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A B S T R A C T

Exploring highly efficient and cost-effective biomaterials for osteoarthritis (OA) treatment remains challenging,
as current therapeutic strategies are difficult to eradicate the excessive reactive oxygen species (ROS) and nitric
oxide (NO) at damaged sites. Tea polyphenol (TP) nanoparticles (NPs), a nature-inspired antioxidant in com-
bination with 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO), a NO scav-
enger, could provide maximized positive therapeutic effects on OA by eradicating both ROS and NO. Notably,
this combination not only improves the half-life of the TP monomer and the drug loading efficiency of carboxy-
PTIO but also prevents nitrite from being harmful to tissue. Moreover, the protonation ability of carboxy-PTIO
allows smart acid-responsive release in response to environmental pH, which provides conditioned treatment
strategies for OA. In in vitro experiments, TP/PTIO NPs downregulated proinflammatory cytokine release via
synergistic removal of ROS and NO and suppression of ROS/NF-κB and iNOS/NO/Caspase-3 signaling. For in vivo
experiments, NPs were cross-linked with 4-arm-PEG-SH to form an injectable hydrogel system. The release of TP
and carboxy-PTIO from the system efficiently prevents cartilage inflammation and damage via similar signaling
pathways. Overall, the proposed system provides an efficient approach for OA therapy.

1. Introduction

Osteoarthritis (OA), the main cause of disability in the aging popu-
lation [1–3], affects more than 20 % of middle-aged and elderly in-
dividuals worldwide [2,4,5]. As the most common form of arthritis, OA
patients are characterized by morphological and molecular changes in
the entire joint that lead to softening, ulceration and loss of articular

cartilage [1]. In addition, as a multifactorial and polygenic disease, OA
is influenced by proinflammatory genetic and environmental mediators
such as overload, trauma, estrogen level, nutritional status, and genetic
susceptibility [3,6–9], which may contribute to articular injury, carti-
lage degeneration, and synovitis [1]. In view of the clinically unclear
etiology of OA, current treatment strategies for this disease include
nondrug/drug therapy and arthrocentesis [10,11]. However, neither
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noninvasive and minimally invasive therapies nor irreversible surgical
interventions at the late stage can achieve satisfactory results due to the
complexity of the joint structure, which leads to difficulty in identifying
the specific molecular mechanisms of OA, and a lack of long-lasting but
affordable biosafe drugs. From this clinical perspective, new effective
and minimally invasive therapies with high efficiency and limited cost
are worth exploring.

Controlling endogenous contributory factors might be an effective
strategy for OA treatment. The overaccumulation of reactive oxygen
species (ROS, byproducts of oxidative phosphorylation) and proin-
flammatory factors in the OA microenvironment is regarded as the main
cause of OA [12]. Excessive ROS oxidize and destroy cartilage homeo-
stasis subsequently, initiating catabolism and ultimately degrading
cartilage by inducing chondrocyte inflammation and apoptosis [13]. On
the other hand, migrated innate immune cells overproduce proin-
flammatory factors such as Interleukin-1β (IL-1β), IL-1α,IL-6, and tumor
necrosis factor-alpha (TNF-α) [14,15] in the synovial fluid of the
intra-articular microenvironment [16], which further activates chon-
drocytes and initiates the overproduction of nitric oxide (NO) and
accumulation of matrix metalloproteinases (MMPs), proteases, and
chemokines, resulting in degradation in cartilage [17,18]. Notably,
among the factors that cause OA progression, NO is considered the main
factor that induces chondrocyte apoptosis [19]. NO accumulates mainly
in mitochondria. In addition to being a known inducer of apoptosis, NO
also promotes the degradation of cartilage matrix macromolecules
(aggrecan, etc.) and increases MMP activity in chondrocytes [20,21].
Research has shown that the accumulation of NO in joints and blood
positively correlated with the severity of OA [19,22]. Moreover,
immunohistochemical analysis has confirmed the overexpression of
inducible nitric oxide synthase (iNOS) in chondrocytes in OA condition
[20], while iNOS is an important factor for NO production and proin-
flammatory cytokine activation [23]. Identifying novel biomaterials
that are eligible to control NO production together with ROS generation
in inflamed knee joints might lead to more effective and favorable
strategies for controlling cartilage degradation and alleviating OA
progression.

