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Mimicking Antioxidases and Hyaluronan Synthase: A
Zwitterionic Nanozyme for Photothermal Therapy of

Osteoarthritis

Peng Yu, Yanyan Li, Hui Sun, Hongbo Zhang, Han Kang, Peng Wang, Qiangwei Xin,

Chunmei Ding, Jing Xie,* and Jianshu Li*

Restoring joint homeostasis is crucial for relieving osteoarthritis (OA). Current
strategies are limited to unilateral efforts in joint lubrication, inhibition of
inflammation, free radicals scavenging, and cartilage regeneration. Herein, by
modifying molybdenum disulfide (MoS,) with Mg?*-doped polydopamine and
coating with polysulfobetaines, a dual-bionic photothermal nanozyme
(MPMP) is constructed to mimic antioxidases/hyaluronan synthase for OA
therapy. Photothermally enhanced lubrication lowers the coefficient of friction
(0.028) in the early stage of OA treatment. The antioxidases-mimicking
properties of MPMP nanozyme contribute to eliminating reactive oxygen and
nitrogen species (ROS/RNS) (over 90% of scavenging ratio for
H,0,/-OH/O’,~/DPPH/ABTS") and supplying O,. With NIR irradiation, the
MPMP nanozyme triggers thermogenesis (upregulating HSP70 expression)
and Mg?* release, which promotes the chondrogenesis in inflammatory
conditions by deactivating NF-xB/IL-17 signaling pathways and enhancing
MAPK signaling pathway. Benefiting from HSP70 and Mg?*, MPMP-NIR
shows HAS-mimicking activity to increase the intracellular (twofold) and
extracellular (3.12-fold) HA production. Therefore, MPMP-NIR demonstrates
superior spatiotemporally therapeutic effect on OA in mice model, in terms of
osteophytes (83.41% of reduction), OARSI scores (88.57% of reduction), and
ACAN expression (2.70-fold of increment). Hence, insights into dual-bionic
nanozymes can be a promising strategy for OA therapy or other
inflammation-related diseases.

1. Introduction

Osteoarthritis (OA) is a chronic disease
characterized by cartilage degeneration.!
The growing inflammatory response,
overproduced reactive oxygen/nitrogen
species (ROS/RNS), and abnormal fric-
tion forces imperil the structures and
functions of joint cartilage.l?] Recently,
several new therapeutic strategies in-
cluding  viscosupplementation®/  and
intra-articular injection of lubricants!* and
active species,’! have been proposed for
OA treatment. They have improved the
outcomes of OA, however, OA cartilage is
still regarded as an incurable tissue and
has a tendency to relapse, and finally de-
velop into chondronecrosis. The difficulty
in self-generation of cartilage involves its
avascular/aneural features, which limit the
growth and proliferation of chondrocytes.[®]
Notably, the growth plates of children also
have relatively poor vessels; whereas they
provide a superior growth environment for
chondrocytes.”] In this area, heat shock
protein 70 (HSP70) is continuously ex-
pressed at relatively higher levels compared
to other tissues.!®] Whether stimulating the
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Scheme 1. Schematic diagram of the fabrication procedures and therapeutic mechanism for OA of MPMP nanozyme based on the joint lubrication,
antioxidases-mimicking abilities to scavenge reactive species and supply O,, and HAS-mimicking ability to polymerize HA.

expression of HSP70 can promote chondrogenesis and further
improve the therapeutic effect of OA has not yet been reported.
Photothermal therapy (PTT) is widely used for the treatment
of cancer,”) OA,' and some bone-related diseases.'!! How-
ever, PTT-induced HSP70 expression in OA therapy is still
rare. Among various photothermal biomaterials, 2D molybde-
num disulfide (MoS,) nanosheets can be regarded as popu-
lar candidates for OA therapy owing to three definite advan-
tages: the photothermal conversion property, specific lubrica-
tion, and enzymatic performance, such as superoxide dismu-
tase (SOD)-mimicking and catalase (CAT)-mimicking activities
to scavenge ROS.'2) To improve the photothermal conversion
efficiency (PCE), decoration with polydopamine (PDA) and its
analogs is often applied owing to their broad light absorption
(especially within the near-infrared region of 700-1300 nm),[*?!
along with excellent intrinsic antioxidation properties.['*
Nanozymes are nanomaterials provided with enzyme-like
properties, which are a kind of artificial enzymes.['>7] In re-
cent years, there are some nanozyme materials have been uti-
lized to treat arthritis.'>!¢] For example, MoS,-based, PDA-
based, MnO,-based, and CeO,-based have exhibited outstand-
ing capacities in inhibiting inflammation and scavenging ROS,
and some nanozymes could also exhibit photothermal conver-
sion ability.['®-2!] However, the therapeutic effect relies on the
inflammation-inhibition drugs or chondroinducive agents, and
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little is known the intrinsic capacity of nanozyme to stimulate
the self-generation of cartilage.

Hyaluronic acid (HA), which is important for joint home-
ostasis owing to its joint lubrication, viscosity supplement, and
anti-inflammatory properties,!??l is mainly biosynthesized by
hyaluronan synthase 2 (HAS 2).[23] Nevertheless, overexpressed
hyaluronidase and ROS in OA would degrade HA and inhibit
HAS expression, thereby causing dysfunction of both joint car-
tilage and synovial fluid.**l Although diverse strategies such as
HAS-based controlled delivery system and HA-mimicking bio-
materials have attracted much scientific attention, ] there is
also a gap in the development of artificial HAS to trigger endoge-
nous HA biosynthesis to alleviate OA.

In this study, we designed a MoS,-based nanozyme with step-
wise modification of Mg?*-doped polydopamine and zwitterionic
polysulfobetaine (MoS, @PDA-Mg@PSB, MPMP) (Scheme 1),
which was used for the photothermal therapy of OA. The dual-
bionic performances (mimicking antioxidases and HAS) were
enhanced by synergistic effect of the upregulation of HSP70 ex-
pression and on-demand release of Mg?* release, which were
attributed to the mild thermogenesis from photothermal effect;
thus, MPMP-NIR promoted the chondrogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) and enhanced
HA production by synovial mesenchymal stem cells (SMSCs)
in inflammatory microenvironments. The MIA animal model
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further indicated an excellent cartilage repair effect, demon-
strating that combining HAS-mimicking and antioxidases-
mimicking activities into a zwitterionic nanozyme system ex-
hibits good feasibility for the catalytic therapy of OA.

2. Results and Discussion

2.1. Synthesis and Characterizations of the
Dual-Enzyme-Mimicking MPMP Nanozyme

To fabricate an MPMP nanozyme that mimics antioxi-
dases/HAS, PSBMA-b-PNHSMA (PSN) was first synthesized
by RAFT polymerization (Scheme S1, Supporting Informa-
tion), which is a diblock copolymer containing zwitterionic
sulfobetaine moiety and an active ester moiety (NHS ester).
Concurrently, MoS, nanosheets modified with Mg?*-doped
polydopamine (MPM) were fabricated by a “one-pot” method.
Finally, PSN was grafted onto the MPM nanozyme by amidation
to prepare MPMP nanozymes (Figure 1a).

NHSMA was successfully synthesized prior to RAFT polymer-
ization. The peaks at 5.87 and 6.41 ppm refer to the carbon—
carbon double bond of methyl-acrylic moieties (Figure S1, Sup-
porting Information) according to 'H NMR. The chemical struc-
ture is further confirmed by the *C NMR (Figure S1b, Support-
ing Information). Moreover, the typical peaks at 998, 1632, and
3005 cm™! belong to the double bond (CH,=C(CH,)—), and the
peaks at 1982 and 2006 cm™! prove the existence of the NHS
ester (Figure S2, Supporting Information). The m/z value (183)
in MS spectra (Figure S3, Supporting Information) is close to
the theoretical value (183.05), which further confirms the suc-
cessful synthesis of NHSMA. Next, a zwitterionic sulfobetaine
homopolymer (PSBMA-macroCTA, PSB) was synthesized as a
macromolecular CTA-initiator to prepare PSN diblock copoly-
mers. As shown in Figure 1b, the disappearance of the double
bonds of SBMA and NHAMA confirms successful polymeriza-
tion, and the ratio of zwitterion/active ester is close to 10/1. This
diblock copolymer is hydrophilic in an ionic solution, and the
reactive NHS groups can react with amine (—NH,) from poly-
dopamine in the current study.

