proposed. The aim of 
this research was to reveal the effects of PBzymes on chondrocytes and 
the progression of OA. A modified hydrothermal templet-free method 
was selected to achieve hollow PBzymes (HPBzymes) with mesoporous 
structure and high specific surface area (Fig. 1a). HPBzymes with single 
component and the intrinsic bioactivities were selected to illustrate the 
proposed strategy of remodeling microenvironment for treatment of OA. 
Human chondrocytes and the traumatic-induced OA rat were adopted as 
in vitro and in vivo models, respectively. The bioactivities of HPBzyme 
were excavated in the treatment of OA detailedly both in vitro and in 
vivo. HPBzyme protected chondrocytes, mitigated the inflammatory 
response, prevented chondrocyte ECM degradation, and exhibited 
therapeutic efficacy in vivo (Fig. 1b). The underlying biological mecha-
nism was the inhibition of the Rac1/ROS/nuclear factor-kappaB (NF-κB) 
signaling pathway to remodel microenvironment of OA (Fig. 1b). This 
work provides a promising avenue for treatment of OA and even ROS- 
associated chronic diseases, that is deeply digging the intrinsic bio-
activities of nanozyme with single component to remodel 
microenvironment. 

2. Experimental section 

2.1. Characterization of HPBzyme 

The microstructure and physical characteristics of HPBzyme were 
visualized using a JEM-2100F TEM and scanning transmission electron 
microscope (STEM). The crystal properties were assessed by X-ray 
diffraction (Rigaku D/MAX-2200PX). The chemical bonds was charac-
terized by Fourier transform infrared spectroscopy. The size of HPBzyme 
was measured by Dynamic light scattering (Nano ZS90 Zetasizer, Mal-
vern). The absorption spectrum was recorded using Shimadzu UV-3600 
ultraviolet–visible spectrophotometer. 

2.2. Preparation of HPBzyme 

PVP (125 g), K3[Fe (CN)6] (12.375 g), and Bi (NO)3 (2.45 g) were 
mixed and dissolved in nitric acid (1 M, 1000 mL). The solution was 
clarified by magnetic stirring for 40 min, then placed in an oven at 80 ◦C 
for 20 h, and HPBzyme was isolated by centrifugation, separation, and 
washing for three times with acetone and deionized water. The isolated 
HPBzyme was achieved via a vacuum freezing drying process. 

2.3. Scavenging of •OH by HPBzyme 

To study the scavenging of •OH by PBzyme, electron spin resonance 
(ESR) was performed to evaluate the spectra of •OH with a TiO2/UV 
system. TiO2 generates •OH under 340 nm UV light. HPBzyme with 
various concentrations was added to TiO2 (0.1 mg/mL) and 50 mM 
BMPO. The ESR spectra were recorded under the following conditions: 
20 mW microwave power, 1 G field modulation, and 200 g scan width. 
Samples were irradiated with UV light at 340 nm for 5 min. 

2.4. Scavenging of •OOH by HPBzyme 

To examine •OOH scavenging by HPBzyme, 1 mM xanthine and 0.2 
U/mL xanthine oxidase were mixed for 1.5 min, and BMPO was spin- 
adducted with •OOH to form BMPO/•OOH adduct. HPBzyme with 
various concentration was added to the xanthine/xanthine oxidase (XO/ 
XOD) system and assayed using a Bruker EMX spectrometer. 

2.5. Scavenging of H2O2 by HPBzyme 

HPBzyme reduces H2O2 to water: 2H2O2→O2+2H2O. The activity of 
HPBzyme was assessed using a DZS-708 multi-parameter analyzer at 
room temperature. After automatic calibration with oxygen-free solu-
tion, 0.1 mL HPBzyme buffer (pH 7.4) was added to 1 mL 30% H2O2, and 
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oxygen generation was measured using an oxygen electrode. In addition, 
ESR spin-label oximetry was performed to evaluate the CAT-like mi-
metics of HPBzyme. 3-Carbamoyl-2,2,5,5-tetra-methyl-3-pyrroline-1- 
yloxyl (CTPO) is highly sensitive to changes in oxygen concentration 
(58, 59). The ESR spectrum of CTPO depends on the number of O2 
molecules interacting with spin markers [43]. The spectrum of CTPO 
shows a hyperfine structure because of the interaction between the 
unpaired electrons of oxygen and the nitrogen nucleus of CTPO. As the 
O2 concentration increases, physical collision between CTPO and O2 
reduces the peak intensity and broadens the spectral line width. The ESR 
detection parameters were microwave power, 1.0 mW; modulation 
amplitude, 0.04 G; and scan range 5 G [41]. The solutions used were 25 
mM H2O2 and 0.1 mM CTPO in PBS (pH 7.4). The sample solutions were 
deoxygenated with nitrogen for 10 min, and H2O2 was added. PBzyme 
solution was added, and after 2 min the oxygen produced was assayed. 
To explore the relationship between O2 generation and reaction time, 
25 mM H2O2, 0.1 mM CTPO, and HPBzyme were mixed for various time. 
The O2 concentration was determined by measuring the K parameter 
and calculated by the following equation: 104[O2] = 2.30–7.46K. 