Natural polyphenols are widely present and have been used as
exogenous antioxidative supplements in bioactive foods and medicines
aimed at preventing oxidative stress-associated diseases [24–31]. Tea
polyphenols (TPs), which are extracted from tea leaves, have satisfac-
tory anti-inflammatory and antioxidative effects and have attracted
worldwide attention in the field of biomedical science [32–34]. TP
eliminates ROS directly [35], as TP reacts with free radicals such as
hydroxyl (HO•), superoxide (O2•–) and peroxy radicals, as well as
nonradicals such as peroxynitrite (OONO-) and hypochlorous acid salt
(ClO-) [36,37]. Notably, TP has been proven to clear ROS by entering
and enriching mitochondria [38]. Therefore, TP has potential for OA
treatment. However, the use of TP monomer in OA treatment has been
limited by its half-life of approximately 30 min and limited ability to
target NO [39]. Fabricating macromolecular TP materials might help
solve this limitation. Macromolecular TP may not only elongate the TP
half-life but also serve as a drug carrier to load NO scavengers to exert
dual benefits on OA patients. Carboxy-PTIO, a commonly used nitric
oxide (NO) scavenger [40], can react with NO to form carboxy-PTI de-
rivatives and produce nitrite or nitrate, thereby eliminating environ-
mental NO. These carboxy-PTI derivatives can further inhibit iNOS, with
a 2-fold greater inhibition efficiency than similar inhibitors such as N
G-methyl-L-arginine or NG-nitro-L-arginine. However, the nitrite
formed after NO scavenging may have biological toxicity potential,
which prevents the biological application of carboxy-PTIO. TP can
prevent the synthesis of N-nitroso compounds to remove the nitrite
produced by the carboxy-PTIO reaction [41]. Therefore, the combined
use of macromolecular TP with carboxy-PTIO may provide additional
positive therapeutic effects to OA patients through the dual eradication
of ROS and NO with limited side effects.

In this study, bioactive low-cost TP nanoparticles (NPs) with

extended half-lives were designed by the enzymatic polymerization of
TP monomers. Using these TP NPs as a carrier platform, carboxy-PTIO
was loaded onto the surface through π-π interactions. Notably, a smart
acid-responsive release ability could be present in the system, as the
protonation ability of carboxy-PTIO in an acidic microenvironment
could weaken the π-π interactions with TP NPs, allowing a controlled
release of TP and carboxy-PTIO from the NP system in an acidic OA
microenvironment (pH may be 5.5–6.0) [42–45]. In addition, to in-
crease the clinical application of the NP system, polyethylene glycol
(PEG), a commonly used lubricant, was proposed for the construction of
NPs containing hydrogels for use in slowing cartilage wear and allevi-
ating the progression of OA [46]. In this study, we evaluated the acid
response, ROS and NO scavenging ability, drug release ability, micro-
morphology, gelation behavior, and degradation profile of the TP/PTIO
+ PEG compound system. An in vitro study was performed to determine
the cytotoxicity, ROS and NO scavenging ability, anti-inflammatory ef-
fects and signaling pathways of the NPs, and an OA mouse model was
also adapted to evaluate the therapeutic functions in vivo. This study
designed a novel NP-based hydrogel system for OA treatment that has
synergistic effects on ROS and NO scavenging ability, sustained
acid-responsive degradation ability, and controlled release behavior
(Scheme 1).

