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Multifunctional thermo-sensitive hydrogel ==

for modulating the microenvironment
in Osteoarthritis by polarizing macrophages
and scavenging RONS
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Abstract

Osteoarthritis (OA) is a common degenerative joint disease that can lead to disability. Blocking the complex malig-
nant feedback loop system dominated by oxidative stress and pro-inflammatory factors is the key to treating OA.
Here, we develop a multifunctional composite thermo-sensitive hydrogel (HPP@Cu gel), which is utilized by Polox-
amer 407 (P407) and hyaluronic acid (HA) mixture as the gel matrix, then physically mixed with copper nanodots

(Cu NDs) and platelet-rich plasma (PRP). Cu NDs is a novel nano-scavenger of reactive oxygen and nitrogen species
(RONS) with efficient free radical scavenging activity. HPP@Cu gel is injected into the articular cavity, where it form an
in situ gel that slowly released Cu NDs, HA, and PRP, prolonging the duration of drug action. Our results indicate that
HPP@Cu gel could efficiently remove RONS from inflammatory sites and promote repolarization of macrophages to
an anti-inflammatory phenotype. The HPP@Cu gel therapy dramatically reduces cartilage degradation and inflamma-
tory factor production in OA rats. This study provides a reliable reference for the application of injectable hydrogels in
inflammatory diseases associated with oxidative stress.
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Introduction

Osteoarthritis (OA) is a common articular degenera-
tive joint disease characterized by bone erosion, syno-
vial inflammation, glycosaminoglycan loss, and cartilage
destruction, which affects more than 15% of the global
population [1-3]. Current early clinical treatment strate-
gies of OA mainly focused on systemic or topical applica-
tion of non-steroidal anti-inflammatory drugs (NSAIDs)
to alleviate pain and inflammation. However, NSAIDs not
only have short half-lives, fast clearance rates and require
frequent dosing, but also lead to serious adverse effects
from long-term administration, including peptic ulcer,
renal failure and bleeding [4—6]. Although arthroplasty is
considered to be an efficient treatment for advanced OA,
the risks and expensive costs of the procedure must not
be overlooked. Therefore, a therapeutic strategy that is
safe and effective is highly desired to optimize the treat-
ment of OA. Since the low systemic toxicity and long
retention time at the joint, hydrogels of intra-articular
(IA) injection have attracted a lot of attention [7-9].
Hydrogel has been demonstrated as a drug delivery sys-
tem for maintaining long-term release, reducing the fre-
quency of dosing [10—12]. Local injection administration
reduces exposure and consumption to non-target sites,
increases biocompatibility [13].

Studies have revealed that the inflammatory response
of the OA joint cavity is largely dependent on excess
reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in the articular cavity microenviron-
ment, which can harm cells, proteins, lipids, and DNA
in an irreversible way [14—18]. Exacerbation of reactive
oxygen and nitrogen species (RONS) in the joint cavity
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provoked oxidative stress and worsens inflammation. To
date, some small molecule drugs (such as vitamin C [19],
N-acetylcysteine [20]) and nanoparticles [21] with anti-
oxidant function had been developed and implemented
for OA. Notably, many metals have been reported to have
highly active antioxidant capacity due to their enzyme-
like catalytic effects and caused widespread interest [22—
27]. Copper (Cu), as one of the essential building blocks
of many enzymes in the body such as Cu-Zn superoxide
dismutase and tyrosinase, has a strong ability to trap free
radicals in its ultra-small size nanocrystals [28, 29]. In
addition, copper has a positive effect on promoting the
production of cartilage matrix [30], facilitating osteogen-
esis and increasing bone strength [31].

In recent years, macrophages have been considered
as a major target in many inflammatory disorders [32—
34]. At the site of inflammation, the abnormal immune
microenvironment promotes metabolic reprogramming
of immune cells, prompting polarization of macrophages
into the M1 phenotype. The mitochondrial respiratory
activity of M1 macrophages is disrupted in the absence
of an intact tricarboxylic acid cycle (TCA), resulting in
a significant number of RONS that mediate the inflam-
matory response [35—38]. In addition, M1 macrophages
could secrete NO and pro-inflammatory factors to
induce and exacerbate inflammation [39—41]. In contrast,
M2 macrophages with an intact TCA system and normal
mitochondrial respiratory function could mediate immu-
nosuppression and tissue repair via secreting anti-inflam-
matory factors and chondrogenic factors [42, 43]. In this
regard, Lin et al. fabricated a copper-incorporated BGC
(Cu-BGC) scaffold through triggered cartilage immune
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response to anti-arthritis [44]. Cu-BGC scaffolds were
authenticated to induce macrophage polarization toward
M2 type and down-regulate the expression of inflamma-
tory factors. Inspired, we synthesized copper nanodots
(Cu NDs) as a microenvironmental purifier of biological
tissues, which has efficient RONS scavenging proper-
ties and promotes reprogramming of M1 macrophages
toward the M2 phenotype, exerting anti-inflammatory
effects.

Based on the consideration of the short retention
period of nanodots in the joint, we finally developed a
multifunctional composite thermo-sensitive hydrogel
system for intra-articular injection to treat OA (Fig. 1).
A mixture of hyaluronic acid (HA) and poloxamer 407
(P407) was employed as a thermo-sensitive gel matrix.
HPP@Cu hydrogel was prepared by physically adding Cu
NDs and platelet-rich plasma (PRP) to the gel matrix. HA
is a natural, non-immunogenic glycosaminoglycan pre-
sent in the extracellular matrix and plays an essential role
in maintaining the phenotype of chondrocyte and viscoe-
lasticity of synovial fluid [45]. PRP is a natural reservoir
of many cytokines and growth factors, and has a prolif-
erative effect on chondrocytes [46]. HPP@Cu hydro-
gel was injected into the joint in the form of a solution,
which underwent phase transformation into hydrogel at
body temperature and slowly released Cu NDs, HA and
PRP. As shown in Fig. 1, HPP@Cu hydrogel combines the
best of each component, clearing RONS and promoting
the polarization macrophages to M2-type, and inhibit the
production of inflammatory factors. Moreover, HPP@Cu
hydrogel protects cartilage from damage and promotes
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cartilage regeneration, effectively blocking the vicious
cycle and self-perpetuation of OA. The study may be a
reliable reference for the rational design of anti-inflam-
matory materials and opens up new perspectives for the
treatment of OA.

Results and discussion

Physical characterizations of Cu NDs

The Cu NDs with ultra-small particle size was prepared
by hydrothermal reduction method [28, 47]. Morphologi-
cal characteristic of Cu NDs was observed by transmis-
sion electron microscopy (TEM). As shown in Fig. 2a,
the particle size of Cu NDs was small, with an average
diameter of ~5 nm. The particle size was homogeneous
and there was no obvious aggregation of nanoparticles.
Dynamic light scattering (DLS) revealed that the hydro-
dynamic diameter of Cu NDs was 5.37£0.92 nm, and
the particle size distribution curve was in accordance
with Gaussian normal distribution (Fig. 2b). Cu NDs
exposed more active sites owing to its smaller dimension
and higher specific surface area, which could guarantee
excellent antioxidant activity [28]. Zeta potential analy-
sis showed that {-potential of Cu NDs was —10.63 +1.37
mV. Stabilization experiments in vitro (Additional file 1:
Fig. S1) showed that, Cu NDs was stable in fetal bovine
serum (FBS) and medium supplemented with 10% FBS
for at least 48 h and stable in water and PBS for at least 4
weeks. The oxidation state of Cu was studied by powder
X-ray diffraction. The X-ray diffraction (XRD) pattern
(Fig. 2c) revealed that all the peaks of the synthesized
nanoparticles matched with the standard card of Cu
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(PDF 85-1326). Three intense diffraction peak signals
at 20=43.3°, 50.4°, and 74.12°, correspond to the (111),
(200), and (220) crystallographic planes of face-centered
cubic copper, respectively. These results showed that
the crystalline composition of Cu NDs was only copper
monomer and there was no presence of copper in the
oxidation state. Moreover, polyvinyl pyrrolidone (PVP)
was used as a capping agent to inhibit crystal growth dur-
ing the synthesis of Cu NDs. PVP was proven to be non-
toxic, non-sensitizing and non-irritating, and therefore it
is widely used in food and pharmaceutical applications.
The structural analysis of Cu NDs by Fourier transform
infrared (FTIR, Fig. 2d) revealed that PVP was success-
fully coated on the surface of the nanoparticles, which
could be further verified by ultraviolet-visible (UV-vis)
spectrum (Fig. 2e). The above results demonstrated that
we successfully prepared Cu NDs with good stability.