2.6. Isolation and stimulation of chondrocytes 

This study was performed in accordance with the principles of the 
Basel Declaration and the recommendations of Zhejiang University; the 
Ethics Committee of Zhejiang University approved the protocol (No. 
2017042). Normal human chondrocytes were isolated from patients 
with femoral neck fractures who underwent hip arthroplasty in our 
Orthopedic Trauma Department (four patients, median age 66 years, 
range 63–71 years). None of the subjects had a history of inflammatory 
disease or arthritis. Following a prior study [44], cartilage was cut into 1 
mm3 pieces and immediately digested with 0.2% collagenase II with 

shaking at 37 ◦C for ~12 h with 2% oxygen. The chondrocytes were 
seeded in a 10 cm2 dish and cultured in low-glucose Dulbecco’s modified 
Eagle’s medium: F12 1:1 with 10% fetal bovine serum. Cells at passages 
1–3 were used. To confirm the chondrogenic phenotype, chondrocyte 
markers were assayed according to a previous study [45] (Fig. S5). 

Before stimulation, cells were pretreated with medium without fetal 
bovine serum for 1 day. Where indicated, the cells were incubated with 
10 ng/mL recombinant IL-1β (R&D Systems). 

2.7. Cell Counting Kit-8 assay 

To evaluate the impact of HPBzyme on cytotoxicity, chondrocytes 
were treated with HPBzyme and incubated with 10% Cell Counting Kit-8 
(CCK-8) solution (Dojindo, Kumanoto, Japan) for 3 h at 37 ◦C. The 
absorbance at 450 nm was measured using a microplate reader. 

2.8. Flow cytometry for detection of apoptosis 

Chondrocytes were incubated with 4 mM H2O2 and/or HPBzyme for 
1 day [46], dispersed, and collected. The cells were incubated with 10 μL 
PE-enhanced green fluorescent protein (KeyGEN BioTECH, China) and 
5 μL propidium iodide (KeyGEN BioTECH) for 20 min protected from 
light. Finally, the samples were analyzed by flow cytometry. 

2.9. Quantitative real-time polymerase chain reaction 

cDNA was prepared as described previously [47]. Using the Power 
SYBR® Green PCR Master Mix (TaKaRa Bio, Kutsatsu, Japan), mRNA 
levels were assayed using the ABI StepOnePlus™ System. The house-
keeping gene was GAPDH. The primers were designed and prepared by 
Sangon Biotech Inc. (Shanghai, China). The primers used were as 

Fig. 1. (a) The diagrammatic sketch of 
the synthesis of HPBzyme. (b) Sche-
matic diagram of the mechanism by 
which HPBzyme protects chondrocytes 
and delays arthritis. HPBzyme remodels 
the microenvironment of OA through 
attenuating proinflammatory cytokine/ 
mechanical injury-induced inflamma-
tion, reducing extracellular matrix 
catabolism, and preventing chondrocyte 
apoptosis via inhibiting the ROS and 
Rac1-NF-κB signaling. HPBzyme pro-
vides a good environment for the re-
covery of OA via remodeling the OA 
microenvironment, showing therapeutic 
potential for OA.   

W. Hou et al.                                                                                                                                                                                                                                    



Bioactive Materials 6 (2021) 2439–2451

2442

follows: GAPDH, Forward: GGAGCGAGATCCCTCCAAAAT; Reverse: 
GGCTGTTGTCATACTTCTCATGG; IL6, Forward: ACTCACCTCTTCA-
GAACGAATTG; Reverse: CCATCTTTGGAAGGTTCAGGTTG; iNOS, For-
ward: AGGGACAAGCCTACCCCTC; Reverse: CTCATCTCCCGTCAGTTGGT. 
The 2–△△ Ct method was used to calculate mRNA levels. 

2.10. Western blotting analyses 

Cells were disrupted in radioimmunoprecipitation assay buffer 
(Beyotime). Proteins were separated in an 8–12% gel. Next, proteins 
were transferred to polyvinylidene fluoride membranes (Millipore, 
Shanghai, China). The membranes were blocked with 5% non-fat milk 
and incubated at 4 ◦C with the primary antibodies for 12 h (Table 1). The 
corresponding secondary antibody was added, and the membranes were 
incubated for a further 2 h. An enhanced chemiluminescent detection 
reagent (Millipore, Shanghai, China) was applied to detect immunore-
active bands. A Bio-Rad XRS chemiluminescence detection system was 
used to measure band intensity. 