The ultrasonic method was applied to fabricate the MoS,
nanosheets. Then, a metal-oxygen coordination bond between
MoS,/Mg** and PDA was generated to prepare the MPM
nanozyme. Subsequently, zwitterionic PSN was conjugated to the
MPM nanozyme in a weakly basic solution (pH 8.5). In contrast
to the original lamellar structures of the MoS, nanosheets, the
decoration of Mg?*-doped PDA and grafting of zwitterionic poly-
mers exhibit obvious organic layers (Figures S4a and S5a, Sup-
porting Information, Figure 1c). According to the high-resolution
transmission electron microscopy (TEM) images, the decoration
of Mg?*-doped PDA and zwitterionic PSB does not affect the lat-
tice fringe, which corresponds to the (002) plane of MoS, (Figures
S4b and S5b, Supporting Information, Figure 1d). The main el-
ements of the MoS, nanosheets (Mo and S) are surrounded by
the major elements of PDA-Mg and PSB (C, N, O, Mg), and
a uniform distribution of Mg is also observed in MPM and
MPMP nanozymes (Figures S4c and S5¢, Supporting Informa-
tion, Figure 1e), indicating the embedding of MoS, in the organic
layers. The XRD pattern implies the main plane of (002) (20 =
14°), which is indexed to 2H-MoS,, and the MPM and MPMP

Adv. Mater. 2023, 2303299

2303299 (3 of 17)

www.advmat.de

nanozymes do not affect the crystal structure of the inner MoS,
(Figure 1f).

FT-IR, Raman, and XPS spectroscopies were used to char-
acterize the chemical structures of MoS,, MPM, and MPMP
nanozymes. Two distinct bands at 464 and 641-645 cm™! reveal
the successful fabrication of MoS, nanosheets and chemical sta-
bility in the modification processes (Figure S6, Supporting In-
formation). The additional characteristic bands at 1388 (or 1384)
cm™' and 1599 (or 1603) cm ™' refer to the stretching vibrations
from the phenol groups and aromatic rings from PDA. Accord-
ing to FT-IR spectra, the appearance of 1039 cm™!referring to
the stretching vibration from the sulfonate groups and disappear-
ance of 1800/1777 cm ™ referring to the cyclic amide group, verify
the successful conjugation of PSN to MPM nanozyme through
an amide reaction between the amine groups of PDA and active
ester groups of PSN (Figure 1g). XPS analysis shows that the Mo
element in MoS,, MPM, and MPMP nanozymes has two covalent
states: Mo®* (Mo®*3d, ;) and Mo** (Mo**3d;,, and Mo**3d; ;)
(Figure 1h; Figure S7, Supporting Information), which exhibits
as the redox couple enables their potential to scavenge free
radicals.?62?7] With the decoration of Mg?*-doped polydopamine,
there is obviously an increased ratio of [C]/[Mo] and the appear-
ance of Mg element (Figure S8 and Table S1, Supporting Infor-
mation). The increased ratio of [S]/[Mo] indicates the success
of the PSB conjugation. Although there is a loss of Mg?* dur-
ing the process of polymer conjugation, which is proved by the
reduced ratio of [Mg]/[Mo], it has no adverse effect on the per-
formance of the following dual-bionic nanozyme performances.
When Mg?* have been introduced in the process of fabrication of
PDA-based nanomaterials, several hydrogen bonds between phe-
nol groups in PDA (1340 cm™!) and MoS, @polydopamine (MP,
1338 cm™!) has been influenced, thus the blueshifted peaks at
1365 and 1364 cm™! have appeared in PDA-Mgand MPM groups,
respectively (Figure S9, Supporting Information), There are ob-
vious phenol-Mg?* bonds in the high XPS resolution spectra of
O1lsand Mgls of MPM and MPMP nanozymes (Figure S10, Sup-
porting Information), which further confirm the coordination be-
tween Mg?* and phenol groups. Furthermore, only MPM and
MPMP nanozymes show a peak at 280 nm, which is absent in
the PSN polymer and MoS, nanosheets, further demonstrating
the presence of PDA (Figure S11, Supporting Information). With
the decoration of the organic component, the MPM and MPMP
nanozymes exhibit larger hydrodynamic diameters (D,)) than the
MoS, nanosheets, and the MPMP nanozyme shows the largest
particle size owing to the hydration ability of the zwitterionic
polymer (Figure S12a—f, Supporting Information). The nanoscale
hydrodynamic diameters of three nanozymes are fundamental
for intra-articular injection. In saline, the D, of MoS, nanosheets
increases slightly at 2 and 7 days, whereas there are obvious dif-
ferences in D, and precipitation of MPM solution when incu-
bated at 37 °C for 2 and 7 days (Figure S12g, Supporting Infor-
mation). As for DMEM system, the D, of three nanozymes is
larger than that in saline, which could be attributed to the ad-
sorption of amino acids, vitamin, and glucose, and the changes
in the particle sizes of MoS, nanosheets and MPM nanozyme
are more obvious. Fortunately, MPMP nanozyme shows rel-
atively stable D, in both saline and DMEM, indicating that
modification of zwitterionic polymers could inhibit the aggre-
gation of the MPMP nanozyme, thus improving its stability in
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Figure 1. a) Scheme of MPMP nanozyme and the chemical structures of Mg?*/MoS,-incorporated PDA and zwitterionic PSN. b) "H NMR spectra of
SBMA, NHSMA, PSB, and PSN. c) Low- and d) high-resolution TEM images of MPMP nanozyme, e) High-angle annular dark-field scanning transmission
microscopy (HAADF-STEM) image and corresponding elemental mappings of the merged image (e1), Mo (e2), S (e3), C (e4), N (e5), O (e6), and Mg
(€7). f) XRD spectra of MPMP nanozyme. g) FT-IR spectra of PSN, MPM, and MPMP. h) XPS analysis of MPMP nanozyme. i) Zeta potential, j) TGA
curve, and k) element analysis (Mo and Mg) by inductively coupled plasma (ICP) of MoS,, MPM, and MPMP nanozyme. Data are shown as mean +

SD (n=3).

physiological conditions. Moreover, MPMP nanozyme has main-  eral minutes, which could better avoid the aggregation of
tained the original structures after a 7-day incubation in  nanozymes in the future applications. After decoration of Mg?*-
saline (Figure S13, Supporting Information). Therefore, MPMP  doped PDA, MPM shows higher negative charge (-28.16 mV)
nanozyme can be prepared as powder samples and then than MoS, (—18.17 mV), while the zeta potential of MPMP
dispersed in saline through ultrasonicatio methods for sev- nanozyme reduces to —18.83 mV (Figure 1i) because the
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neutralization of sulfobetaine polymers could weaken the neg-
ative charge of phenols from PDA. As the organic contents
increases, remaining mass at 600 °C decreases from 97%
(MoS,) to 78% (MPM) and 74% (MPMP) (Figure 1j). Simi-
larly, the Mo content of the composite nanozymes is lower
than that of MoS, (Figure 1k). There is 0.81 g/g of Mg**
in the MPM nanozyme, while it reduces 65% in MPMP
nanozyme, which is in accordance with the results of XPS. Over-
all, all the data indicate the successful fabrication of MPMP
nanozyme.