RONS scavenging assays of Cu NDs

Under ultra-small size conditions, metal nanoparticles
exhibit attractive properties such as variable fluores-
cence with size and discrete electronic states due to their
strong quantum binding effect on electrons. Previously,
Cu nanoparticles or nanoclusters with ultra-small dimen-
sions had been shown to have the ability to catalyze H,O,
and superoxide anion (-O,") with peroxidase-mimicking
activity [28]. Herein we investigate the RONS scaveng-
ing activity of Cu NDs by colorimetric assay. As shown in
Fig. 2f-1, Cu NDs showed high RONS scavenging activ-
ity in a concentration-dependent manner. Approximately
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97% of H,0, and 87% of -O, were removed by 100 ng/
mL of Cu NDs, and 91% of -OH and 61% of NO- were
scavenged by 5 ng/mL of Cu NDs. Also, ABTS radicals,
PTIO radicals, and DPPH radicals were used to evaluate
the free radical scavenging ability of Cu NDs. The results
showed that almost all ABTS radicals and 92% of DPPH
radicals were easily scavenged by Cu NDs at a concentra-
tion of 3 ng/mL. A total of 48% of PTIO radicals could be
scavenged in the presence of Cu NDs at a concentration
of 5 ng/mL. The above results suggested that Cu NDs
exhibited extensive RONS scavenging ability at very low
concentrations, which may be due to its smaller particle
diameter exposing a larger fraction of active sites.

In addition, to monitor the scavenging process of free
radicals, the UV Absorption Spectrum of ABTS radicals
and DPPH radicals during co-incubation with Cu NDs
were scanned separately. The results suggested that Cu
NDs scavenged free radicals in a time-dependent man-
ner and that Cu NDs was able to perform most of the
removal tasks in 60 min (Additional file 1: Fig. S2).

Preparation and rheological study of HPP@Cu gel

The HPP@Cu composite thermo-sensitive hydrogels
were prepared by physical blend method. First, the vis-
cosity curves and viscoelastic curves of various concen-
trations of P407 with temperature were measured by
rheometer, and the gelation temperature was recorded.
As the results in Fig. 3a showed, the # of the gel varied
with temperature, which revealed the temperature sensi-
tivity of the material. 7 increased with the concentration
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of P407, so 15% of P407 had the smallest #. In rheologi-
cal testing, G’ represents the ability of a material to spring
back after deformation and is often used to character-
ize the solid-like behavior of a material. While G” is the
energy dissipated by heat dissipation when the material
deforms, and is usually used to characterize the liquid-
like behavior of a material. When G’ is equal to G”, the
gel undergoes a phase change, and the temperature at
this point is the gelation temperature. The gelation tem-
perature of 15% of P407 was around 37 °C, which did not
guarantee that it would gel at body temperature (Addi-
tional file 1: Fig. S3a-b). Therefore, under the premise of
ensuring that the gel can be gelated in vivo, 18% P407 was
finally selected was selected for the following gel prepa-
ration, because its lower viscosity can accommodate
the introduction of more HA. The results (Fig. 3c and
Additional file 1: Fig. S3c, d) were shown that the addi-
tion of HA did not influence the gelation temperature
and gelation time. Undesirably, as the HA concentration
increased, the  of the composite gel also increased at low
temperatures. In addition, the composite hydrogel should
have a suitable viscosity for injection, as well as sufficient
strength to retain its shape to retard the in situ release of
the drug. Ultimately, 0.2% HA/18% P407 were selected as
the final thermo-sensitive hydrogel matrix, which had a
gelation temperature of about 25 °C and a gelation time
of about 40 s (Fig. 3d and Additional file 1: Fig. S3c, d).

Morphological characterization of HPP@Cu gel

HPP@Cu gels were prepared by adding the contents by a
simple physical blending method. HPP@Cu gels existed
as a solution at 4 °C and changed from the solution state
phase to the gel state as the temperature increased, and
this transition was due to the thermo-sensitive nature of
the P407 (Fig. 3f). To examine the internal morphology
of the gels, the HPP@Cu thermo-sensitive gels were lyo-
philized at low temperatures and then observed by SEM.
As illustrated in Fig. 3e, both the composite thermo-sen-
sitive hydrogels before and after the addition of Cu NDs
and PRP showed irregular porous structures, which were
favorable for the growth and adhesion of chondrocytes.

Study on the dissolution behavior of HPP@Cu gel

and the release behavior of Cu NDs, HA, and PRP-derived
TGF-B1 from HPP@Cu gel

The uniform and slow dissolution of HPP@Cu gel is the
basis for the slow release of Cu NDs, HA, and PRP. Then,
the time that the HPP@Cu gel could maintain the long-
term drug release process was investigated by the dis-
solution experiment. As show in Additional file 1: Fig.
S4, the HPP@Cu gel was slowly dissolved in the release
medium until it was completely dissolved on day 8.
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The release behavior of Cu NDs, HA, and RPR from
HPP@Cu gel was investigated by release experiments
in vitro. Cu NDs were slowly and continuously released
from the gel (Fig. 3g). At day 3, Cu NDs were released
from the gel by 40%. The concentration of HA in the
release medium was determined by CTAB turbidimet-
ric method [48]. The CTAB turbidimetric method is a
specific method capable of detecting the content of hya-
luronic acid in a cross-linked state in a complex envi-
ronment. As shown in Additional file 1: Fig. S5, HA was
released slowly in the HPP@Cu gel and no abrupt release
behavior was observed. The cumulative release of HA
from the gel reached 41% on day 3. On day 8 the gel was
completely dissolved resulting in complete release of
HA. RRP is a mixture containing several cytokines and
growth factors, including TGF-B1. The release behavior
of PRP from the HPP@Cu gel was examined indirectly by
assaying the concentration of PRP-derived TGF-f1 in the
release medium. As shown in Additional file 1: Fig. S6,
TGEF-B1 was slowly released in the gel until day 8.

Despite the different properties of Cu NPs, HA, and
PRP (e.g., molecular weight size, dimensional size, and
hydrophilic properties), they showed similar release
behaviors from the HPP@Cu gel. Combining the results
of dissolution experiments and the content release exper-
iments of gel in vitro, it is seen that the cumulative release
behavior of Cu NDs, PRP-derived TGF-B1, and HA from
the HPP@Cu gel is similar to the dissolution behavior of
the HPP@Cu gel. The phenomenon suggested that the
dissolution of the HPP@Cu gel controlled the release of
the contents. That might be due to interactions such as
hydrogen bonding, cross-linking, and electrostatic attrac-
tion formed between Cu NDs, HA, PRP-derived protein
molecules and P407, which allows them to be released
from the gel in a slow desorption manner [49-52].

RONS scavenging assays of HPP@Cu gel

Simultaneously, the free radical scavenging capacity of
the HPP@Cu composite thermo-sensitive hydrogel was
examined by the UV chromogenic method. The results
showed that HPP@Cu gel had a similar free radical scav-
enging ability as Cu NDs (Additional file 1: Fig. S7).

Cytotoxicity evaluation of HPP@Cu gel in vitro

Using L929, RAW264.7, and rat chondrocytes as model
cells, we investigated the cytotoxicity of HPP@Cu gel
and Cu NDs on normal cells, immune cells, and chon-
drocytes. According to the results of MTT experiments,
the cell survival rate of Cu NDs was above 80% (Fig. 4a,
b), which indicated the good biocompatibility of Cu
NDs at low concentration (0-50 ng/mL). Such results
are consistent with previous studies that copper nano-
particles are usually non-toxic at concentrations less
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than 5 pg/mL [28, 53]. The results in Fig. 4c, d showed accordance with the results of previous literature [45,
that there was no significant difference between the 54, 55].

HPP@Cu gel and the control group, which illustrated

the safety of the composite thermo-sensitive gel mate-  Cell proliferation of HPP@Cu gel

rial. Notably, cell survival in the HP and HPP groups  PRP is rich in several growth factors and cytokines such
was elevated compared to the P407 group, implying as platelet-derived growth factor (PDGEF), transform-
good biocompatibility of PRP and HA, which was in  ing growth factor-p (TGEF-p), insulin-like growth factor
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(IGF), which are known to promote chondrocytes pro-
liferation [56]. Calcein-AM/PI was used to assess the
proliferative effect of chondrocytes. As shown in Fig. 4e,
the cell density in the composite hydrogel group with
the addition of PRP tended to increase compared to the
composite hydrogel group without the addition of PRP.
Among them, the composite thermo-sensitive hydrogel
with 20% of PRP added had the strongest pro-chondro-
cyte proliferation ability. In addition, the few dead cells
in the field of view further demonstrated the cytocom-
patibility of the HPP@Cu composite thermo-sensitive
hydrogel.

RONS scavenging activity assessment in vitro

In the OA pathological environment, activated mac-
rophages with altered energy metabolism produces a
large number of RONS, which could damage chondro-
cytes and further amplify the inflammatory response
[16, 21, 57]. Therefore, inhibition of RONS levels in
macrophages and chondrocytes plays a crucial role in
delaying the progression of OA. 2’-7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA) was employed as a
ROS probe to monitor the total ROS scavenging activ-
ity of Cu NDs in vitro, then we employed BBoxiProbe®
013 as a RNS probe to detect the total RNS scaveng-
ing activity of Cu NDs in vitro. In the present study,
lipopolysaccharide (LPS)-activated macrophages and
exogenous IL-1p-stimulated chondrocytes were used
as in-vitro inflammatory cell models. As presented in
Fig. 5a—d, RONS levels were markedly elevated in LPS-
treated RAW264.7 and IL-1P-treated chondrocytes,
whereas RONS levels were significantly reduced in cells
pretreated with Cu NDs or HPP@Cu gels. Moreover,
fluorescence intensity quantitative analysis of RONS by
Image ] showed that Cu NDs scavenged RONS in a con-
centration-dependent manner (Fig. 5e—h). The efficient
RONS scavenging activity of Cu NDs in vitro was further
demonstrated by flow cytometry analysis (Additional
file 1: Fig. S8).