2.11. Assay of ROS levels in vitro 

ROS levels were assayed using a Reactive Oxygen Species Assay Kit 
(Beyotime). Briefly, cells were rinsed in medium without serum, and 
treated with 25 mM 2,’ 7′-dichlorofluorescein diacetate at 37 ◦C for 30 
min with shaking every 5 min. Finally, the cell suspension was assayed 
at 525 nm emission and 488 nm excitation wavelengths using a flow 
cytometer. 

2.12. Immunofluorescence staining analysis 

The protocols of Immunofluorescence staining analysis were in 
accordance with the previous studies [47–49]. In vitro, cells were 
cultured in a 12-well or 24-well plate. After treatment, cells were fixed 
and then blocked in 5% bovine serum albumin for 15–30 min. Next, they 
were incubated with a primary antibody at 4 ◦C overnight. On the 
following day, cells were washed with PBS and incubated with a 
fluorescence-conjugated secondary antibody for 2 h at romm tempera-
ture, and nuclei were stained with 4’,6-diamidino-2-phenylindole for 
additional 5 min. In vivo, 5-μmm thickness was cut and mounted onto 
slides. After deparaffinization, subsequent process was the same as 
above in vitro. The fluorescence intensities of five random visual fields in 
the whole articular cavity from each group were measured by photoshop 
software [50]. 

2.13. Luciferase reporter assay 

According to previous studies [51,52], a luciferase reporter construct 
(Nf-κb-Luc, Promega) was used to infected chondrocytes. The infected 
cells were treated with IL-1β (10 ng/mL) and/or HPBzyme for ~6 h. 

Luciferase activity was analyzed using a luciferase assay system 
(Promega). 

2.14. In vivo evaluation 

The experiments below were performed according to the guidelines 
of the Animal Care and Use Committee of Zhejiang Province and of the 
Institutional Animal Care and Use Committee of Zhejiang University. A 
total of 28 rats was randomly divided into four groups (seven rats per 
group) as follows: sham group (0.05 mL isosmotic saline solution once 
weekly for 4 weeks after surgery); OA group (medial meniscectomy, and 
0.05 mL isosmotic saline solution once weekly for 4 weeks after sur-
gery); low-dose HPBzyme group (medial meniscectomy and 0.05 mL 
HPBzyme (0.36 μg/mL) once weekly for 4 weeks after surgery); and 
high-dose HPBzyme group (medial meniscectomy and 0.05 mL 
HPBzyme (3.6 μg/mL) once weekly for 4 weeks after surgery). 

3-month-old male Sprague-Dawley rats (about 200 g were anes-
thetized with 0.3% sodium pentobarbital (Sigma-Aldrich) intraperito-
neally (30 mg/kg) [53]. The medial meniscus of the left knee was 
removed to develop an OA model. The surgery was performed by two 
senior orthopedic physicians (WZ and CY) using a medial para-patellar 
approach. The medial meniscus was resected using a sharp knife, and 
the wound was closed by suturing with 4–0 polyamide nylon. Rats in the 
sham group underwent the same capsulotomy and suturing without 
meniscectomy. After surgery, the rats received subcutaneous injections 
of 0.05 mg/kg buprenorphine for analgesia. 

The rats were euthanized in a CO2 chamber at 8 weeks after surgery. 
The knees were excised for histological analyses. 

2.15. Assay of ROS levels in vivo 

In accordance with a previous report [54], after treatment and 
euthanasia, 50 mg rat articular cartilage was collected into homogenate 
buffer. Next, the supernatant was incubated with ROS probe (BestBio, 
China) in darkness for 30 min. ROS were analyzed using a fluorescence 
microplate reader at a 488 nm excitation wavelength and 530 nm 
emission wavelength. 

2.16. Histological evaluation 

Samples were fixed with 4% paraformaldehyde for 48 h. Before 
embedding, the tissues were decalcified using 10% EDTA (Sigma) at 4 ◦C, 
twice per week for 8 weeks. Serial sections of 5 μm thickness were cut and 
mounted onto slides. Hematoxylin and eosin staining (H&E), and fast green 
and safranin O staining were carried out on consecutive tissue sections 
[55]. Breifly, for H&E, after deparaffinization, sections were rehydrated 
and then stained with hematoxylin for 30 s, rinsed in water for 120 s, eosin 
for 5 s, and gradient eluted with alcohol. For Safranin O and Fast green, 
sections after deparaffinization were also rehydrated and stained with Fast 
green for 5 min, rinsed for 5 min with saline solution, Safranin O for 3 min, 
rinsed for 5 min with saline solution again, and gradient eluted with 
alcohol. For histopathological evaluation of OA, the Mankin score was 
used. The Mankin score comprises structure (0–6 points), cellular abnor-
malities (0–3 points), matrix staining (0–4 points), and tidemark integrity 
(0–1 point) [56]. Cartilage degeneration was evaluated using the Osteo-
arthritis Research Society International (OARSI) scoring system [57]. Sy-
novitis score were also applied in accordance with previous studies [58,59]. 