2.2. Photothermal Performance of the MPMP Nanozyme

Arising from the photothermal conversion capacity of MoS, (de-
noted as M nanozyme hereafter) and PDA, the MPMP nanozyme
can produce heat with the irradiation of an 808 nm laser. The
heating rate and final temperature improvement are positively
correlated to the irradiation power density from 0.2 to 2.0 W cm ™
(Figure 2a). Without modification of Mg?*-doped PDA, MoS,
nanosheets exhibit limited heating performance even at a con-
centration of 100 ug mL~" (Figure S14, Supporting Information).
Although the final temperature at 15 min increases gradually
with enhanced irradiation power density from 0.2 to 2.0 W cm 2,
relatively higher power density (at least 1.5 W cm™2) is required
to reach 40 °C. MPM and MPMP nanozymes have better pho-
tothermal effects with the introduction of Mg?**-doped PDA
(Figure S15, Supporting Information, Figure 2b,c), as PDA is
regarded as an ideal artificial melanin owing to its excellent
photothermal conversion efficiency.[?®! Higher irradiation power
densities (1.5 and 2.0 W cm~2) for MPM and MPMP nanozymes
have resulted in excessive temperature (>45 °C), which is not
suitable for OA therapy. In detail, thermal stimulation of 43 °C
would have an adverse effect on the viability and metabolism
of chondrocyte-like cell lines.[?”] Temperature over 45 °C would
lead to lower viability of chondrocytes, de-organization of growth-
plate, and over expression of TNF-a.*%! Even worse, thermal stim-
ulus at 48 °C could induce apoptosis of chondrocytes and inhi-
bition of biosynthesis of proteoglycan.[*!! Conjugation of zwit-
terionic polymer has merely affected the photothermal conver-
sion performance of MPMP nanozymes slightly; however, its fi-
nal temperature at ~#40 °C (1.0 W cm™ 100 pg mL™) is de-
sirable to promote tissue regeneration.l''*?] Based on the above
data, a 1.0 W cm™2 of power density and 100 ug mL~! of MPMP
nanozyme concentration were appropriate for the following in
vitro and in vivo studies.

According to five repeated “heating/cooling” cyclic mea-
surements, no decay in the temperature change is observed
(Figure 2d), suggesting good photothermal stability. Based on
previous studies,?3] the photothermal conversion efficiencies
(PCE) of M, MPM, and MPMP nanozymes are calculated as
12.35%, 43.07%, and 36.40%, respectively (Figure 2e). When
MoS, nanosheets are absent, the corresponding PDA (P), PDA-
Mg (PM), and PDA-Mg@PSBMA (PMP) nanoparticles exhibited
better photothermal behaviors and higher PCE (55.08% for P,
48.01% for PM and 47.50% for PMP) (Figure S16, Supporting
Information), indicating that polydopamine contributes more
to photothermal conversion than MoS, nanosheets. However,
the final temperatures of P, PM, and PMP nanozymes were
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over 50 °C, which is harmful to cell survival. Therefore, the
introduction of MoS, nanosheets benefits to the bimedical ap-
plications of MPMP nanozyme. Thermogenesis is a common
strategy for supplying energy to promote the molecular motion,
thereby promoting the release kinetics in numerous drug deliv-
ery systems.3*l Obviously, Mg?* is intelligently released from the
MPMP nanozyme in an on-demand manner (Figure 2f), demon-
strating that Mg?* release can be controlled through an 808 nm
laser. Moreover, intra-articulate (I.A.) injection of M, MPM, and
MPMP nanozymes followed by irradiation at 808 nm directly
was utilized to characterize the local heat production at the knee
joint (Figure 2g). Unlike the virtually unanimous joint temper-
ature after saline injection and M nanozyme, administration of
MPMP nanozyme could conduct nearly 10 °C of temperature in-
crement (Figure 2h), which is fundamental for the subsequent
PTT of OA. As for MPM nanozyme with the highest PCE, it
doesn’t trigger efficient heat generation in vivo. There are per-
haps two reasons for the unsatisfactory in vivo photothermal per-
formance of MPM nanozyme: i) some MPM nanozyme remains
within the syringe due to the universal adhesion property of poly-
dopamine, which reduced the final amount of MPM nanozyme
in OA joints; ii) MPM absorbs abundant carbohydrate polymers
and proteins, which lowers its light absorbance ability. The loca-
tion sites (absorption on the surface or penetration in the deep
zones of cartilage) of MPMP under NIR irradiation have been ex-
plored through an in vitro model (Figure S17a, Supporting In-
formation). There is no difference in the cross-section images
of the control group and MPMP group (Figure S17b,d, Support-
ing Information), whereas these are obvious MPMP nanozyme
aggregates absorbed on the cartilage surfaces of MPMP groups
(Figure S17e, Supporting Information), which differs from the
clear cartilage surface of control group (Figure S17c, Supporting
Information). In addition, the absorbed MPMP nanozyme would
contribute to a slight temperature increment under NIR irradia-
tion owing to its photothermal property (Figure S18, Supporting
Information). Consequently, the MPMP nanozyme display excel-
lent photothermal properties, making it a viable PTT biomaterial.

2.3. Photothermally Enhanced Lubrication Properties of MPMP
Nanozyme

In the healthy joint, there are stable boundary layers on the carti-
lage superficial layer, thereby providing excellent lubrication per-
formance to weaken the friction forces.'*] However, with the
pathological process of OA, most cartilage components, includ-
ing HA, Col II, and lubricin degrade gradually, thus impair-
ing the lubricity of cartilage.[! To evaluate the photothermal-
mediated lubrication property, the MPMP nanozyme was sub-
jected to a tribology test in a ball-to-plate model under NIR irra-
diation (Figure 2i). The MPMP nanozyme under the load force at
1 N exhibits a low dynamic coefficient of friction (COF, ~0.031)
(Figure 2j). With NIR irradiation, the dynamic COF (~0.028) sig-
nificantly decreases to 0.028 (p < 0.05), and a 30% reduction of
the static COF has appeared (p < 0.01). Besides, they are sta-
ble with the shrinkage of the loading force, indicating the lubri-
cation stability of the MPMP nanozyme under NIR irradiation.
Charged —N*(CH,),— and —SO,*" groups are known to absorb
water molecules via ion—dipole interactions to form a hydration
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Figure 2. Photothermal conversion, on-demand Mg?* release, and lubrication evaluation. a) Temperature-increment profiles of MPMP nanozyme under
NIR irradiation of 0.2, 0.5, 1.0, 1.5, and 2.0 W cm~2 over 15 min. b) Temperature change of MPMP nanozyme with different nanozyme content and
irradiation time. c) Visual photographs of final temperature of MPMP nanozyme (6.25-100 ug mL™") under NIR irradiation of 808 nm for 15 min.
d) Temperature-change curves of MPMP nanozyme with five repeated “heating/cooling” NIR irradiation. e) Photothermal conversion efficiency of M,
MPM, MPMP nanozymes. f) On-demand release profile of Mg?* from MPM and MPMP nanozymes with or without NIR irradiation. g) Thermogenesis
at joint site of MPMP with NIR irradiation and h) temperature change (0, 2, 4, 6, 8, and 10 min) of joint locally injected by saline, M, MPM, and MPMP
nanozyme. i) Schematic illustration of lubrication test under NIR irradiation and j) static/dynamic COF of MPMP nanozyme. The orange and blue

represent MPMP nanozyme with and without NIR irradiation. Data are shown as mean + SD (n = 3). *(p < 0.05) and **(p < 0.01) suggest significant

difference.

layer, which is crucial for hydration lubrication, however, it is in-
evitable that some side chains interact together through ionic in-
teractions and hydrogen bonds, thereby imposing restrictions on
hydration lubrication. Owing to the good photothermal effect, the
thermogenesis of the MPMP nanozyme can provide enough en-
ergy to zwitterions to overcome the energy barriers of ionic inter-
actions and hydrogen bonds; thus, more zwitterionic side chains
are free to absorb water molecules and form a hydration layer.
Overall, MPMP-NIR shows better lubrication performance than
MPMP nanozyme itself.
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2.4. Effect of Antioxidases-Mimicking MPMP Nanozyme on the
Free Radicals Scavenging