Protective effects of Cu NDs on H,0,-induced
chondrocytes damage

Chondrocytes, the key cells in cartilage, act as accel-
erators of cartilage degradation and pro-inflammatory
agents when damaged [58]. Considering the fact that
large amounts of RONS impair mitochondrial func-
tion and lead to chondrocytes death, the notion that
protecting chondrocytes from damage by RONS could
reduce chondrocytes mortality is plausible. Here we
exposed chondrocytes pretreated with Cu NDs to H,O,
to investigate the protective effect of Cu NDs. The
results of the MTT assay (Fig. 4f) showed that H,O,
caused chondrocytes apoptosis and reduced the low
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survival rate to 51%. Whereas the survival rate of chon-
drocytes pretreated with Cu NDs (50 ng/mL) elevated
to 85% because of consumption of RONS. Moreover,
Cu NDs in the concentration range of 10-50 ng/mL
protected chondrocytes from H,O, in a concentration-
dependent manner. Finally, the percent of apoptotic
cells and viable cells caused by H,0, was measured by
flow cytometry. As Fig. 4g, h showed that, the chondro-
cyte survival rate was only 48.9% and the apoptosis rate
reached 34.8% after H,0, stimulation. In comparison,
the percentage of viable cells increased dramatically
after Cu NDs treatment, which further confirmed the
protective effect of Cu NDs on chondrocytes.

Phenotype transition study of macrophages in vitro
Extensive infiltration of macrophages in synovial tis-
sue is a feature of OA [59]. Macrophages are a class of
intrinsic immune cells with plasticity, whose phenotype
and function are regulated by the surrounding envi-
ronment [60]. Macrophages are mainly divided into
two phenotypes, the pro-inflammatory M1 type and
the anti-inflammatory M2 type. M1 macrophages can
be differentiated by LPS stimulation and secrete vari-
ous pro-inflammatory factors, such as IL-1p, IL-6, and
TNF-a, triggering an inflammatory cascade response.
M2 macrophages can be differentiated by interleukin-4
(IL-4) stimulation and secrete various anti-inflamma-
tory factors such as IL-10 and TGEF-p, exerting anti-
inflammatory and immunomodulatory effects. It has
been found that reprogramming the phenotype of
macrophages is an effective strategy for the treatment
of OA [61]. The ability of Cu NDs to phenotypically
reprogram macrophages was studied by immunofluo-
rescence staining of RAW264.7 for iNOS (M1 marker)
and CD206 (M2 marker). Confocal results (Fig. 6a—c)
showed that untreated RAW264.7 did not exhibit
bright fluorescence in the cytoplasm due to low expres-
sion of iNOS and CD206 receptors. LPS could induce
RAW264.7 polarization into M1-type macrophages
with high expression of iNOS receptors, and IL-4 could
induce and M2-type macrophages with high expres-
sion of CD206 receptors. As we expected, the expres-
sion of CD206 was significantly increased after treating
activated macrophages with Cu NDs for 24 h, which
implied that Cu NDs could program macrophages from
M1 to M2. Subsequently, this trend was observed by
flow cytometric analysis to detect the percentage of
M2 in the total macrophage population. As shown in
Fig. 6d, Cu NDs could cause a significant increase in
the percentage of M2 macrophages, which further vali-
dated the phenotypic reprogramming effect of Cu NDs
on macrophages.
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The degradation experiment in vivo

For the purpose of studying the degradation time of
HPP@Cu hydrogel in vivo, Bright blue colored HPP@
Cu hydrogel was injected into the joint cavity of rats.
The joints were dissected at 1 h, 3 day and 5 day after
injection to observe the degradation of the gel. Brilliant
blue dye is a synthetic pigment that is widely used in
the food, medicine and cosmetic industries [62, 63]. As
shown in Additional file 1: Fig. S9, the addition of Bright
blue allowed for a clear macroscopic view of the gel. At
1 h after injection, the HPP@Cu gel was filled through-
out the joint cavity. The gel was observed in the femur,
tibia, and joint capsule. On day 3 after the injection, the
gel degraded in the joint cavity causing the gel content to
decrease. By day 5, the gel was difficult to find in the joint
cavity.

At each time point, the entire joint was homogenized
and assayed for Cu NDs. As shown in Additional file 1:
Fig. S10, the amount of Cu NDs remaining in the joint
on day 3 was 56%. By day 5, the amount of Cu NDs in
the joint was only 2%, which indicated that the gel was

almost completely degraded and metabolized in the joint
cavity. Collectively, these data above suggested the HPP@
Cu gel was almost degraded within 5 days in the joint.

Therapeutic effect on MIA-induced rat OA models

We assessed the therapeutic efficacy of the HPP@Cu gel
on Sodium iodoacetate (MIA) induced rats according
to the therapeutic scheme outline shown in Fig. 7a. To
assess the curative effect of HPP@Cu gel on OA, MIA
was injected intra-articularly into the right hind limb of
rats to induce an OA model. After 7 days of induction
of the OA model, the rats were grouped and treated. All
rats were administered every 5 days until sacrifice on day
38. The joint tissues of the right hind limb of rats were
dissected, observed visually, and the morphology of the
joint was assessed macroscopically according to the Pel-
letier scoring system [64]. As shown in Fig. 7c, the femur
and tibia of the articular surfaces in control group did not
have any damage, and the cartilage surfaces were smooth
and flat. In contrast, the OA model group showed severe
bone erosion and fissures in both femoral plateau and
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tibial plateau, and the cartilage surface was severely dam-  the more severe the cartilage damage on the joint sur-
aged. As we expected, the articular cartilage of the rats  face. The Pelletier scale has 5 levels. A score of 0 is given
in the HPP@Cu group was similar to that of the normal  for an intact articular surface with normal color. Score 1
group, with almost no damage. Dexamethasone is one of is given for a rough, slightly gray articular surface with
the first-line anti-inflammatory drugs that is widely used = small fissures. A score of 2 is given for an eroded articular
in the clinical treatment of OA [65, 66]. Intra-articular ~ surface with cartilage defects deep to the superficial or
injection of dexamethasone can relieve joint pain and middle cartilage layer. An ulcerated articular surface with
delay inflammation. Based on the known therapeutic  deep cartilage defects is scored as 3. A score of 4 is given
effects of dexamethasone, dexamethasone injection was  for a joint of which the cartilage surface is stripped and
therefore used as a positive control drug in this study to  the subchondral bone is exposed. The results of the Pel-
examine the efficacy of HPP@Cu gel formulation. Due letier score (Fig. 7b) showed that the Pelletier score was
to the rapid clearance of the joint cavity, there was slight  significantly higher in the OA group compared with the
damage of articular cartilage in the Cu NDs group and  control group. Compared with the OA group, all admin-
Dexamethasone (Dex) group, with rough cartilage sur-  istration groups were able to significantly reduce the Pel-
faces and minor localized erosions. The HPP and HP letier score and improve cartilage damage. Among all the
groups had more severely damaged articular cartilage, administration groups, the HPP@Cu group had the low-
proliferation of osteophyte, and varying degrees of bone est Pelletier score, which indicated that HPP@Cu gel had
erosion. a good effect on the repair of the joint surface.

The Pelletier scoring system is commonly used to score Moreover, the therapeutic effect of OA was evaluated
the degree of degeneration of the articular surfaces of by hematoxylin and eosin (H&E) and Safranin-O fast
macroscopic specimens [64, 67]. The higher the score, green staining, and the staining results were evaluated
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based on Osteoarthritis Research Society Interna-
tional (OARSI) scoring standard [68, 69]. H&E staining
result (Fig. 7d) showed that the cartilage matrix damage
reached the calcified layer and the chondrocyte arrange-
ment was disturbed in the OA group. Results of the
Safranin-O fast green staining showed that one of the
typical features of OA is the loss of proteoglycans. More-
over, the joints in the HPP and HP groups exhibited simi-
lar pathobiological conditions to those in the OA group.
In contrast, the joints treated with HPP@Cu gel showed
significantly less damage, as evidenced by the orderly
arrangement of chondrocytes, the absence of fissures
on the cartilage surface and the uniform distribution of
proteoglycans. In addition, the OARSI score (Fig. 7b) fur-
ther illustrated the potential of HPP@Cu gel to block the
degradation of articular cartilage and glycosaminogly-
cans. Given that the slow release of the gel system con-
tributed to a longer drug duration of action, the HPP@
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Cu thermo-sensitive hydrogel platform scored lower than
the Cu NDs and Dex groups.

In addition, we measured the ROS and RNS lev-
els in cartilage tissue homogenates using BBoxProbe®
013 and BBoxProbe® 052, respectively. As shown in
Fig. 8a, b, the levels of ROS and RNS were significantly
increased in the OA group compared with the control
group. In contrast, ROS and RNS levels in cartilage
treated with HPP@Cu gel were significantly decreased,
which suggested that HPP@Cu gel could effectively
remove RONS from the joint. The phenotypic effects
of HPP@Cu gel on synovial macrophages were subse-
quently assessed by subjecting synovial tissue to immu-
nofluorescence staining for iNOS (M1 marker) and
CD206 (M2 marker). Compared with the control group
(Fig. 8f), iNOS levels were significantly higher in the
joints of the OA group, while iNOS levels were reduced
to varying degrees after HPP@Cu gel treatment or Cu
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Fig. 8 a Levels of ROS in joint tissue homogenate. b Levels of RNS in joint tissue homogenate. ¢ Levels of IL-1f in joint tissue homogenates. d Levels
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NDs treatment, which suggested that HPP@Cu gel and
Cu NDs could efficiently promote the phenotypic tran-
sition of macrophages from M1 to M2.