2.17. Statistical analyses 

SPSS software was used for statistical analyses. Experiments were 
repeated at least three times, and continuous data are presented as 
means ± standard deviation (SD). The two-tailed Student’s t-test was 
used to analyze the statistical significance of differences between two 
groups. A value of P≤0.05 was considered indicative of statistical 
significance. 

Table 1 
Detail of primary antibodies for Western blot analysis.  

Name Manufacturers Product code Dilution 

MMP3 abcam ab52915 1:1000 
MMP9 proteinteck 10375-2-AP 1:1000 
BAX CST 2772T 1:1000 
BCL-2 proteinteck 12789-1-AP 1:1000 
COL2 abcam ab188570 1:1000 
Casepase 3 CST 9661T 1:1000 
Casepase 9 CST 9508T 1:1000 
COX-2 proteinteck 66351-1-Ig 1:1000 
MMP13 proteinteck 18165-1-AP 1:500 
iNOS proteinteck 18985-1-AP 1:1000 
Rac1 proteinteck 24072-1-AP 1:1000 
p-p65 CST 3033T 1:1000 
t-p65 CST 8242T 1:1000 
GAPDH proteinteck 60004-1-Ig 1:8000  
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3. Results and discussion 

3.1. Preparation and characterization of HPBzymes 

Compared with solid structure, mesoporous structure can provide a 
larger specific surface area and improve the contact area between 
catalyst and reactant, thus further improving the catalytic efficiency. 
HPBzymes with hollow mesoporous structure were constructed via a 
modified hydrothermal method (Fig. 1a). Bismuth source with PVP was 
added into potassium ferricyanide with PVP slowly at 30 ◦C, forming 
brownish red solution. The above solution was transferred to the oven at 
80 ◦C for 20 h, finally achieving HPBzyme solution. The possible 
forming mechanism of HPBzyme was described as follow. Firstly, Bi3+

ions reacted with [Fe(CN)6]3- to form Bi3+/[Fe(CN)6]3- Prussian blue 
analogue with unit group of Fe–CN–Bi at 30 ◦C. As temperature 
increased to 80 ◦C, [Fe(CN)6]3- ions were reduced into [Fe(CN)6]4- ions, 
and [Fe(CN)6]3- ions ionized Fe3+ ions. Subsequently, the ionized Fe3+

ions were reduced into Fe2+ ions. Bi3+/[Fe(CN)6]3- reacted with Fe2+ (or 
[Fe(CN)6]4- and [Fe(CN)6]3- reacted with Fe2+ and Fe3+, respectively) to 
form Prussian blue on the surface of Bi3+/[Fe(CN)6]3- Prussian blue 
analogue, finally achieving HPBzyme with hollow structure (Fig. 1a). 
Transmission electron microscopy (TEM) shows that HPBzyme has a 
distinct hollow structure and ~65 nm in size (Fig. 2a-c). The selected 

area electron diffraction pattern (Fig. 2d), and X-ray power diffraction 
pattern (Fig. 2f) indicate the good crystallinity and PB substrate. C, Fe, 
N, Bi, and K elements are uniformly distributed in the structure of 
HPBzyme (Fig. 2e). The UV–vis–NIR spectrum of HPBzyme demon-
strates the characteristic absorbance peak at 721 nm (Fig. 2g), being 
ascribed to the electron transfer in the group of Fe–CN–Fe. The hydro-
dynamic diameter distribution of HPBzyme is shown in Fig. 2h; the 
average hydrodynamic diameter is ~78 nm. The zeta-potential of 
HPBzymes is about 1.85 mV (Fig. 2i). Fourier transform infrared spec-
troscopy shows the characteristic peak of the chemical group Fe–CN–Fe 
at 2085 cm− 1 (Fig. 2j). The raman spectroscopy of HPBzyme displays a 
single raman peak (2150 cm− 1) in the raman silent region of biological 
samples, showing great potential in immunoassay, tumor cell imaging, 
and so on. The peaks of Fe element, peak of C1s-1 with binding energy of 
284.33 eV, and peak of N1s-1 with binding energy of 396.98 eV 
demonstrated the chemical group of Fe–CN–Fe in the structure of 
HPBzyme. Peaks of C1s-4, C1s-3, C1s-2 and N1s-2 indicated the present 
of PVP modifying HPBzyme (Fig. S1). The specific surface area of the 
prepared HPBzyme is 105 m2/g, much larger than that of solid Prussian 
blue nanoparticles (Fig. 2l). The mesoporous pore sizes of HPBzyme are 
2.1 and 5.0 nm (Fig. 2m). The hollow mesoporous structure of HPBzyme 
is benefit for the reaction between HPBzyme and substrates in OA 
microenvironment. 