In contrast to normal biological environments, inflamed joints
are associated with overexpressed free radicals, such as ROS
and RNS, followed by an unexpected invasion of joint cartilage,
which induces cell damage and extracellular matrix (ECM)
digestion.[®] Antioxidases inside the body are natural defense
soldiers that eliminate ROS and RNS;3! thus, it is of scientific
significance to evaluate the antioxidases-mimicking activities
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Figure 3. Antioxidases-mimicking performance of MPMP nanozyme. a) Schematic diagram of SOD-mimicking and CAT-mimicking capacities of MPMP
nanozyme for ROS/RNS scavenging and O, supplement. b) O',~ scavenging, and c¢) H,0, scavenging (Ti(SO,), method) of M, MPM, and MPMP
nanozymes. d) The CAT-mimicking catalytic parameters of MPMP nanozyme in comparison with other nano-catalysts, which are listed in Supporting
Information in detail. ) The -OH scavenging (PTA method) of M, MPM, and MPMP nanozymes. f) RNS scavenging effect of M, MPM, and MPMP
nanozymes: DPPH and ABTS™. g) Intracellular of -OH and NO scavenging ability of MPMP nanozyme and h) corresponding quantitative analysis of
fluorescence intensity. i) Scheme of inflammation induction and ROS/RNS scavenging of MPMP nanozyme. Data are shown as mean + SD (n = 3).
* (p < 0.05), and *** (p < 0.001) indicates a significant difference in comparison to the M group; * (p < 0.05) indicates statistical difference between

MPM and MPMP groups and n.s. (p > 0.05) suggests that there is no statistical difference.

of MPMP nanozyme. Similar to MoS2-based, PDA-based and
lipid-like materials,®®! the antioxidases-mimicking perfor-
mances of MPMP nanozyme, especially SOD-mimicking and
CAT-mimicking activities, would finally scavenge ROS/RNS and
supply O, (Figure 3a).

The SOD-mimicking activity of three nanozymes was evalu-
ated based on their O',~ scavenging performance. The O',~ scav-
enging capacity of MPMP (78%) is higher than that of the M
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(67%) and MPM (76%) nanozymes (Figure 3b). On the other
hand, OA joints exhibit an acidic microenvironment; thus, the
SOD-mimicking activities in acidic conditions have been evalu-
ated by FRAP. The results suggest that only MPMP nanozyme
shows statistically higher antioxidant activity than MoS, (p <
0.05) (Figure S19, Supporting Information). These results reveal
that decoration of the MoS, nanosheets with melanin-like Mg?*-
doped PDA contributes to higher SOD-mimicking activities to
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scavenge ROS and introduction of zwitterionic polymers with
lipid-like structures enhance antioxidation properties.

The CAT-mimicking activities are represented by H,0O, scav-
enging and O, generation properties. The scavenging of H,0,,
which is regarded as one of the most stable ROS in OA joints,
was evaluated through Ti(SO,), with an absorbance at 405 nm.
As shown in Figure 3¢, MPM and MPMP nanozymes present
better H,O, scavenging ability than MoS, nanosheets, and the
H,0, scavenging ratio of MPMP nanozyme is calculated to be
92.87% (Figure S20, Supporting Information), which is 1.46-fold
and 1.86-fold that of MPM and M nanozymes, respectively. As
expected, all nanozymes demonstrated CAT-mimicking catalytic
effect, producing more O, than the natural decomposition of
H,0,, and more O, bubbles are observed in the MPMP group
(Figure S21, Supporting Information).

Naturally, SOD and CAT have conducted cascade antioxida-
tive reactions: O',~ is catalyzed to H,O,, and then the accu-
mulated H,0, is converted to H,O and O,. In terms of M,
MPM, and MPMP nanozymes, their SOD-mimicking and CAT-
mimicking catalytic kinetics were studied to calculate Michaelis—
Menten constant (K,) and the maximum initial velocity (V,,,,)
using Lineweaver—Burk plots (Figures S22-S24, Supporting In-
formation). As for the SOD-mimicking cytalytic process, there is
no difference in the V,, of M, MPM, and MPMP nanozymes
(Table S2, Sopporting Information). However, the K, of MPMP
nanozyme (314.75 pm) is lower than M nanozyme (327.35 um),
and MPMP nanozyme exhibits a 47.33% of reduction in K,
These data imply that decoration with Mg?*-doped polydopamine
enhances the SOD-mimicking activity of nanozymes, and decora-
tion of polysulfobetaine plays a vital role in improving the affini-
tiy of nanozyme to O’,~, thus, MPMP shows the highest SOD-
mimicking catalytic activity for O',~ scavenging. As for the H, O,
scavenging kinetics, the K, of both M and MPM nanozymes are
lower than those of the MPMP nanozyme (10.61 mwm), indicat-
ing the highest affinity of MPMP toward H,O,. Moreover, most
previous nano-catalysts could merely realize the high catalytic
rate (V,,,,) or superior affinity to H,0, (1/K,,) (Table S3, Sup-
porting Information), whereas MPMP nanozyme exhibit higher
V.. and 1/K  at the same time (Figure 3d). Compared with M
(2.13 mg L' s7') and MPM (2.26 mg L' s7') nanozymes, the
MPMP nanozyme exhibits the highest catalytic kinetic parame-
ters (2.65 mg L7! s71) in O, generation, and MPMP nanozyme
demonstrated the lowest K, indicating that MPMP has opti-
mal CAT-mimicking activity to produce O, among these three
nanozymes. Overall, MPMP exhibits the best SOD-mimicking
and CAT-mimicking catalytic kinetics for the cascade ROS scav-
enging process.

-OH scavenging is also a common indicator to evaluate the an-
tioxidation property of nanozymes. Gradual decreases in peak in-
tensities are observed for the M-, MPM-, and MPMP-treated so-
lutions (Figure 3e). Furthermore, the -OH scavenging activity of
three nanozymes shows concentration-dependent performance
(Figure S25, Supporting Information), and the MPMP nanozyme
ata concentration of 100 pg mL~! exhibits a 93% of -OH scaveng-
ing ratio, which is higher than that of M (53%) and MPM (82%).
After the scavenging treatment, the residual -OH are trapped
by DMPO. As shown in Figure S26 (Supporting Information),
DMPO--OH (intensity ratio of 1:2:2:1) is obvious in the control
group, whereas a sharp reduction in intensity appears in the M
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group, and there is almost no significant peak intensity in the
MPM and MPMP groups owing to their relatively high scaveng-
ing ability.

DPPH is regarded as a typical molecule for evaluating the
capacity of biomaterials in scavenging nitrogen free radicals
(Figure S27a, Supporting Information). The violet DPPH solu-
tion fades after the treatment with MPMP nanozymes for 0.5 h
(Figure S27b, Supporting Information), and the absorbance at
517 nm becomes weaker (Figure S27c, Supporting Information).
Figure 3f shows that the DPPH scavenging ability of MPMP
nanozymes could reach up to 93%, which is 1.38-fold that of
MoS, nanosheets. Moreover, blue-green ABTS™, which is ox-
idized by ABTS, was also applied to investigate the effect of
MPMP on RNS scavenging owing to its characteristic absorbance
at 734 nm (Figure S28, Supporting Information). The nitrogen
radical from ABTS* could be eliminated by both MoS, and poly-
dopamine; thus, the blue—green color is decolorized, and the ab-
sorbance at 734 nm decreases sharply. Statistically, the scaveng-
ing ability of MPMP nanozymes toward ABTS™ is equal to that
of MPM nanozymes (p > 0.05), but 1.52-fold higher than that of
MoS, nanosheets (p < 0.001) (Figure 3f).

The PTIO assay was also performed to assess the ability of
MPMP to scavenge -N—O free radicals (Figure S29a, Supporting
Information). The weaker absorbance at 557 nm indicates that
PTIO radicals have been eliminated by the MPMP nanozyme due
to its excellent antioxidation capacity (Figure S29b, Supporting
Information), which is attributed to the synergistic functions of
MoS, and PDA. Statistically, the significantly lower PTIO scav-
enging ability of MoS, nanosheets than that of MPM (p < 0.05)
and MPMP (p < 0.01) (Figure S29c, Supporting Information) fur-
ther implies that modification of Mg-doped PDA contributes to
improving the antioxidases-mimicking activities of MoS,-based
artificial nanozymes.