It was reported that M1 macrophages of the OA
microenvironment could secrete large amounts of
pro-inflammatory factors through immune activa-
tion, which could again induce inflammation and trig-
ger an inflammatory cascade response [70—72]. Finally,
we further assessed the treatment effect by measur-
ing pro-inflammatory factors (TNF-a, IL-1p) and
anti-inflammatory factors (IL-10) in cartilage tissue
homogenates. As shown in Fig. 8c—e, the OA group
showed significantly higher levels of pro-inflammatory
factors compared to the control group. In contrast, the
levels of pro-inflammatory factors were reduced and
anti-inflammatory factors were increased to different
degrees after treatment with different agents. Notably,
the reduction effect of pro-inflammatory factors and
the elevation effect of anti-inflammatory factors were
most pronounced in the cartilage tissue treated with
HPP@Cu gel. The above results suggest that HPP@
Cu gel can inhibit the production of pro-inflammatory
factors and promote the release of anti-inflammatory
factors by removing RONS from the joint cavity and
promoting the conversion of synovial macrophages to
Ma2.

Biocompatibility assessment in vivo

Next, we evaluated the effects of HPP@Cu gel on the
serum biochemistry, blood cells and major organs of
rats. The serum biochemical results (Fig. 8g) showed
that the concentrations of liver function indicators
(AST, ALT) and kidney function indicators (BUN, Cre)
in the serum of the rats treated with HPP@Cu gel were
no significant differences as compared to the control
group. The results of blood cell analysis (Additional
file 1: Fig. S11) showed that the hematology of the
HPP@Cu group was not significantly different from that
of the control group. Moreover, no significant inflam-
matory lesions and histological damage were detected
in the main organs of HPP@Cu group rats (Additional
file 1: Fig. S12). The above results indicated that HPP@
Cu gel exhibited good biocompatibility in vivo.

It has been reported that ultra-tiny Cu NPs at a dose
of 4 ug/kg administered intravenously in vivo did not
exhibit acute toxicity or long-term toxicity [28]. In
addition, the World Health Organization has pub-
lished an upper daily intake limit of 50 mg/kg/day for
PVP. This dose is much higher than the total dose of Cu
NDs (0.25 pg/kg) from a single injection in our in vivo
experiments [73]. These data support the biocompat-
ibility of HPP@Cu in vivo.
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Conclusions

In this study, we developed a novel multifunctional
thermo-sensitive gel for the treatment of OA. Given
the combination of almost all the advantages of P407,
PRP, and Cu NDs, HPP@Cu gel has shown many advan-
tages in OA treatment. HPP@Cu gel could exist as a gel
in vivo due to the thermo-sensitive properties of P407,
and slowly release Cu NDs, HA and PRP, prolonging the
duration of pharmacological action. Given the efficient
free radical scavenging properties of Cu NDs, HPP@Cu
gel could scavenge RONS in the joint microenvironment
and block the damaging effects of RONS on chondro-
cytes. In addition, our experiments showed that HPP@
Cu gel could reverse the M1 polarization of macrophages
and promote the production of M2 macrophages. OA
rats treated with HPP@Cu gel showed no damage to
articular cartilage and significantly lower levels of inflam-
matory factors. In summary, HPP@Cu gel presented a
promising therapeutic modality for the treatment of OA.

Methods

Preparation of Cu NDs

Cu NDs was synthesized by hydrothermal reduction of
precursor CuSO, solution, according to former litera-
ture with some modifications.*’ In a typical preparation
process, anhydrous copper sulfate (0.53 mmol) was pre-
dispersed in 50 ml of deionized water. Next, the above
solution was added dropwise into 50 mL L-ascorbic acid
solution (10 mmol) containing PVP (100 mg). The solu-
tion was kept at 80 C overnight with constant stirring.
After the reaction, the product was centrifuged (625xg,
15 min), and then the supernatant was dialyzed with
water (Mw cutoff: 3500 Da) with a frequent exchange for
3 days. Cu NDs was centrifuged (11,962xg, 15 min) and
then was dried. The obtained brown solid was used for
further research.

Preparation of HPP@Cu thermo-sensitive hydrogel

0.2% HA and thermo-sensitive materials P407 (18%) were
mixed and then swollen at 4 °C for 48 h to prepare HP
gel. Subsequently, the HP gel was homogeneously mixed
with PRP lyophilized powder (20%) to obtain HPP gel.
The previously prepared Cu NDs was dispersed in HPP
gel, and then the dispersion was made uniform by a vor-
tex machine to obtain HPP@Cu gel.

Morphological characteristics, particle dimensions, zeta
potentials, and particle stability of Cu NDs

Images of Cu NDs were acquired by TEM (JSM-6490LA,
Japanese). In brief, Cu NDs dispersed in deionized water
were added dropwise to an ultrathin copper mesh (300
mesh). Subsequently, the copper mesh was dried with an
infrared lamp and then tested on the machine. The mean
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hydrodynamic diameters and zeta potentials of Cu NDs
were measured with a Malvern Zetasizer laser particle
size analyzer (Nano ZS90, UK). The stability of Cu NDs
was assessed by monitoring the particle size variation.

Characterization of the chemical composition of Cu NDs

by XRD, FTIR, UV

Crystal structure and phase composition of Cu NDs were
detected by XRD (Bruker nano8advance, Germany).
FTIR spectrograms were obtained by the potassium bro-
mide compression method using infrared spectroscopy
(Nicolet iS50, Thermo Fisher Scientific). UV spectra were
obtained by scanning the deionized water-dispersed Cu
NDs using a UV spectrometer (UV2600, SHIMADU
Corporation of Japan). The concentration of Cu NDs
used in the following studies refers to the concentra-
tion of elemental copper determined by ICP-MS (Agi-
lent7700, USA).

H,0, scavenging activity of Cu NDs

The scavenging ability of H,O, was assessed by a Hydro-
gen Peroxide assay kit. The stable yellow complex is
formed by the reaction of H,O, with molybdate, which
shows a characteristic absorption peak at 405 nm. Con-
sequently, the concentration of the remaining H,O, can
be determined via monitoring the absorption at 405 nm
of reaction products. In detail, various concentrations of
Cu NDs were incubated with 20 mM H,0O, at 37 °C for
2 h, respectively. The remaining H,0, was determined
according to manufacturer’s instructions and H,O, scav-
enging capacity was calculated.

-OH scavenging activity of Cu NDs

TMB method was employed to detect -OH scavenging
activity. The -OH is derived from Fe’>"-H,0, mediated
Fenton reaction, which oxidizes TMB to an oxidation
product (oxXTMB) with an absorbance peak in 652 nm.
Firstly, the -OH working agent was procured by dissolv-
ing 250 M TMB, 1 mM 7H,0-FeSO,, and 30 mM H,0O,
in 50 mL of NaAc-HAc buffer solution (pH 4.5, 0.5 M).
Then various concentrations of Cu NDs were added to
the above mixture and the reaction was carried out in
the dark for 10 min. The absorbance value at 652 nm was
monitored and the clearance of -OH was calculated.

-0, scavenging activity of Cu NDs

The scavenging activity of Cu NDs on -O, was assayed
by Superoxide Anion Assay Kit. Briefly, the radical test
solution of -O,” was prepared according to the provided
protocol, and subsequently reacted with various concen-
trations of Cu NDs at 37°C for 10 min. The absorbance at
550 nm was observed after co-incubation and the scav-
enging efficiency was calculated.
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PTIO radical scavenging activity of Cu NDs

PTIO-, a common oxygen radical, can be removed and
discolored by antioxidants. PTIO was dissolved and
diluted by deionized water. Then the PTIO test buffer
was added with varying concentrations of Cu NDs and
reacted for 2 h at 37 °C away from light. Afterward, the
absorbance peak in 557 nm was recorded and the PTIO-
eliminating capacity was calculated.

NO- scavenging activity of Cu NDs

The NO- scavenging ability of Cu NDs was assayed by
Griess reagent color development method. Sodium
nitroprusside was selected as a donor of NO-. In brief,
aqueous sodium nitroprusside solution was added with
various concentrations of Cu NDs solution, and the reac-
tion was carried out at 37 °C for 2 h sheltered from light,
followed by the addition of Griess reagent for chromog-
enic development for 30 min. The absorbance at 596 nm
was assayed and the clearance was counted.

ABTS™ radical scavenging activity of Cu NDs

Scavenging ability of Cu NDs on free radicals was also
weighed by the ABTS cation radical decolorization assay
which was reported by Ni et al. [74]. ABTS' radical
working medium was obtained by mixing 7.4 mM ABTS
diammonium salt solution with 2.6 mM potassium per-
sulfate solution in an aqueous solution and leaving it for
12 h without light. The ABTS* radical working solution
was diluted with PBS (0.01 M, pH 7.4), and the Cu NDs
solution was added at varying concentrations and reacted
for 2 h under low light. The percentage of ABTS™ radical
scavenged was calculated by measuring the absorbance
value at 734 nm.