Fig. 2. Characteristics and ROS scavenging of HPBzyme. (a-b) TEM image of HPBzyme. (c) STEM image of HPBzyme. (d) Selected area electron diffraction of 
HPBzyme. (e) Element mapping of HPBzyme. (f) X-ray power diffraction of HPBzyme. (g) Characteristic absorbance in the near-infrared region, (h) hydrodynamic 
diameter, and (i) zeta potential of HPBzyme in saline. (j) Fourier transform infrared spectroscopy, and (k) raman spectroscopy of HPBzyme. (l-m) the specific surface 
area and the pore width of HPBzyme. 
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3.2. Catalytic activities of HPBzyme 

Electron paramagnetic resonance was adopted to investigate the 
catalytic activity of HPBzyme. ⋅OH, ⋅OOH, and H2O2 were selected as 
ROS models. TiO2 (P25) can generate ⋅OH under ultraviolet light irra-
diation. 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) 
was used as a free radical spin trapping reagent. The four characteristic 
peaks of BMPO/⋅OH (1:2:2:1) were observed in the electron spin reso-
nance (ESR) spectra of a TiO2/UV system without HPBzyme (Fig. 3a-b). 
HPBzymes diminished the signal intensity of BMPO/⋅OH in a concen-
tration- and time-dependent manner (Fig. 3c-d), demonstrating the good 
⋅OH scavenging property of HPBzymes. The xanthine/xanthine oxidase 
(XO/XOD) system generating ⋅OOH was selected to explore the SOD-like 
activity of HPBzyme. The signal intensities of the four characteristic 
peaks of BMPO/⋅OOH (1:1:1:1) in the ESR spectra decreased with 
increasing of HPBzyme concentration and increasing reaction time 
(Fig. 3c-d), showing the good SOD-like activity of HPBzymes. The 
characteristic signal of O2 was tested in the H2O2 with HPBzymes via 
ESR (Fig. 3e-f), showing the catalase-like activity of HPBzyme. HPBzyme 
converted harmful ROS including ⋅OH, ⋅OOH, and H2O2 into harmless 
H2O and O2, reducing overproducted ROS levels to normal levels 
(Fig. 3g). The catalytic activity of HPBzyme on ⋅OH, ⋅OOH, and H2O2 
showed the potential in the remodeling OA microenvironment. 

3.3. HPBzyme attenuates IL-1β-induced inflammation in human 
chondrocytes 

IL-1β blocks the synthesis of ECM components by chondrocytes and 
interferes with the synthesis of key structural proteins, such as type-II 
collagen (COL2) and aggrecan [60]. When chondrocytes are stimulated 
by IL-1β, they age rapidly or undergo apoptosis [61]. IL-1β inhibits 
cartilage repair and accelerates cartilage degeneration through enzymes, 
thereby directly affecting chondrocytes [62]. Therefore, IL-1β has been 
used to induce OA microenvironment in vitro [63,64]. To facilitate 
translation into clinical practice, we used IL-1β to induce inflammation in 
human chondrocyte to evaluate the inhibitory effects of HPBzyme on OA 
inflammation. The effects of HPBzyme at various concentrations (ranging 
from 0 to 200 μg/mL) on human chondrocytes proliferation were evalu-
ated using a CCK-8 assay; no cytotoxicity effects were detected (0–72 
μg/mL) over 24 h (Fig. S2). In subsequent experiments, 0.36 and 36 
μg/mL HPBzyme were defined as low and high dose. IL-1β induces the 
secretion by chondrocytes of cytokines such as IL-6, iNOS and COX-2, 
leading to the aggravation of OA [65,66]. Therefore, we used polymer-
ase chain reaction (PCR) to assay IL-6, COX-2 and iNOS expression in 
chondrocytes culture supernatant to evaluate the anti-inflammatory ef-
fects of HPBzyme. HPBzyme was incubated with human chondrocytes for 
2 h, followed by IL-1β (10 ng/mL) for 24 h. In chondrocytes, IL-1β stim-
ulates the synthesis of IL-6 and other cytokines in an autocrine manner 

Fig. 3. (a-b) Scavenging by HPBzyme of •OH generated by a TiO2/UV system. (c-d) Scavenging by HPBzyme of •OOH. Effect of HPBzyme on the generation of O2 
from H2O2 as determined by ESR oximetry. (e-f) O2 generation from H2O2 degradation catalyzed by HPBzyme was measured in a closed chamber containing 0.1 mM 
CTPO, 25 mM H2O2, and HPBzyme in PBS (Ph 7.4). (g) Overproduction of •OH, •OOH, and H2O2 was reduced by HPBzyme. 
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[67]. IL-6 influences subchondral bone by enhancing osteoclast forma-
tion, leading to bone absorption, and shows a synergistic effect with IL-1β 
and TNF-α [63,67]. The IL-6 level in chondrocyte culture supernatant was 
significantly increased by IL-1β [66,68]. When human chondrocytes were 
exposed to HPBzyme (0.36 μg/mL and 36 μg/mL) before IL-1β stimula-
tion, the level of IL-6 in supernatant decreased four and six-fold, respec-
tively (Fig. S3). In addition, HPBzyme reduced the IL-6 mRNA levels in 
chondrocytes as determined by PCR (Fig. 4a). COX-2 is a proinflammatory 
cytokine that plays an important role in proteoglycan synthesis, matrix 
degradation, and chondrocyte survival [69]. iNOS stimulates NO syn-
thesis by chondrocytes. An increase in the NO level leads to chondrocyte 
injury by upregulating the activity of MMPs and preventing the biosyn-
thesis of aggrecan and COL2 [70,71]. HPBzyme pretreatment significantly 
downregulated the increased COX2 and iNOS mRNA levels induced by 
IL-1β (Fig. 4b-c). In addition, the iNOS and COX-2 protein levels were 
consistent with their mRNA levels (Fig. 4d-f). Immunofluorescence ana-
lyses showed that HPBzyme reduced the COX-2 protein level (Fig. 4g). 
HPBzyme reduced the inflammatory cytokines of OA microenvironment 
efficiently, even with low concentration of 0.36 μg/mL. 