The Mo®*/Mo*+ redox couple could switch between each state
in response to the reactive species,'?°! which is conducive to the
antioxidases-mimicking properties. For example, the decomposi-
tion of H,0, into O, in the alkaline conditions could be acceler-
ated in the presence of MoS, nanosheets, and the reduced Mo**
could be oxidized to Mo®* by H,0, (Figure S30a, Supporting In-
formation). Similar to the CAT-mimicking performances, the cy-
cle process between Mo** and Mo®* through electron transfer is
vital for the SOD-mimicking performance (Figure S30b, Support-
ing Information). Moreover, both hydrogen atom donation and
electron transfer—proton transfer promoted the transformation
from catechol to o-quinone, thereby scavenging the ROS/RNS
(Figure S30c,d, Supporting Information). Moreover, the quinone
could obtain protons, which come from primary amine groups
of polydopamine and proteins, and then transfers to the orig-
inal state of catechol. On the other hand, the residual catechol
groups after the release of Mg?* could be chelated with cellular
metal ions, thereby inhibiting the enzymatic activities and gen-
eration of ROS/RNS. Finally, the polysulfobetaine could serve
as the sacrificial agent owing to the relative reactive methylene
groups (Figure S30e, Supporting Information). Therefore, the
decoration of polysulfobetaine could enhance the antioxidases-
mimicking performance.

Based on the above antioxidases-mimicking properties of
MPMP nanozyme, we systematically evaluated its biological po-
tential as a ROS/RNS scavenger in RAW264.7 cells. Compared
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to the control group, there is more ROS/RNS production in-
side macrophages after LPS induction, including -OH, O',~
and NO (Figure 3g; Figure S31, Supporting Information), and
then, the overexpressed reactive species are scavenged by MPMP
nanozyme owing to its antioxidases-mimicking activities. Ac-
cording to the quantitative analysis, the cellular expression of
-OH and NO treated with MPMP nanozyme is significantly lower
than that of LPS group (p < 0.05) (Figure 3h). Overall, the inflam-
matory response of the macrophages is activated by LPS induc-
tion, and the cells produce overexpressed ROS/RNS. These reac-
tive species are completely scavenged by MPMP nanozyme due
to its excellent antioxidases-mimicking activities (Figure 3i).

In OA joints, three typical normal cells, including BM-
SCs, SMSCs, and chondrocytes, are affected by inflammatory
cells. To mimic the OA environment, we designed a co-culture
system to evaluate whether the MPMP nanozyme can medi-
ate the fate of normal cells under inflammatory conditions
(Figure S32a, Supporting Information), which is inspired by a
previous study.l®! As shown in Figure S32b-d (Supporting Infor-
mation), LPS-activated RAW264.7 cells have secreted some cy-
totoxic cytokines and ROS/RNS that cause cell death, demon-
strating significantly reduced cell viability (21.78% for BMSCs,
63.14% for SMSCs, and 67.42% for chondrocytes). After adding
MPMP nanozyme to the co-culture system, the cell viability in-
creases significantly. With NIR irradiation, cell viability is fur-
ther improved (79.24% for BMSCs, 97.97% for SMSCs, and
95.44% for chondrocytes). Multiple functions have contributed
to these results synergistically. i) NIR-triggered heat genera-
tion promotes the self-decomposition of H,0, and enhances
the enzymatic activities; ii) the antioxidases-mimicking activities
of MPMP nanozyme eliminate various ROS/RNS produced by
macrophages; and iii) efficient O, supplementation improves the
hypoxic microenvironment induced by an overactive inflamma-
tory response, thereby enhancing the function of mitochondria
to maintain normal biological activities.

2.5. Biocompatibility of MPMP Nanozyme

Biomaterial biocompatibility is one of the most important stan-
dards prior to in vivo or clinical applications. In addition to
the osteogenic differentiation, numerous previous studies have
confirmed that BMSCs have the potential to differentiate into
chondrocytes, which are the only tissue cells to secrete ECM to
maintain cartilage homeostasis.[**8] SMSCs have the capacity
in producing HA that regulates the viscosity of synovial fluid
and the lubrication performance of cartilage.[?*3°] Therefore,
BMSC and SMSC were selected to evaluate the biocompatibil-
ity of MPMP nanozyme. CCK-8 assays demonstrate that both
BMSCs and SMSCs proliferate well from 24 to 72 h when incu-
bated with MPMP nanozyme (Figures S33a and S34a, Support-
ing Information), which is closed to the control group. Addition-
ally, live/dead staining images show that most of the cells live
and grows well (Figures S33b and S34b, Supporting Informa-
tion). Although there are scattered dead BMSCs at 72 h, which
appear mainly due to contact inhibition of excess cells in the
limited areas, it can be ignored compared to the abundance of
live cells. Cell morphology images exhibit well-spread F-actin
and clear cell pseudopodia (Figures S33c and S34c, Supporting
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Information), which constitute the motion skeleton to promote
cell movement and growth. Different from the normal BMSCs
with obvious F-actin and nuclei, obvious green fluorescent sig-
nals have been appeared inside the BMSCs when incubated with
FITC-labeled MPMP nanozyme, indicating that the prepared
MPMP nanozyme could be uptaken by the cells (Figure S35, Sup-
porting Information). LDH release assay is selected to investi-
gate the integrity of cell membranes to distinguish normal cells
from apoptotic/dead cells. As shown in Figure S36 (Supporting
Information), both BMSCs and SMSCs incubated with MPMP
nanozyme shows no difference in LDH release, indicating that
the MPMP nanozyme does not induce acute cell apoptosis or cell
death. Moreover, mild temperatures from the photothermal ef-
fect of MPMP nanozyme could also decrease LDH release, ex-
hibiting the synergistic protective performances of antioxidases-
mimicking activities and thermal effect. LPS-activated inflamma-
tion models were also evaluated for realistic OA microenviron-
ments. Unlike the positive group, which exhibits obvious apop-
totic BMSCs and SMSCs, almost no apoptosis-positive cells are
observed in the MPMP and MPMP-NIR groups (Figure S37,
Supporting Information). These results reveal that the MPMP
nanozyme with or without NIR irradiation is biocompatible in
normal/inflammatory conditions.

2.6. Biological Mechanism Inflammation Suppression and
Chondrogenic Differentiation

We systematically elucidated the effect of MPMP nanozyme on
BMSCs. RNA sequencing analysis (RNA-seq) was performed to
investigate the difference in gene expression between the control
and MPMP-NIR groups. Before RNA-seq analysis, we performed
LPS induction for 24 h and MPMP-NIR treatment (10 min per
day) for 7 days (Figure 4a). According to the results analyzed by
the Novomagic platform, a total of 2005 differentially expressed
genes (DEGs) (|log,FoldChange| > 1; p,4 < 0.05) are identified
after MPMP-NIR treatment (1203 for upregulated DEGs and 802
for down-regulated DEGs, respectively), with HSP 70, Col2al and
IL-6 genes as representatives (Figure 4b). Furthermore, GO bio-
logical process enrichment analysis of DEGs was used to explore
the associated functions of these genes. As shown in Figure 4c,
there are obvious heat response performances (“heat gener-
ation”), antioxidation/anti-inflammation (“cellular response to
ROS”, “response to decreased oxygen level”, and “oxidoreduc-
tase activity”), and chondrogenesis (“glycosaminoglycan binding”
and “chondrocyte development” and “chondrocyte differentia-
tion”), indicating that MPMP-NIR mediated thermal effect con-
tributes to inhibition of inflammatory response and chondro-
genic differentiation. Also, GO enrichment analysis of down-
regulated DEGs shows that MPMP-NIR treatment can modu-
late inflammation response (“RNS metabolic process”, “regula-
tion of ROS metabolic process” and “regulation of inflammatory
response”), which further convinces the antioxidases-mimicking
performance of MPMP nanozyme involving in heat response per-
formance (“response to temperature stimulus”) (Figure S38, Sup-
porting Information). Ulteriorly, KEGG enrichment analysis also
confirms these results. The upregulated genes in KEGG enrich-
ment analysis reveal that MPMP-NIR treatment involves in “Gly-
cosaminoglycan biosynthesis”, “IL-17 signaling pathway” and
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Figure 4. RNA sequencing analysis of BMSCs with LPS induction and MPMP-NIR treatment. a) Schemes of experimental design. b) Volcano plot of
differentially expressed genes (DEGs) (|log,FoldChange| > 1, padj < 0.05). ¢) GO and d) KEGG enrichment analysis of upregulated DEGs. e) Cluster
heatmap of DEGs of interest which involve in heat generation, inflammation inhibition, and chondrogenic differentiation. The full description of these
DEGs is listed in Table S4 (Supporting Information). f) Relative mRNA expression (HSP70, IL-6, TNF-a, MMP-13, ACAN and COL2A1). Data are shown
as mean + SD (n = 3). *(p < 0.05) and **(p < 0.07) indicate significantly difference in comparison with control group. *(p < 0.05), **(p < 0.07) and
#%%(p < 0.001) implies statistical significance of the comparisons between other groups. n.s. (p > 0.05) suggests no significant difference. The full
description “oxidoreductase activity” in (c) is “oxidoreductase activity, acting on the CH—NH, group of donors, oxygen as acceptor”. The full descrip-
tions of “Glycosaminoglycan biosynthesis” and “AGE-RAGE signaling pathway” in (d) is “Glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan
sulfate” and “AGE-RAGE signaling pathway in diabetic complications”.
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“MAPK signaling pathway” (Figure 4d). Meanwhile, KEGG en-
richment analysis of the down-regulated DEGs are related to “NF-
kappa B signaling pathway”, “IL-17 signaling pathway”, “Toll-like
receptor signaling pathway”, and “NOD-like receptor signaling
pathway” (Figure S39, Supporting Information).l*"! Furthermore,
a heatmap of the selected genes of interest demonstrates that
MPMP nanozyme with NIR irradiation could promote the ex-
pression of thermal effect-related genes (such as Hapln1, Hspa4l,
Hspab7, and Hspalb) and chondrogenic differentiation-related
genes (Col2al, Cthrcl, Sox9, Cspg4, Has2, and Acan), and in-
hibit the expression of inflammation-related genes (IL1b, IL6,
MMP13, MMP9, and Adamts5) (Figure 4¢). The above results im-
ply that the MPMP nanozyme with NIR irradiation could upregu-
late the photothermally mediated chondrogenesis and downreg-
ulated the inflammatory response, which is realized by the mild
heat generation from the photothermal effect.