DPPH radical scavenging activity of Cu NDs

DPPH radical test solution with a suitable absorbance
peak at 519 nm was prepared by dissolving DPPH with
ethanol, and used immediately. DPPH free radical test
solution was added with Cu NDs solution of different
concentrations, and the reaction was kept away from
light for 30 min. After that, measured at 519 nm absorb-
ance value, and calculated the clearance.

Release behavior of Cu NDs, HA, and PRP-derived TGF-f1
from HPP@Cu gel

3 g of HPP@Cu gel was placed in a centrifuge tube and
gelated at 37 °C. 5 mL of pre-warmed PBS was slowly
added to the gel. Then the gel was placed in a constant
temperature shaker at 37 °C for in vitro release experi-
ments. 1 mL of supernatant was taken at predetermined
time points and the same volume of fresh medium was
replenished in the centrifuge tube. The concentration of
Cu in the release medium was determined by ICP-MS,
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and the cumulative release rate of Cu NDs was calcu-
lated. The concentration of HA in the release medium
was detected by the hexadecyl trimethyl ammonium bro-
mide (CTAB) turbidimetric method [48]. In detail, 1 mL
of release medium was added to 2 mL of CTAB solution
(25 mg/mL). Then the reaction was shaken for 2 min to
make the reaction adequate. UV absorption was meas-
ured at 400 nm after the reaction solution was allowed
to stand for 8 min. The concentration of PRP-derived
TGF-B1 in the extracted medium was detected by the
Rat TGF-p1 ELISA Kit. The concentration of TGF-$1
was measured according to the instructions of the kit and
the cumulative release rate of PRP-derived TGF-p1 was
calculated.

Preparation of HPP@Cu gel extracts for culture medium
conditions in vitro

According to ISO 10993-1 standard, P407, HPP gel, and
HP gel were added to 24-well plates, respectively. After
the gel was formed in the incubator at 37 °C, complete
medium was added and incubated for 48 h. The super-
natant was taken as the hydrogel extract. The HPP gel
extract was added with Cu NDs to get HPP@Cu gel
extract (Cu NDs at a concentration of 50 ng/g). HPP@Cu
gel extracts were for further in vitro studies.

Cell viability assay

Chondrocytes, L929, and RAW264.7 cells were seeded
in 96-well plates respectively, and exposed to samples for
24 h. 100 pL of MTT solution was added to each well for
4 h. Subsequently, 150 uL of DMSO was added to each
well for 10 min. The optical density (OD) at 492 nm was
measured with a microplate reader (Infinite M200 Pro,
Swiss) and the survival rate of each cell was calculated.

Cell proliferation of HPP@Cu gel

Chondrocytes were seeded in 6-well plates and cultured
with different concentrations of PRP in HPP@Cu gel.
After 24 h, 48 h, and 72 h, the cells were stained with
Calcein-AM/PI double staining kit (Solebro, China) and
observed by inverted fluorescence microscopy.

ROS scavenging activity assessment in vitro

Intracellular ROS scavenging activity of HPP@Cu gel was
observed by confocal laser scanning microscope (CLSM,
Nikon, Japan) and flow cytometer (Beckman, USA). ROS
levels were detected by Reactive Oxygen Species Assay
Kit (Shanghai yeasen Technology Co.). Briefly, chon-
drocytes and RAW264.7 cells were seeded, respectively.
After incubating overnight, chondrocytes were stimu-
lated with IL-1f (10 ng/mL) for 24 h and macrophages
were activated with LPS (10 pg/mL) for 24 h to increase
oxidative stress in cells. Then, cells were incubated with
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HPP@Cu gel for 4 h. Subsequently, DCFH-DA reactive
oxygen probe was added for 30 min at 37 °C under shel-
tered conditions. For quantitative analysis, the cells were
collected and detected by flow cytometry. To obtain flu-
orescent images, the nuclei of the cells loaded with the
probe were stained with 4; 6-diamidino-2-phenylindole
(DAPI) for 10 min. Then, the fluorescence images of the
cells were observed using a CLSM. The mean fluores-
cence intensity of images from three independent trials
was measured by Image] software.

RNS scavenging activity assessment in vitro

Intracellular RNS levels were detected by Reactive
Nitrogen Assay Kit (BestBio, China). Chondrocytes or
RAW?264.7 cells were seeded, respectively. After incu-
bating overnight, chondrocytes were stimulated with
IL-1pB (10 ng/mL) and macrophages were activated with
LPS (10 pug/mL) for 24 h, then cells were incubated with
HPP@Cu gel for 4 h. Subsequently, BBoxiProbe® 052
probe was added for 30 min under sheltered conditions.
Then the cells were collected and detected by flow cytom-
etry. The nuclei were stained with DAPI after probe load-
ing. Finally, the fluorescence images were observed. The
mean fluorescence intensity of images from three inde-
pendent trials was measured by Image]J software.

Protection of chondrocytes by Cu NDs

To verify the protective effect of Cu NDs on chondro-
cytes, H,O, was used to stimulate chondrocytes pre-
treated with Cu NDs and then the survival rate examined
by standard MTT assay. Briefly, Chondrocytes were pre-
treated with Cu NDs for 4 h and then stimulated with
250 uM H,0O, for 24 h. Then, MTT solution was used
to detect the cell viability. Moreover, the ratio of apop-
totic and necrotic cells was detected by Annexin V-FITC
apoptosis detection kit (Solarbio, China). Briefly, chon-
drocytes subjected to different treatments were collected.
Then, Annexin V-FITC and PI were added for 15 min.
Finally, cells were washed three times, and detected by
flow cytometry.

Polarization transition assessment of macrophages

The ability of HPP@Cu gel to reprogram the macrophage
phenotype was observed by immunofluorescence stain-
ing for markers of M1 and M2. RAW264.7 was seeded
in confocal culture dishes and incubated overnight, then
LPS (10 pg/mL) was added to induce RAW?264.7 polari-
zation to M1 for 48 h. After polarization, the cells were
treated with HPP@Cu gel for 24 h. Thereafter, the cells
were fixed and blocked. After incubated with the primary
antibody (CD206 and iNOS) overnight, the secondary
antibody was incubated at 37 °C for 90 min. Then, the
cells were washed 3 times and the fluorescent images
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were observed with a CLSM. Furthermore, the ability
of HPP@Cu gel to reprogram the macrophage pheno-
type was further validated by flow cytometry assay of the
percentage of M2. In brief, RAW264.7 was inoculated in
6-well plates for 12 h. Then LPS (10 ug/mL) was added to
induce RAW?264.7 polarization to M1 for 48 h. After that,
RAW264.7 was incubated with HPP@Cu gel for 24 h.
Cells were prepared suspensions, and incubated with PE-
labeled CD206 antibody for 30 min. Finally, the percent-
age of M2 was detected by flow cytometry. Each trial was
independently repeated in triplicate, and the mean fluo-
rescence intensity was measured by Image] software.

Animals

Forty-two 6-week-old female SD rats were provided
by the Animal Center of Qingdao University. The study
in vivo was performed under protocols approved by the
Animal Management Rules of the Ministry of Health of
the People’s Republic of China (document no. 55, 2001)
and the examination and approval of the Experimental
Animal Welfare Ethics Committee of Qingdao University
(ethical approval number: 20210909SD4020211101072).
The euthanasia of rats was performed by sodium pento-
barbital overdose according to the ARRIVE guidelines
(2020).

Establishment of OA model induced by MIA and therapy

in vivo

A rat OA model was established using joint cavity injec-
tion of MIA. Except for the control group, the rats were
anesthetized and injected with 50 pL MIA (40 mg/mL)
via the knee joint cavity of the right hind limb, and the
treatment was started after 1 week. The rats were ran-
domly divided into 7 groups. Control group (no treat-
ment), OA group (saline, 50 uL), HPP@Cu group (HPP@
Cu gel, 50 pL, the dosage of Cu NDs was 0.25 pg/kg),
HPP group (HPP, 50 pL), HP group (HP, 50 pL), Dex
group (Dexamethasone, 1 mg/kg).

The degradation experiment of HPP@Cu gel in vivo

The healthy rats were injected by articular cavity with 50
pL of HPP@Cu gel (the dosage of Cu NDs was 0.25 ug/
kg). To observe the degradation time of HPP@Cu gel, rats
were dissected and the joint cavity was exposed after 1 h,
3 day and 5 day of injection, respectively. The entire joint
was homogenized with saline and the concentration of
the joint homogenate retained Cu NDs of the joint was
measured by ICP-MS. For clearer visualization of the gel
attached to the joint surface, intra-articular injections
were performed using HPP@Cu gel colored with the syn-
thetic pigment Brilliant blue. In detail, 5 pg of Brilliant
blue was added to 10 g of HPP@Cu gel, and then over-
night at 4 °C.
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Biocompatibility evaluation in vivo

To evaluate the biosafety of HPP@Cu gel in vivo, blood
was collected in HPP@Cu group and control group
after treatment for serum biochemical assays and rou-
tine blood tests. The serum biochemical assays included
liver function indicators and renal function indicators. To
evaluate the systemic toxicity in vivo of the formulation,
the major organs were collected for H&E staining and
histological analysis.