3.4. HPBzyme inhibits ECM degradation and human chondrocyte apoptosis 
via remodeling IL-1β-induced microenvironment in human chondrocytes 

Chondrocyte apoptosis and ECM degradation are the most important 
characteristic pathological changes in OA [22]. MMP-3 degrades 

aggrecan, adhesin, collagens and fibrin in chondrocytes, and activates 
other MMPs. MMP-9 activates collagenase, destroys the collagen 
network structure, and degrades mainly denatured interstitial collagen 
and basement membrane collagen [72]. MMP-13 is a major structural 
component of cartilage and degrades COL2 [17]. COL2 and aggrecan are 
the main components of cartilage; their levels can be used as indicators 
of the degree of cartilage degeneration. Such degeneration suppresses 
ECM regeneration, leading to cartilage degradation. the mRNA level of 
MMP-3, and MMP-13 increases significantly and accelerates the degra-
dation of COL2 and aggrecan compared to the control group after IL-1β 
stimulation (Fig. 5a-d). However, HPBzyme significantly inhibited the 
increased expression of MMP-3 and -13 in human chondrocytes stimu-
lated by IL-1β, delaying the degradation of aggrecan and COL2, and thus 
slowing the development of OA (Fig. 5a-d). The results of Western 
blotting of chondrocyte proteins were consistent with those of qRT-PCR 
(Fig. 5e-g). Immunofluorescence analyses also showed that HPBzyme 
significantly downregulated IL-1β-induced MMP-9 release (Fig.s 5j). In 
addition, IL-1β stimulation resulted in marked loss of safranine O 
staining in human chondrocytes (Fig. 5k). However, HPBzyme signifi-
cantly reduced the IL-1β-induced loss of safranin O staining in human 
chondrocytes (Fig. 5k). Similarly, HPBzyme delayed IL-1β-mediated 
downregulation of the levels of GAGs in chondrocytes (Fig. S5). 
Apoptosis of chondrocytes is related to cartilage morphology, function, 
and OA. Caspase-3 and -9 promote chondrocyte apoptosis [13]. Nuclear 
factor-erythroid 2-related factor 2 prevents chondrocyte apoptosis by 

Fig. 4. HPBzyme attenuates IL-1β-induced inflammation in chondrocytes. 0.36 and 36 μg/mL HPBzyme were defined as low and high dose. Effects of HPBzyme 
on the (a) IL-6, (b) iNOS, and (c) COX-2 mRNA level in chondrocytes as determined by qRT-PCR. (d-f) Effects of HPBzyme on the COX-2 and iNOS protein levels as 
determined by Western blotting analyses after IL-1β stimulation. Protein levels were normalized to that of GAPDH. (g) Effect of HPBzyme on COX-2 in chondrocytes 
as determined by immunofluorescence; magnification, × 200, bar, 100 μm. Data are means ± standard deviation (SD), n = 3. *P < 0.05 vs. blank group (chon-
drocytes without HPBzyme and IL-1β), #P < 0.05 vs. IL-1β group (chondrocytes with only IL-1β stimulation). 
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suppressing the levels of caspase-3 and ROS [25]. IL-1β induced the 
expression of Caspase-3 and -9, indicating the apoptosis of human 
chondrocytes. However, the prepared HPBzyme significantly reduced 
the caspase-3 and -9 levels in human chondrocytes stimulated by IL-1β 
(Fig. 5e, and 5h-5i). Compared to the blank control group, the apoptosis 
rate of chondrocytes was increased significantly by H2O2 after 24 h 
(Fig. 6a-b). However, HPBzyme significantly reduced the H2O2-induced 
apoptosis of human chondrocytes (Fig. 6a-b). 

3.5. HPBzyme remodels IL-1β-induced microenvironment in human 
chondrocytes via attenuating ROS and Rac1-NF-κB signaling pathway 

The signaling pathways involved in the pathogenesis of OA are 
Hedgehog, Wnt, and SDF-1/CXCR4 [28,73,74]. Intracellular signaling 
pathways are independent and interrelated, forming a complex network. 