2.7. Chondro-Inducive and HAS-Mimicking Effect of MPMP
Nanozyme under NIR Irradiation

According to RNA-seq analysis, MPMP nanozyme with NIR ir-
radiation perhaps restores joint homeostasis by regulating heat
shocking, catabolism, and anabolism. As for the heat shock re-
action, the expression of HSP70 of LPS group is inhibited sig-
nificantly (p < 0.05) compared with that of the control group,
whereas the HSP70 level in MPMP group is equal to the con-
trol (Figure 4f). These data reveal that inflammatory response is
the principal factor for inhibiting heat shock reaction, however,
this side effects could be offset by the antioxidases-mimicking
properties of MPMP nanozyme. Surprisingly, The MPMP-NIR
group shows the highest HSP70 mRNA level (p < 0.05 for con-
trol, p < 0.001 for LPS, and p < 0.01 for MPMP, respectively), in-
dicating that photothermal effect of MPMP nanozyme could ac-
tivate the heat shocking effectively for self-defensive mechanism
of cells. Due to the activated inflammatory response, the IL-6,
TNF-a, and MMP 13 levels are 4.35-fold, 3.69-fold, and 11.25-
fold to the control group, respectively. Whether applying NIR
irradiation or not, MPMP nanozyme could inhibit the expres-
sion of inflammation-related and degradation-related genes, and
the MPMP-NIR shows the lowest gene levels, indicating that the
catabolism is mainly suppressed by the antioxidases-mimicking
activities of MPMP nanozymes and the photothermal-mediated
heat shocking has the enhanced effect on anti-inflammation. In
terms of the anabolism, due to the inhibitory effect of inflam-
matory response on biosynthesis of glycosaminoglycan and Col
I1, LPS group shows reduced ACAN and COL2A1 levels in com-
parison to the control group. The ACAN level in MPMP is sig-
nificantly lower than that of the control group (p < 0.05) and
the COL2A1 level in MPMP group is just equal to that in the
control group, suggesting that the intrinsic antioxidation effect
of MPMP nanozyme itself could only inhibit the inflammatory
response and have a limited effect on promoting chondrogenic
ability. Surprisingly, MPMP-NIR shows the highest expression
of ACAN and COL2A1. These results suggest that upregulation
of HSP70 by mild photothermal performance could promote
chondrogenic genes and inhibit the expression of inflammatory
genes, which is also in accordance with antioxidases-mimicking
activity of MPMP nanozyme mentioned above.
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Protein secretion is also regarded as a direct method for ex-
ploring the chondrogenic differentiation of BMSCs. As shown
in Figure S40 (Supporting Information), HSP-70 protein level is
reduced by LPS induction, reversed by antioxidases-mimicking
activity of the MPMP nanozyme and further enhanced by mild
photothermal effect. Compared with the LPS group, there is a
higher expression of aggrecan (p < 0.01) and Col II (p < 0.001,)
in the MPMP-NIR group (Figure S41, Supporting Information).
Similar to the aforementioned results, inflammation-related pro-
teins (IL-6, PGE-2, and TNF-q) are overexpressed in the LPS
group and gradually decreased in the MPMP and MPMP-NIR
groups (Figure S42, Supporting Information). Immunofluores-
cent staining images in Figure 5a,b exhibits that the decreased
expression of aggrecan and Col II in the LPS group could reach
to equal levels to the control group when incubated with MPMP
nanozyme. Surprisingly, MPMP-NIR not only retards the adverse
effect of the inflammatory response, but also further accelerates
the chondrogenic differentiation of BMSCs, which is demon-
strated by the high fluorescence intensity of both aggrecan and
Col II (Figure S43, Supporting Information). According to the
results of Western Blot analysis, MPMP-NIR successfully acti-
vated the heat shock reaction of BMSCs in terms of the highly
expressed HSP 70, then the levels of inflammation-related pro-
teins (TNF-a, IL-6, MMP 13) caused by LPS have been inhibited.
Moreover, the levels chondrogenic proteins (aggrecan and Col II)
have been improved (Figure S44, Supporting Information).

In addition to aggrecan/Col II, HA, which is mainly secreted
by synovial cells, is another major component in the articular cav-
ity, supplying viscosity for synovial fluid and providing lubrica-
tion for cartilage. Previous studies have confirmed that HAS-2
is the major synthetic enzyme that regulates HA production;?”]
thus, HAS-mimicking activity of artificial nanozymes to promote
HA synthesis could be a popular candidate for cartilage regener-
ation, which has not yet been reported. In the current study, we
hypothesized that the mild photothermal effect triggered Mg?*
release and HSP-70 expression could synergistically enhance HA
production (Figure 5c). Similar to the above data, LPS treat-
ment reduces the expression of HSP-70 inside SMSCs, whereas
the treatment with MPMP and MPMP-NIR could deal with this
dilemma (Figure 5d). Intracellular HA production in the MPMP-
NIR group is significantly higher than that in other groups (p
< 0.05 for control, p < 0.01 for LPS, and p < 0.05 for MPMP)
(Figure 5e). Similarly, LPS induction suppressed the production
of extracellular HA (p < 0.001), and thatin MPMP group is main-
tained at the same level as the control group. Indeed, MPMP-
NIR promotes rSMSCs to deposit more HA than other groups
(Figure 5f). Overall, the obtained data provide cogent evidence
for the HAS-mimicking activity of MPMP nanozyme with NIR
irradiation.