ROS and RNS detection of articular cartilage
Intra-articular RONS scavenging activity was detected by
the Tissue ROS Assay Kit (BestBio, China) and the Tis-
sue RNS Assay Kit (BestBio, China). In brief, fresh knee
cartilage tissue was taken and homogenized with buffer.
Supernatant was collected by centrifuging the homogen-
ate. Then BBcell Probe® O13 ROS probe or BBcell Probe®
052 RNS probe was added respectively for 30 min in
darkness. Finally, the level of RONS was detected by a
microplate reader.

Pathological histological evaluation

The right joint tissues of rats were fixed for 48 h, decal-
cified for 4 weeks, and then paraffin-embedded and sec-
tioned. The joints were subjected to staining with H&E
and saffron O-solid green. Changes of cartilage tissue
structure and proteoglycan were observed and carti-
lage degeneration was evaluated by the OARSI scoring
System.

Statistical analysis

Statistical analysis of all data was presented as
mean =+ standard deviation (SD). Significant differences
among groups were determined by one-way analysis
of variance (ANOVA) and two-tailed Student’s ¢-test.
P<0.05 was considered statistically significant. Super-
script symbol “*” indicates comparisons with the first
group, and superscript symbol “#” indicates comparisons
with the second group. Comparisons between the third
group and the fourth group and the fifth group and the
fourth group were calculated and marked with the super-
script symbol “&” Superscript symbols “*’, “#, and “&”
indicate p <0.05. Superscript symbols “**’, “##’, and “&&”
indicate p <0.01. NS means not significant.
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OA: Osteoarthritis; P407: Poloxamer 407; HA: Hyaluronic acid; Cu NDs: Copper
nanodots; PRP: Platelet-rich plasma; RONS: Reactive oxygen and nitrogen
species; NSAIDs: Non-steroidal anti-inflammatory drugs; IA: Intra-articular; ROS:
Reactive oxygen species; RNS: Reactive nitrogen species; Cu: Copper; TCA:
Tricarboxylic acid cycle; Cu NDs: Copper nanodots; TEM: Transmission electron
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UV-vis: Ultraviolet-visible; -O,: Superoxide anion; PDGF: Platelet-derived
growth factor; TGF-B: Transforming growth factor-@3; IGF: Insulin-like growth
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factor; DCFH-DA: 2’-7'-Dichlorodihydrofluorescein diacetate; LPS: Lipopoly-
saccharide; IL-4: Interleukin-4; MIA: Sodium iodoacetate; Dex: Dexametha-
sone; H&E: Hematoxylin and eosin; OARSI: Osteoarthritis Research Society
International; OD: Optical density; CLSM: Confocal laser scanning microscope;
DAPI: 4/6-Diamidino-2-phenylindole; CTAB: Hexadecyl trimethyl ammonium
bromide.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-022-01422-9.

Additional file 1. Figure S1. The stability of Cu NDs in different media.
Figure S2. Cu NDs scavenged free radicals in a time-dependent manner.
Figure S3. (a) Gelation temperature of different concentrations (15%-
25%) of P407. (b) Gelation time of different concentrations (15%-25%) of
P407. (c) Gelation temperature of P407 (18%) introduced with different
concentrations (0.10%-0.25%) of HA. (d) Gelation time of 18% P407 with
the introduction of different concentrations (0.10%-0.25%) of HA. Figure
S4. Dissolution rate curve of HPP@Cu gel incubated with PBS at 37°C.
Figure S5. Cumulative release profile of HA from HPP@Cu gel. Figure S6.
Cumulative release profile of PRP-derived TGF-B1 from HPP@Cu gel. Fig-
ure S7. RONS scavenging activity of HPP@Cu at different concentrations.
Figure S8. RONS scavenging capacity of HPP@Cu by flow cytometric
analysis. Figure S9. The degradation time of Bright blue colored HPP@Cu
hydrogel was studied in vivo after joint cavity injection. Figure S10. The
content of Cu NDs in rat joints was measured by ICP-MS after 1 h, 3 D and
5 D of HPP@Cu gel injection, respectively. Figure S11. Values of blood
parameters in the normal rat (control group), and rat treated with HPP@Cu
gel. Figure $12. System toxicity assessment of HPP@Cu gel in vivo. H&E
stained images of major organs (heart, liver, spleen, lungs, and kidneys)
after treatment.

Author contributions

Experiment Section: Designed by SH and CZ, performed by Chunrong Zhu with
XZ and Chunxiao Zhu, supervised by YS and SH. Experimental data were pro-
cessed by Chunrong Zhu. Manuscript Section: Written by Chunrong Zhu and
SH, revised by YP. All figures were drawn by Chunrong Zhu. Funding Section:
Provided by YS and SH. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
[81673360, 81601591], Major Science and Technology Innovation Projects of
Shandong Province [2018CXGC1408] and Science and Technology Projects for
people’s livelihood of Qingdao [18-6-1-93-nsh].

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Forty-two 6-week-old female SD rats were provided by the Animal Center

of Qingdao University. The study in vivo was performed under protocols
approved by the Animal Management Rules of the Ministry of Health of the
People’s Republic of China (document no. 55, 2001) and the examination and
approval of the Experimental Animal Welfare Ethics Committee of Qingdao
University (ethical approval number: 202109095D4020211101072).

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
'Department of Pharmaceutics, School of Pharmacy, Qingdao University,
Qingdao 266021, People’s Republic of China. “National Engineering Research

Page 17 of 19

Center for Biomaterials, Sichuan University, Chengdu 610064, People’s Repub-
lic of China.

Received: 9 February 2022 Accepted: 13 April 2022
Published online: 07 May 2022

References

1.

Goldring SR, Goldring MB. Changes in the osteochondral unit during
osteoarthritis: structure, function and cartilage-bone crosstalk. Nat Rev
Rheumatol. 2016;12:632-44.

Loeser RF, Collins JA, Diekman BO. Ageing and the pathogenesis of osteo-
arthritis. Nat Rev Rheumatol. 2016; 12:412-420.

Lozano R, Naghavi M, Foreman K, AIMazroa MA, Memish ZA. Global and
regional mortality from 235 causes of death for 20 age groups in 1990
and 2010: a systematic analysis for the Global Burden of Disease Study
2010 (vol 380, pg 2095, 2012). Lancet. 2013;381:628-628.

Lanas A, Tornero J, Zamorano JL. Assessment of gastrointestinal and
cardiovascular risk in patients with osteoarthritis who require NSAIDs: the
LOGICA study. Anna Rheum Dis. 2010;69:1453-8.

Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T, Whelton A,
Makuch R, Eisen G, Agrawal NM, Stenson WF, et al. Gastrointestinal
toxicity with celecoxib vs nonsteroidal anti-inflammatory drugs for
osteoarthritis and rheumatoid arthritis: the CLASS study: a randomized
controlled trial. Celecoxib Long-term Arthritis Safety Study. JAMA. 2000;
284:1247-1255.

Cabassi A, Tedeschi S, Perlini S, Verzicco I, Volpi R, Gonzi G, Canale SD.
Non-steroidal anti-inflammatory drug effects on renal and cardiovascular
function: from physiology to clinical practice. Eur J Prev Cardiol. 2020;
27:850-867.

Joshi N, Yan J, Levy S, Bhagchandani S, Slaughter KV, Sherman NE,
Amirault J, Wang Y, Riegel L, He X, et al. Towards an arthritis flare-respon-
sive drug delivery system. Nat Commun. 2018; 9:1275.

Thakur S, Riyaz B, Patil A, Kaur A, Kapoor B, Mishra V. Novel drug delivery
systems for NSAIDs in management of rheumatoid arthritis: an overview.
Biomed Pharmacother. 2018; 106:1011-1023.

Cao Y, MaY,Tao, Lin W, Wang P. Intra-articular drug delivery for osteoar-
thritis treatment. Pharmaceutics. 2021;13:2166.

Son AR, Kim DY, Park SH, Jang JY, Kim K, Kim BJ, Yin XY, Kim JH, Min BH,
Han DK, Kim MS. Direct chemotherapeutic dual drug delivery through
intra-articular injection for synergistic enhancement of rheumatoid arthri-
tis treatment. Sci Rep. 2015; 5:14713

. Saeedi T, Alotaibi HF, Prokopovich P. Polymer colloids as drug delivery

systems for the treatment of arthritis. Adv Colloid Interface Sci. 2020;
285:102273

Song H, Huang P, Niu J, Shi G, Zhang C, Kong D, Wang W. Injectable poly-
peptide hydrogel for dual-delivery of antigen and TLR3 agonist to modu-
late dendritic cells in vivo and enhance potent cytotoxic T-lymphocyte
response against melanoma. Biomaterials. 2018; 159:119-129.
ZhaoY,Wei C, Chen X, Liu J, Yu Q, Liu Y, Liu J. Drug delivery system based
on near-infrared light-responsive molybdenum disulfide nanosheets
controls the high-efficiency release of dexamethasone to inhibit
inflammation and treat osteoarthritis. ACS Appl Mater Interfaces.
2019;11:11587-601.