Oxidative stress and ROS are closely related to the pathogenesis of OA, 
and result in MMPs production, ECM degradation, joint inflammation 
and chondrocyte apoptosis [12,19,24]. Excessive ROS can cause DNA 
damage in OA cartilage [24]. Moreover, ROS and ras-related C3 botu-
linum toxin substrate 1 (Rac1)–NF–κB signaling plays a critical role in 
accelerating OA [75]. Next, we investigated the signaling pathway by 
which HPBzyme remodels OA microenvironment via influencing 
inflammation, ROS generation, ECM degradation, and apoptosis. ROS 
regulate cartilage metabolism, chondrocyte apoptosis, ECM synthesis 
and decomposition, and cytokine production [18]. The balance of ROS 
and antioxidants is related to the occurrence, development and progress 
of OA. Excessive ROS participate in various signal pathways activated by 
injury or cytokines, amplify inflammation and accelerate chondrocyte 
catabolism and apoptosis [25]. Hydrogen peroxide and inflammation 
induce excessive ROS production in chondrocytes [26]. HPBzyme 

Fig. 5. HPBzyme inhibits ECM 
degradation and apoptosis of chon-
drocytes. (a) MMP3 mRNA level as 
determined by qRT-PCR. (b) MMP13 
mRNA level as determined by qRT-PCR. 
(c) COL2 mRNA level as determined by 
qRT-PCR. (d) Aggrecan mRNA level as 
determined by qRT-PCR. (e-i) Effects of 
HPBzyme on the MMP-3 and -9, 
Caspase-3 and -9 protein levels after IL- 
1β induction as determined by Western 
blotting analyses. Protein levels were 
normalized to that of GAPDH. (j) 
Immunofluorescence staining of the ef-
fects of HPBzyme on the MMP-9 level 
after IL-1β stimulation. magnification, 
× 200, Bar, 100 μm. (k) Effect of 
HPBzyme on proteoglycans in chon-
drocytes after IL-1β stimulation as 
determined by safranin O staining, Bar, 
1 cm. Data are means ± SD, n = 3. *P <
0.05 vs. blank group (chondrocytes 
without HPBzyme and IL-1β), #P < 0.05 
vs. IL-1β group (chondrocytes with only 
IL-1β stimulation).   
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significantly reduced the levels of ROS in H2O2-induced human chon-
drocytes (Fig. 6c-d), amplifying inflammation and accelerating chon-
drocyte catabolism and apoptosis. NF-κB is an important target of ROS in 
the inflammatory response, catabolism, survival, and apoptosis. The 
Rac1and ROS activate NF-κB translation in chondrocytes [75,76]. As a 
second messenger, excess ROS upregulate NF-κB, aggravating the in-
flammatory response and increasing MMP levels and apoptosis [18]. The 
inactive NF-κB dimer binds to inhibitor of NF-κB (IκB) in the cytoplasm. 
However, in the active state, IκB protein in the cytoplasm is phosphor-
ylated and degraded after chemical or mechanical stimulation. Next, 
NF-κB dimer is released and translocated to the nucleus, inducing target 
gene transcription [77]. IL-1β significantly upregulated NF-κB, pro-
moted p65 nuclear translocation, and activated Rac1 (Fig. 6e-h). 
Furthermore, Western blotting analyses showed that IL-1β-induced 
increasing p-p65, and t-p65 protein levels could be inhibited by 
HPBzyme (Fig. 6f-h). HPBzyme remodels IL-1β-induced microenviron-
ment in human chondrocytes via attenuating ROS, Rac1and NF-κB 
signaling pathway. 

3.6. HPBzyme delayed the progression of OA in vivo 

To investigate the effects of HPBzyme on chondrocytes, a rat model 
of traumatic OA was established by medial meniscectomy. In the sham 

group, the articular cartilage surface was smooth and complete; there is 
no decrease in safranine O staining; the cartilage structure and tidal line 
were intact; the surface and middle layers comprised flat and round 
chondrocytes, respectively, and the deep and calcified layers contained 
proliferative chondrocytes with high proteoglycan content (Fig. 7a). In 
the OA group, decreased safranin O staining, joint space narrowing, 
cartilage damage, osteophyte formation, and subchondral bone sclerosis 
were observed (Fig. 7a). The surface cartilage became swollen and 
round; the number of chondrocytes decreased significantly; chon-
drocytes clustered; cells were arranged disorderly and irregularly; 
cracks were observed; there were multiple tidal lines and irregularities; 
and the proteoglycan content decreased (Fig. 7a). In the HPBzyme 
group, the number of chondrocytes and the aggrecan level increased 
(Fig. 7a). In addition, chondrocytes were arranged more regularly than 
those in the OA group (Fig. 7a). The effects of HPBzyme showed dose- 
dependent profile (Fig. 7a). Evaluation of Mankin’s score [56,78] 
showed that HPBzyme significantly decreased the severity of OA of the 
knee joint compared to the OA group, indicating that HPBzyme delayed 
the progression of OA (Fig. 7b). The OARSI score was decreased by 
HPBzyme compared to the OA group (Fig. 7c). Immunofluorescence 
analysis showed that compared to the OA group, the expression of iNOS 
and COX-2 in cartilage treated with HPBzyme was significantly down-
regulated the microenvironment of chondrocytes (Fig. 7d–g). We also 