The potential signaling pathways of HSP70 and Mg?*, which
are regulated by the photothermal performance of dual-bionic
MPMP nanozyme, are established in Figure 5g. In an inflamma-
tory microenvironment, the activation of NF-xB signaling path-
ways would induce overexpression of reactive species such as NO
and O',~, which suppressed the expression and activities of an-
tioxidases (such as SOD and CAT). With the mediation of MPMP
nanozyme under NIR irradiation, highly expressed HSP70 in-
hibits the activation of NF-xB signaling pathways and enhances
the activities of SOD/CAT as molecular chaperone, then the
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Figure 5. Chondrogenic induction of MPMP nanozyme toward BMSC and SMSC. a,b) Immunofluorescent staining of aggrecan (a) and Col Il (b) of
BMSCs. c) The scheme of HAS-mimicking activity of MPMP nanozyme with photothermal effect and d—f) corresponding HSP 70 expression (d) and
intracellular (e) and extracellular (f) HA production. Data are shown as mean + SD (n = 3). * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) indicates a
significant difference in comparison to the control group, * (p < 0.05), ** (p < 0.01) and *** (p < 0.007) suggests statistical difference between other
groups. g) The scheme of signaling pathways of antiomdatlon/anmnﬂammatlon/chondrogenesis/HA biosynthesis of dual-bionic MPMP nanozyme
under NIR irradiation, which exhibit great potential in OA therapy.

downstream genes related to inducible nitric oxide synthase  tothe antagonistic effect on HSP90, thermal-triggered HSP70 ex-
(iNOS), MMPs and cytokines would be suppressed. Meanwhile,  pression inhibit the biological actions of Actl, thereby suppress-
the ROS/RNS production could be reduced accordingly. On the  ing the expression of downstream inflammatory genes. There-
other hand, activation of IL-17 signaling pathway finally induces  fore, the intrinsic antioxidases-mimicking properties of MPMP
the expression of inflammation-related genes (IL-6, MMP-13,  could eliminate intracellular/extracellular ROS/RNS, while NIR-
and TNF-a), where HSP90 is vital for the actions of Actl. Owing  induced HSP70 could further enhance its antioxidation and
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anti-inflammation properties by an inhibitory effect on NF-xB
and IL-17 signaling pathway.

The anabolic processes contain chondrogenic differentiation
of BMSCs and HA production of SMSCs. The HSP70-induced
chondrogenic differentiation of BMSCs manifests in two ways.
i) It restrains the activation of NF-«B, and then inhibit the block
effect of Trafl on Sox9 and expression of MMP-13, TNF-a, and
IL-6, which provide a better microenvironment for chondroge-
nesis. ii) It shows promotive effect on Sox9 and the Mg?* could
also improve the expression of Sox9 by regulating p38 genes, thus
the downstream genes such as ACAN and COL2A1 are highly
expressed. As for SMSCs, HSP70-enhanced enzymatic activities
of SOD/CAT scavenge intracellular ROS/RNS, thereby reducing
cell apoptosis/death and providing comfortable conditions for
HA biosynthesis. The released Mg?* controlled by photothermal
performance of MPMP nanozyme could promote the binding of
adenosine triphosphate (ATP) and HSP70, which enhances the
conversion of ATP to adenosine diphosphate (ADP) and provides
more energy for generation for HA sources (UDP-GIcNAc and
UDP-GIcUA) from carbohydrates. Besides, Mg?* also takes parts
in HA production.?®! Therefore, dual-bionic MPMP nanozyme,
especially under NIR irradiation, shows tremendous potential in
OA therapy.

2.8. MPMP Nanozyme with NIR Irradiation Relieves OA
Pathological Process

The therapeutic effect of MPMP nanozyme under NIR irradi-
ation was evaluated by I.A. injection (8 weeks, once per week)
into the knee joints of OA mice after MIA induction (Figure 6a).
OA with progressive cartilage degradation and damage is often
characterized by articulate space narrowing and osteophytes ap-
pearance. As shown in the 2D images (Figure S45, Supporting
Information) and reconstructed 3D images (Figure 6b,c; Figure
S46, Supporting Information) of knee joints from Micro CT anal-
ysis, the articulate space width (ASW) is significantly decreased
in the OA group (p < 0.05) compared with the normal group,
and obvious osteophytes could be easily visualized around the
boundary of the articular cartilage. In contrast, MPMP nanozyme
can relieve OA pathological process by inhibiting articulate space
narrowing and osteophyte formation; however, its therapeutic
effect is still limited because of the significantly higher osteo-
phyte volume than the normal group (p < 0.05), indicating that
L.A. injection of MPMP nanozyme alone fails to prevent carti-
lage wear. With mild heat generation by the photothermal effect,
osteophytes in the MPMP-NIR group are smaller and less than
those in the OA and MPMP groups. Statistically, the ASW of
the MPMP-NIR group is significantly higher than that of the OA
group (p < 0.01) and equal to that of the normal group (p > 0.05),
whereas the osteophyte volume is significantly smaller than that
of OA group (p < 0.05) and MPMP group (p < 0.01). There is
no significant difference in osteophytes between the MPMP-NIR
and normal groups, indicating that MPMP nanozyme under NIR
irradiation can restore the lubrication property of cartilage, alle-
viate joint degradation and damage, thus reducing the formation
of osteophytes.

Restoring joint homeostasis involves cartilage regeneration
and inflammation inhibition. The healthy cartilage shows a
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smooth and intact surface, standard gradient structure, and nor-
mal cell morphology (Figure 6d). However, owing to the car-
tilage degradation, lubrication dysfunction, and abnormal load
transformation in the OA group, serve abrasion is observed
on the cartilage surface, and abnormal cartilage structures ac-
companied by disorganized chondrocytes and narrowed carti-
lage width are also observed. Worse yet, the cartilage matrix,
specifically aggrecan, and glycosaminoglycan, begins to disap-
pear (Figures S47 and S48, Supporting Information). After treat-
ment with MPMP nanozyme, the OA cartilage is partly healed,
whereas the discontinuous rough surfaces and scattered defects
still exist. With the supplement of the photothermal effect, the
structures/compositions of cartilage in the MPMP-NIR group
are similar to those in the normal group. More specifically, the
reduced aggrecan expression in OA group has been greatly im-
proved (Figure S49, Supporting Information). Owing to the HAS-
mimicking property of MPMP nanozyme under NIR irradiation,
the aggrecan expression of MPMP-NIR group is obvious. In ad-
dition, MPMP nanozyme has antioxidases-mimicking proper-
ties, which prevent cartilage from degradation by ROS/RNS and
degradation enzymes. On the other hand, inhibition of inflam-
mation response in joint is also an important index of OA ther-
apy. H&E staining images of synovium exhibit that aggregated
inflammatory cell can be only observed in OA group, while the
other three groups show normal cell distribution (Figure S50,
Supporting Information). Similarly, due to the severe inflam-
mation, both cartilage and synovium in OA group display cells
with positive expression of TNF-a (Figure S51, Supporting In-
formation). Although it seems that cells in MPMP group don’t
show TNF-a expression, the structure of synovium is a little mal-
formed, indicating that simple antioxidation therapy with lubri-
cation performance could not reverse OA completely. With the
addition of PTT, the TNF-a expression of MPMP-NIR group has
no difference with the normal group. Moreover, OA group ex-
hibits obvious MMP-13 expression in both cartilage and syn-
ovium (Figure S52, Supporting Information), which is regarded
as one of the major factors of cartilage degradation. MPMP
nanozyme shows MMP-13 expression in synovium instead of car-
tilage, while MPMP-NIR group exhibits no expression of MMP-
13. The obtained data reveal that dual-bionic MPMP nanozyme
with NIR irradiation has the best therapeutic effect on restoring
joint homeostasis.

Itis also noted that the OARSI score has increased significantly
in the OA group (p < 0.01) in comparison to the normal group,
and then statistically reduced by MPMP (p < 0.05) (Figure 6e) re-
vealing that there is almost no loss of cartilage matrix, the injury
area is less than 5%, and small areas of cartilage surface wears.
With the MPMP-NIR treatment, a significant reduction (88.57%)
in OARSI score has appeared (p < 0.01), which conforming the
Dbest efficacy in OA therapy and joint homeostasis restoration. As
for the structures, matrix deposition, cell phenotypes, and total
evaluation of cartilage repairing, the Mankin’s scores of MPMP-
NIR is significantly lower than those of OA groups, with 85.42%
reduction in total score as representative; whereas there is sta-
tistical difference between MPMP group and the OA group in
terms of structure and cell phenotype (Figure S53, Supporting
Information), indicating that MPMP nanozyme with NIR irradi-
ation provides superior therapeutic effect. In light of the cartilage
damages, the ICRS score of OA group reaches up to 4, which
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Figure 6. Therapeutic effect of MPMP nanozyme on MIA-induced OA mice without or with NIR. a) Experimental schedule of establishment of OA model
and treatment with MPMP-NIR. b) Typical reconstructed 3D images of mice joints, and c) related articulate space and osteophyte volume. d) Histological
staining slices (H&E staining and Masson staining) and e) OARSI score of Normal, OA, MPMP, and MPMP-NIR groups. f,g) RT-qPCR analysis of mRNA
expression: f) HSP 70 and g) MMP 13, TNF-a, Adamts-5, COL2A1, and ACAN. h) Biological mechanism of MPMP nanozyme under NIR irradiation that
mimics HAS and antioxidases (CAT and SOD) to regulate the balance between biosynthesis and metabolism, which finally realizes cartilage regeneration
of OA joint. Data are shown as mean + SD (n = 5). * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) indicates a significant difference in comparison to
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Adv. Mater. 2023, 2303299 2303299 (14 of 17) © 2023 Wiley-VCH GmbH