Khojah HM, Ahmed S, Abdel-Rahman MS, Hamza AB. Reactive oxygen
and nitrogen species in patients with rheumatoid arthritis as potential
biomarkers for disease activity and the role of antioxidants. Free Radic
Biol Med. 2016,97:285-91.

Davies CM, Guilak F, Weinberg JB, Fermor B. Reactive nitrogen and
oxygen species in interleukin-1-mediated DNA damage associated with
osteoarthritis. Osteoarthr Cartil. 2008;16:624-30.

Blanco FJ, Valdes AM, Rego-Perez I. Mitochondrial DNA variation and the
pathogenesis of osteoarthritis phenotypes. Nat Rev Rheumatol. 2018;
14:327-340.

Bolduc JA, Collins JA, Loeser RF. Reactive oxygen species, aging and
articular cartilage homeostasis. Free Radic Biol Med. 2019; 132:73-82.
Xia H, Liang Y, Chen K, Guo C, Wang M, Cao J,Han S, Ma Q, Sun'Y, He B.
Reduction-sensitive polymeric micelles as amplifying oxidative stress
vehicles for enhanced antitumor therapy. Colloids Surf B Biointerfaces.
2021;203:111733.


https://doi.org/10.1186/s12951-022-01422-9
https://doi.org/10.1186/s12951-022-01422-9

Zhu et al. Journal of Nanobiotechnology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

(2022) 20:221

Hercberg S, Galan P, Preziosi P, Bertrais S, Mennen L, Malvy D, Roussel
AM, Favier A, Briancon S. The SUVI.MAX Study: a randomized, placebo-
controlled trial of the health effects of antioxidant vitamins and minerals.
Arch Intern Med. 2004; 164:2335-2342.

Schreck R, Rieber P, Baeuerle PA. Reactive oxygen intermediates as
apparently widely used messengers in the activation of the Nf-Kappa-B
transcription factor and Hiv-1. Embo J. 1991; 10:2247-2258.

Zhong G, Yang XY, Jiang XF, Kumar A, Long HP, Xie J, Zheng L, Zhao JM.
Dopamine-melanin nanoparticles scavenge reactive oxygen and nitro-
gen species and activate autophagy for osteoarthritis therapy. Nanoscale.
2019; 11:11605-11616.

Zhang DY, Liu HK, He T, Younis MR, Tu TH, Yang C, Zhang J, Lin J, Qu JL,
Huang P. Biodegradable self-assembled ultrasmall nanodots as reactive
oxygen/nitrogen species scavengers for theranostic application in acute
kidney injury. Small. 2021;17:¢2005113.

Ni DL, Jiang DW, Kutyreff CJ, Lai JH, Yan YJ, Barnhart TE, Yu B, Im HJ, Kang
L, Cho SY, et al. Molybdenum-based nanoclusters act as antioxidants and
ameliorate acute kidney injury in mice. Nat Commun. 2018;9:5421.
Gubernatorova EO, Liu XB, Othman A, Muraoka WT, Koroleva EP,
Andreescu S, Tumanov AV. Europium-doped cerium oxide nanoparti-
cles limit reactive oxygen species formation and ameliorate intestinal
ischemia-reperfusion injury. Adv Healthc Mater. 2017;6:1700176

Hao CL, Qu AH, Xu LG, Sun MZ, Zhang HY, Xu CL, Kuang H. Chiral
molecule-mediated porous Cu,O nanoparticle clusters with antioxida-
tion activity for ameliorating Parkinson’s disease. J Am Chem Soc. 2019;
141:1091-1099.

Liu Z, Xie LN, Qiu KQ, Liao XX, Rees TW, Zhao ZZ, Ji LN, Chao H. An ultras-
mall RuO, nanozyme exhibiting multienzyme-like activity for the preven-
tion of acute kidney injury. Acs Appl Mater Interfaces. 2020;12:31205-16.
Dong JL, Song LN, Yin JJ, He WW, Wu YH, Gu N, Zhang Y. Co;0, nanopar-
ticles with multi-enzyme activities and their application in immunohisto-
chemical assay. Acs Appl Mater Interfaces. 2014;6:1959-70.

Liu T, Xiao B, Xiang F, Tan J, Chen Z, Zhang X, Wu C, Mao Z, Luo G, Chen
X, Deng J. Ultrasmall copper-based nanoparticles for reactive oxygen
species scavenging and alleviation of inflammation related diseases. Nat
Commun. 2020; 11:2788.

Hu LZ, Yuan YL, Zhang L, Zhao JM, Majeed S, Xu GB. Copper nanoclus-
ters as peroxidase mimetics and their applications to H,O, and glucose
detection. Analytica Chimica Acta. 2013; 762:83-86.

Fraga CG. Relevance, essentiality and toxicity of trace elements in human
health. Mol Aspects Med. 2005; 26:235-244.

Wang H, Zhao SC, Zhou J, Shen YQ, Huang WH, Zhang CQ, Rahaman MN,
Wang DP. Evaluation of borate bioactive glass scaffolds as a controlled
delivery system for copper ions in stimulating osteogenesis and angio-
genesis in bone healing. J Mater Chem B. 2014;2:8547-57.

Wang P, Wang H, Huang Q, Peng C, Yao L, Chen H, Qiu Z, Wu Y, Wang L,
Chen W. Exosomes from M1-polarized macrophages enhance paclitaxel
antitumor activity by activating macrophages-mediated inflammation.
Theranostics. 2019; 9:1714-1727.

Zhang C, Han X, Yang L, Fu J, Sun C, Huang S, Xiao W, Gao Y, Liang Q,
Wang X, et al. Circular RNA circPPM1F modulates M1 macrophage
activation and pancreatic islet inflammation in type 1 diabetes mellitus.
Theranostics. 2020; 10:10908-10924.

Onuora S. Osteoarthritis: Molecular imaging detects activated mac-
rophages. Nat Rev Rheumatol. 2016; 12:313.

Zhong J, Yau ACY, Holmdahl R. Regulation of T cell function by reactive
nitrogen and oxygen species in collagen-induced arthritis. Antioxid
Redox Signal. 2020; 32:161-172.

O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. 2016; 16:553-565.

De Santa F, Vitiello L, Torcinaro A, Ferraro E. The role of metabolic
remodeling in macrophage polarization and its effect on skeletal muscle
regeneration. Antioxid Redox Signal. 2019; 30:1553-1598.

Yan J, Chen J, Zhang N, Yang Y, Zhu W, Li L, He B. Mitochondria-targeted
tetrahedral DNA nanostructures for doxorubicin delivery and enhance-
ment of apoptosis. J Mater Chem B. 2020; 8:492-503.

HuY, Gui Z, Zhou Y, Xia L, Lin K, Xu Y. Quercetin alleviates rat osteoarthritis
by inhibiting inflammation and apoptosis of chondrocytes, modulating
synovial macrophages polarization to M2 macrophages. Free Radic Biol
Med. 2019; 145:146-160.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 18 of 19

Zhang HY, Lin CX, Zeng C, Wang ZY, Wang H, Lu JS, Liu X, Shao Y, Zhao C,
Pan JY, et al. Synovial macrophage M1 polarisation exacerbates experi-
mental osteoarthritis partially through R-spondin-2. Anna Rheum Dis.
2018;77:1524-34.

Yan J, Zhan X, Zhang Z, Chen K, Wang M, Sun Y, He B, Liang Y. Tetrahedral
DNA nanostructures for effective treatment of cancer: advances and
prospects. J Nanobiotechnol. 2021;19:412.

Dai M, Sui B, Xue Y, Liu X, Sun J. Cartilage repair in degenerative osteo-
arthritis mediated by squid type Il collagen via immunomodulating
activation of M2 macrophages, inhibiting apoptosis and hypertrophy of
chondrocytes. Biomaterials. 2018; 180:91-103.

Zhang H, Cai D, Bai X. Macrophages regulate the progression of osteoar-
thritis. Osteoarthr Cartil. 2020;28:555-61.

Lin RC, Deng CJ, Li XX, Liu YQ, Zhang M, Qin C, Yao QQ, Wang LM, Wu

CT. Copper-incorporated bioactive glass-ceramics inducing anti-
inflammatory phenotype and regeneration of cartilage/bone interface.
Theranostics. 2019; 9:6300-6313.

Singh A, Corvelli M, Unterman SA, Wepasnick KA, McDonnell P, Elis-

seeff JH. Enhanced lubrication on tissue and biomaterial surfaces
through peptide-mediated binding of hyaluronic acid. Nat Mater. 2014;
13:988-995.

Chen WH, Lo WC, Hsu WC, Wei HJ, Liu HY, Lee CH, Tina Chen SY, Shieh YH,
Williams DF, Deng WP, Synergistic anabolic actions of hyaluronic acid and
platelet-rich plasma on cartilage regeneration in osteoarthritis therapy.
Biomaterials. 2014; 35:9599-9607.

Xiong J, Wang Y, Xue QJ, Wu XD. Synthesis of highly stable dispersions of
nanosized copper particles using L-ascorbic acid. Green Chemistry. 2011;
13:900-904.

Oueslati N, Leblanc P, Harscoat-Schiavo C, Rondags E, Meunier S, Kapel

R, Marc I. CTAB turbidimetric method for assaying hyaluronic acid in
complex environments and under cross-linked form. Carbohydr Polym.
2014; 112:102-108.