Fig. 6. HPBzyme suppresses the Rac1-ROS-NFκB signaling pathway. ((a-b) Effect of HPBzyme on chondrocyte apoptosis after H2O2 treatment. (c–d) Effect of 
HPBzyme on ROS levels after IL-1β treatment as determined by flow cytometry. (e) Effect of HPBzyme on NF-κB signaling after IL-1β treatment as determined by 
luciferase reporter assay. (f) Effect of HPBzyme on the Rac1, p-p65, and t-p65 protein levels after IL-1β induction as determined by Western blotting analyses. Protein 
levels were normalized to that of GAPDH. Data are means ± SD, n = 3. *P < 0.05 vs. blank group (chondrocytes without HPBzyme and IL-1β), #P < 0.05 vs. IL-1β 
group (chondrocytes with only IL-1β stimulation). 
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evaluated markers of OA, including inflammatory factors, catabolic 
enzymes, ECM and chondrocyte apoptosis (Fig. 8). The effects of 
HPBzyme on the BAX, iNOS, Caspase 3, MMP13, COL2, Rac1, and 
p-p65/t-p65 protein levels were determined by Western blotting in vivo 
(Fig. 8). As shown in Fig. 8a-b, the represented inflammatory cytokine 
iNOS were investigated in vivo. HPBzyme with low concentration 
reduced the expression of iNOS (Fig. 8a-b), being consistent with the 
results in vitro. HPBzymes significantly reversed the increased BAX, and 
caspase-3, demonstrating the inhibiting effect of HPBzyme on cell 
apoptosis in the treatment of OA. The increased expression of COL2 were 

observed in the treatment with HPBzyme groups, indicating the inhi-
bition of ECM degradation in vivo. HPBzyme markedly decreased the 
ROS levels in vivo (Fig. 8i). Furthermore, Rac1, and p-p65/t-p65 protein 
levels associated with OA progression in rat articular cartilage were also 
tested (Fig. 8a, g, 8h). According to previous studies [58,59], H&E 
staining showed a decrease in lining cells and a lower density of resident 
cells in the synovium in the group treated with HPBzymes as compared 
to the OA group; The density of the synovial stroma was decreased in 
high dose HPBzymes group. The synovitis score of the synovium were 
significant downregulated after the treatment of HPBzymes (Fig. S5). 

Fig. 7. HPBzyme delays the progression of osteoarthritis in vivo. (a) Histologic analyses of osteoarthritis. HE, hematoxylin and eosin staining; FG, safranin O and 
fast green staining; magnification, × 40; Bar, 500 μm. (b) Mankin’s score of OA. (c) OARSI score of cartilage degeneration. (d-g) Effect of HPBzyme on the protein 
levels of COX-2 and iNOS in vivo by IF. Bar, 100 μm. Data are means ± SD, n = 3. *P < 0.05 vs. sham group (rat knee joint without HPBzyme and meniscectomy), #P 
< 0.05 vs. OA group (rat knee joint with only meniscectomy). 
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The above results indicated that HPBzyme remodels OA microenviron-
ment, and thus delay the progression of OA in vivo via attenuating ROS 
and Rac1-NF-κB signaling pathway. 

4. Conclusion 

In summary, HPBzymes remodeled the microenvironment of OA for 
attenuating inflammation, cartilage ECM degradation and cells apoptosis, 
increasing the expression of COL2 and aggrecan, to protect articular 
cartilage, and delay the development of OA via the ROS and Rac1-NF-κB 
signaling pathway. Nanozyme-mediated microenvironment remodeling is 
an effective strategy for the treatment of OA, and possibly also for other 
ROS/inflammation-related diseases. We used the FDA-approved compo-
nents of simple composition and that lack side effects within the effective 
dose range. Importantly, the intrinsic bioactivities of HPBzymes mediated 
their therapeutic effect. This study is a preliminary study provided a novel 
and effective option for the treatment of OA and suggest a consequet di-
rection for the translation of nanozyme-therapies to the clinic. No cytokine 
or signaling pathway fully explains the pathogenesis of OA. However, our 
findings provide insight into the pathogenesis, prevention, and treatment 
of OA, as well as ROS-mediated bone diseases, including osteoporosis, 
bone erosion, bone defect. The hollow structure, size and particle size of 
HPBzymes can be controlled. HPBzymes acting as a drug carrier, are easy 
to combine with other therapies and play a greater role in treatment. 
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