95U801 7 SUOLUIOD @A) 8[qedl|dde a1y Aq peuienob a1 sejoliie YO ‘9Sh 0 S9|nI o} ARJq1T 8UIUO /8|1 UO (SUONIPUO-PUE-SWLBIW0D A3 1M A1 1jBUIUO//SANL) SUONIPUOD PUe SWe 1 8y} 885 *[£202/60/c2] Uo AriqiTauliuo A|Im D1uoiioe 3 JO AIseAIuN Ag 662E0£202 BWPR/Z00T OT/I0P/L00" A IM Aleld jBuluoy/Sdny ol pepeojumod ‘0 ‘Se0rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

is significantly higher than that of the normal group (p < 0.05)
(macroscopic appearance, Figure S54, Supporting Information),
indicating over 50% of injury in cartilage thickness under inflam-
matory and abnormal friction forces. MPMP groups exhibit re-
duced ICRS scores without statistical differences, whereas the
MPMP-NIR group shows a significantly decreased ICRS score in
comparison to the OA group (p < 0.05). Collectively, these results
demonstrate that MPMP-NIR can relieve cartilage degradation
and reconstruct cartilage structure, contributing to the regenera-
tion of cartilage abrasion caused by OA.

To gain insight into biological mechanism of MPMP-NIR act-
ing on OA therapy, RT-qPCR analysis has been performed. As
shown in Figure 6f, a significant reduction in HSP70 mRNA ex-
pression in the articular cartilage is noted in the OA group com-
pared to the normal group (p < 0.01). However, both MPMP and
MPMP-NIR treatments can improve the mRNA expression of
HSP70 compared to the OA group, indicating that antioxidases-
mimicking activity could counteract the adverse effect of OA on
suppressing HSP70 expression. With a mild photothermal ef-
fect, MPMP-NIR exhibits the highest HSP70 mRNA levels. The
regulation of inflammation is also important for OA therapy.
Compared with the OA group, the significantly sharp reduction
in mRNA expression of MMP 13 (p < 0.05), TNF-a (p < 0.01),
and Adamts-5 (p < 0.05) is remarkable in MPMP-NIR group
(Figure 6g). Moreover, no difference is observed between the nor-
mal and MPMP-NIR groups, suggesting that dual-bionic MPMP
nanozyme with NIR irradiation could totally prevent cartilage
degradation. As for chondrogenic genes (COL2A1 and ACAN)
that contribute to cartilage regeneration, MPMP-NIR shows the
best promotive effect. In particular, ACAN mRNA expression in
MPMP is significantly higher than that in the OA (p < 0.001),
MPMP (p < 0.01), and even normal (p < 0.01) groups, indicat-
ing the renewal of aggrecan, such as HA, owing to the HAS-
mimicking activity of MPMP-NIR treatment.

In order to evaluate the biosafety of dual-bionic MPMP
nanozyme, the histological staining of major organs (Figure S55,
Supporting Information) and routine blood examination (Table
S5, Supporting Information) have been performed. All H&E
staining images of major organs exhibit normal tissue morphol-
ogy without any necrosis and degradation. Additionally, there is
no aberrance of blood biochemical indexes. Therefore, it is noted
L.A. injection of MPMP nanozyme along with NIR irradiation to
treat OA is a biosafe measure.

Collectively, M and MPM nanozymes with weak antioxiadases-
mimicking activities have failed in treating, which are discussed
in Supporting Information in detail. Enhancement in antioxi-
dation properties has improved the anti-inflammation effect of
MPMP nanozyme, however, it exhibit deficiencies of chondroge-
nesis owing to its absence in HAS-mimicking activity. MPMP-
NIR has the best capacity in regulating cartilage homeostasis,
thereby alleviating cartilage degradation and delaying OA pathol-
ogy.

The spatiotemporal OA therapy based on dual-bionic MPMP
nanozyme involves three aspects. Firstly, the thermally enhanced
lubrication property of MPMP nanozyme with NIR irradiation
reduces the frictions that often cause cartilage wear. The hydra-
tion layer is easily formed by surface modification of zwitterionic
polymer brushes,*!l which enables the slippery sliding of carti-
lage. The mild photothermal effect also provides sufficient en-
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ergy for the sulfobetanie polymer chains of MPMP nanozyme
to overcome the energy barrier of ionic—dipole interactions and
hydrogen bonds, thereby improving the flexibility of the side
chains, absorbing more water to generate a hydration layer, and
further lowering the COF. Next, the antioxidases-mimicking ac-
tivities of MPMP nanozyme inhibit the abnormal catabolism
of OA, which could be also enhanced by the photothermal ef-
fect. As shown in Figure 6h, MPMP nanozyme exhibits SOD-
mimicking and CAT-mimicking activities to scavenge ROS/RNS
and supply O, for rescuing mitochondrial function.[*?l With NIR
irradiation, the MPMP nanozyme contributes to the upregula-
tion HSP 70 expression, which could inhibit the activation of
NF-xB and IL-17 signaling pathways, thereby enhancing the an-
tioxidant effect to scavenge overproduced free radicals and sup-
pressing the synthesis/secretion of inflammatory cytokines and
degradation enzymes. Finally, the anabolism of OA joint is im-
proved by the chondrogenesis and HA biosynthesis. On the one
hand, the upregulated HSP70 expression inhibits the NF-x B sig-
naling pathway and the on-demand release of Mg?* enhances
the MAPK signaling pathway, thus, BMSCs could differentiate
into chondrocytes well even under inflammatory conditions. On
the other hand, the released Mg?* and the upregulated HSP
70 expression, which participate in biopolymerization of UDP-
GlcUA/UDP-GIcNAc and the energy metabolism, contribute to
amplifying the HAS-mimicking activity to produce HA synergis-
tically, which has potential in restoring the viscosity of synovial
fluid and replenish intrinsic lubrication performance. Thus, the
expression of inflammation-related genes (MMP 13, TNF-a, and
Adamts-5) is suppressed and chondrogenic genes (COL2A1 and
ACAN) are increased. Therefore, MPMP-NIR weakens the ad-
verse metabolism of OA and promotes the biosynthesis of chon-
drogenic processes, thus accelerating cartilage regeneration to al-
leviate OA.

3. Conclusion

Antioxidation and HA synthesis are important for relieving
inflammation and promoting cartilage regeneration, thereby
restoring the homeostasis of OA joints. Hence, the rational de-
sign of nanozyme to mimic antioxidases and HAS is desirable. In
this study, we fabricated MPMP nanozyme to alleviate OA. Mild
photothermal properties of the MPMP nanozyme improved the
flexibility of PSB for enhancing hydration lubrication and reg-
ulating on-demand Mg?* release to mimic HAS for HA gener-
ation. Effective scavenging of free radicals and O, supplemen-
tation under hypoxic conditions were realized by mimicking
antioxidases. HSP 70 expression was upregulated to enhance
ROS/RNS scavenging ability and promote HA biosynthesis and
chondrogenesis, thereby treating OA effectively. Thus, this study
not only demonstrated an MPMP nanozyme to mimic antioxi-
dases and HAS at the same to treat OA, but also revealed that
photothermally induced high expression of HSP70 is crucial for
free radical scavenging, inflammation inhibition, and chondro-
genesis, thereby exhibiting effective OA therapy.

4. Experimental Section

Details of materials and methods are available in the Support-
ing Information. All animal experiments were carried out with the
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