Lee J, Kim G. Calcium-deficient hydroxyapatite/collagen/platelet-rich
plasma scaffold with controlled release function for hard tissue regenera-
tion. ACS Biomater Sci Eng. 2018; 4:278-289.

ChenY, Lee JH, Meng M, Cui N, Dai CY, Jia Q, Lee ES, Jiang HB. An over-
view on thermosensitive oral gel based on poloxamer 407. Materials.
2021;14:4522.

Yang J, Chi L. Characterization of structural motifs for interactions
between glycosaminoglycans and proteins. Carbohydr Res. 2017;
452:54-63.

Millan S, Kumar A, Satish L, Susrisweta B, Dash P, Sahoo H. Insights into
the binding interaction between copper ferrite nanoparticles and bovine
serum albumin: An effect on protein conformation and activity. Lumines-
cence. 2018; 33:990-998.

Valodkar M, Rathore PS, Jadeja RN, Thounaojam M, Devkar RV, Thakore S.
Cytotoxicity evaluation and antimicrobial studies of starch capped water
soluble copper nanoparticles. J Hazard Mater. 2012; 201-202:244-249.
Fan Z, Li J, Liu J, Jiao H, Liu B. Anti-inflammation and joint lubrication
dual effects of a novel hyaluronic acid/curcumin nanomicelle improve
the efficacy of rheumatoid arthritis therapy. ACS Appl Mater Interfaces.
2018;10:23595-604.

Andia |, Maffulli N. Platelet-rich plasma for managing pain and inflamma-
tion in osteoarthritis. Nat Rev Rheumatol. 2013; 9:721-730.

Jain E, Chinzei N, Blanco A, Case N, Sandell LJ, Sell S, Rai MF, Zustiak

SP. Platelet-rich plasma released from polyethylene glycol hydro-

gels exerts beneficial effects on human chondrocytes. J Orthop Res.
2019;37:2401-10.

Ma B, Xu H, Zhuang W, Wang Y, Li G, Wang Y. Reactive oxygen species
responsive theranostic nanoplatform for two-photon aggregation-
induced emission imaging and therapy of acute and chronic inflamma-
tion. ACS Nano. 2020;14:5862-73.

Shi SR, Tian TR, Li YJ, Xiao DX, Zhang T, Gong P, Lin YF. Tetrahedral
framework nucleic acid inhibits chondrocyte apoptosis and oxida-

tive stress through activation of autophagy. Acs Appl Mater Interfaces.
2020;12:56782-91.

Raghu H, Lepus CM, Wang Q, Wong HH, Lingampalli N, Oliviero F, Punzi
L, Giori NJ, Goodman SB, Chu CR, et al. CCL2/CCR2, but not CCL5/CCRS5,
mediates monocyte recruitment, inflammation and cartilage destruction
in osteoarthritis. Ann Rheum Dis. 2017; 76:914-922.



Zhu et al. Journal of Nanobiotechnology

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2022) 20:221

Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of mac-
rophage polarization in autoimmunity. Immunology. 2018; 154:186-195.
Zhou F, Mei JT, Yang SB, Han XG, Li HJ, Yu ZF, Qao H, Tang TT. Modified
ZIF-8 nanoparticles attenuate osteoarthritis by reprogramming the
metabolic pathway of synovial macrophages. Acs Appl Mater Interfaces.
2020;12:2009-22.

Motwadie ME, Hashem MM, Abo-El-Sooud K, Abd-Elhakim YM, EI-
Metwally AE, Ali HA. Modulation of immune functions, inflammatory
response, and cytokine production following long-term oral exposure to
three food additives; thiabendazole, monosodium glutamate, and bril-
liant blue in rats. Int Immunopharmacol. 2021; 98:107902.

Koc K, Pandir D. All aspect of toxic effect of brilliant blue and sunset yel-
low in Allium cepa roots. Cytotechnology. 2018; 70:449-463.

Pelletier JP, DiBattista JA, Raynauld JP, Wilhelm S, Martel-Pelletier J. The

in vivo effects of intraarticular corticosteroid injections on cartilage
lesions, stromelysin, interleukin-1, and oncogene protein synthesis in
experimental osteoarthritis. Lab Invest. 1995; 72:578-586.

Pontes-Quero GM, Benito-Garzon L, Perez Cano J, Aguilar MR, Vazquez-
Lasa B. Modulation of inflammatory mediators by polymeric nanoparti-
cles loaded with anti-inflammatory drugs. Pharmaceutics. 2021;13:290.
Zhao G, Ren R, Wei X, Jia Z, Chen N, SunY, Zhao Z, Lele SM, Zhong HA,
Goldring MB, et al. Thermoresponsive polymeric dexamethasone prodrug
for arthritis pain. J Control Release. 2021; 339:484-497.

Pelletier JP, Jovanovic D, Fernandes JC, Manning P, Connor JR, Currie MG,
Di Battista JA, Martel-Pelletier J. Reduced progression of experimental
osteoarthritis in vivo by selective inhibition of inducible nitric oxide
synthase. Arthritis Rheum. 1998; 41:1275-1286.

Kraus VB, Huebner JL, DeGroot J, Bendele A. The OARSI histopathology
initiative—recommendations for histological assessments of osteoarthri-
tis in the guinea pig. Osteoarthr Cartil. 2010;18(Suppl 3):535-52.
Chevalier X, Goupille P, Beaulieu AD, Burch FX, Bensen WG, Conrozier

T, Loeuille D, Kivitz AJ, Silver D, Appleton BE. Intraarticular injection of
anakinra in osteoarthritis of the knee: a multicenter, randomized, double-
blind, placebo-controlled study. Arthritis Rheum. 2009; 61:344-352.
Zhang H, Lin C, Zeng C, Wang Z, Wang H, Lu J, Liu X, Shao Y, Zhao C, Pan
J, et al. Synovial macrophage M1 polarisation exacerbates experimen-
tal osteoarthritis partially through R-spondin-2. Ann Rheum Dis. 2018;
77:1524-1534.

Wu CL, Harasymowicz NS, Klimak MA, Collins KH, Guilak F. The role of
macrophages in osteoarthritis and cartilage repair. Osteoarthritis Carti-
lage. 2020; 28:544-554.

Fernandes TL, Gomoll AH, Lattermann C, Hernandez AJ, Bueno DF,
Amano MT. Macrophage: a potential target on cartilage regeneration.
Front Immunol. 2020;11:111.

Kurakula M, Rao G. Pharmaceutical assessment of polyvinylpyrrolidone
(PVP): As excipient from conventional to controlled delivery systems
with a spotlight on COVID-19 inhibition. J Drug Deliv Sci Technol. 2020;
60:102046.

Ni D, Jiang D, Kutyreff CJ, Lai J, Yan Y, Barnhart TE, Yu B, Im HJ, Kang L,
Cho SY, et al. Molybdenum-based nanoclusters act as antioxidants and
ameliorate acute kidney injury in mice. Nat Commun. 2018; 9:5421.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Multifunctional thermo-sensitive hydrogel for modulating the microenvironment in Osteoarthritis by polarizing macrophages and scavenging RONS
	Abstract 
	Introduction
	Results and discussion
	Physical characterizations of Cu NDs
	RONS scavenging assays of Cu NDs
	Preparation and rheological study of HPP@Cu gel
	Morphological characterization of HPP@Cu gel
	Study on the dissolution behavior of HPP@Cu gel and the release behavior of Cu NDs, HA, and PRP-derived TGF-β1 from HPP@Cu gel
	RONS scavenging assays of HPP@Cu gel
	Cytotoxicity evaluation of HPP@Cu gel in vitro
	Cell proliferation of HPP@Cu gel
	RONS scavenging activity assessment in vitro
	Protective effects of Cu NDs on H2O2-induced chondrocytes damage
	Phenotype transition study of macrophages in vitro
	The degradation experiment in vivo
	Therapeutic effect on MIA-induced rat OA models
	Biocompatibility assessment in vivo

	Conclusions
	Methods
	Preparation of Cu NDs
	Preparation of HPP@Cu thermo-sensitive hydrogel
	Morphological characteristics, particle dimensions, zeta potentials, and particle stability of Cu NDs
	Characterization of the chemical composition of Cu NDs by XRD, FTIR, UV
	H2O2 scavenging activity of Cu NDs
	·OH scavenging activity of Cu NDs
	·O2- scavenging activity of Cu NDs
	PTIO radical scavenging activity of Cu NDs
	NO· scavenging activity of Cu NDs
	ABTS+ radical scavenging activity of Cu NDs
	DPPH radical scavenging activity of Cu NDs
	Release behavior of Cu NDs, HA, and PRP-derived TGF-β1 from HPP@Cu gel
	Preparation of HPP@Cu gel extracts for culture medium conditions in vitro
	Cell viability assay
	Cell proliferation of HPP@Cu gel
	ROS scavenging activity assessment in vitro
	RNS scavenging activity assessment in vitro
	Protection of chondrocytes by Cu NDs
	Polarization transition assessment of macrophages
	Animals
	Establishment of OA model induced by MIA and therapy in vivo
	The degradation experiment of HPP@Cu gel in vivo
	Biocompatibility evaluation in vivo
	ROS and RNS detection of articular cartilage
	Pathological histological evaluation
	Statistical analysis

	References