2. Results and discussion

2.1. Fabrication of NPs

The synthesis of tea polyphenols/carboxy-PTIO (TP/PTIO) NPs is
illustrated in Fig. 1A. Briefly, TP NPs with excellent drug-carrying ca-
pacity were fabricated via a green enzymatic polymerization strategy
[32]. This process was relatively fast, with a uniform spherical NP
morphology successfully achieved after 6 h, which could be visualized
via transmission electron microscopy (TEM) with a diameter of
approximately 99.43 ± 1.14 nm (Fig. 1B). Using TP NPs as a carrier,
carboxy-PTIO, the NO scavenger was loaded onto TP NPs through π-π
interactions to form TP/PTIO NPs (Fig. 1B). The size and zeta potential
of the TP NPs changed after carboxy-PTIO loading, indicating successful
modification of the NP structure and good stability in aqueous solution
(Fig. 1C and D). Additionally, the characteristic peak of carboxy-PTIO
appeared for the TP/PTIO NPs, suggesting successful loading of
carboxy-PTIO onto the surface of the TP NPs (Fig. 1E). The
carboxy-PTIO drug loading efficiency in TP/PTIO NPs was 14.07 %
according to the carboxy- PTIO peak in TP/PTIO by HPLC and
carboxy-PTIO standard curve (Fig. S12). The structures of the TP/PTIO
NPs were evaluated using Fourier transform infrared spectroscopy
(FT-IR), and spectra identical to those of the TP NPs were observed, with
characteristic peaks at ≈3400 and ≈ 1200 cm− 1 corresponding to the
O-H group and pyrogallol group [47], respectively (Fig. 1F). In addition,
a characteristic PTIO peak appeared at approximately ≈1550 cm-1 in
the spectrum of the TP/PTIO NPs, which was attributed to the vibration
of the imidazolium ring [48]. This identification was consistent with the
X-ray photoelectron spectroscopy (XPS) results (Fig. 1G).

The stability of the NPs was first evaluated in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10 % fetal bovine serum
(FBS), phosphate-buffered saline (PBS), and H2O. As shown in Fig. S4,
no precipitation or aggregation occurred after 7 days of incubation,
indicating a favorable stability of the NPs in physiological media. The
stimulus-responsive release behavior was evaluated under a simulated
OA microenvironment (pH = 6.0), and physiological conditions (pH =

7.4) were used as controls. The TP/PTIO NPs exhibited an ideal acid-
responsive release of carboxy-PTIO, an NO scavenger, under OA con-
ditions (Fig. 1H), suggesting that TP might possess therapeutic potential
by downregulating NO levels at OA sites. Moreover, the TP monomer
was also released from the NPs persistently over 28 days, indicating a
greatly extended half-life (Fig. 1I). Overall, TP/PTIO NPs with
controlled release behavior was successfully fabricated, and their
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therapeutic effects on OA were subsequently evaluated.

2.2. The anti-inflammatory behaviours of NPs in vitro

Increased levels of proinflammatory mediators are major charac-
teristics in the synovial fluids of end stage OA patients [49,50], while
Oxidative stress caused by ROS and NO play a pivotal role in the over
activation of the inflammatory responses to produce proinflammatory
cytokines and chemokines, leading to cartilage ECM turnover and
chondrocytes apoptosis to aggregate OA [49]. Studies have shown that
suppressing the expression of ROS associated genes IL-1β and TNF-α
[51], MMP-1, -3 and -13 and COX-2, or increasing the expression of [52]
exerted chondroprotective effects in chondrocytes and animal models of
OA. Besides, currently available therapies for the management of OA
also include non-steroidal anti-inflammatory drugs [53], indicating the
importance of inflammation control in OA therapy. Therefore, control-
ling inflammation in OA help achieve the therapeutic action of treating
OA.

Due to the extraordinary structural characteristics of the TP/PTIO
NPs, we applied them to OA to determine the anti-inflammatory po-
tential of the NPs, as proinflammatory factors accumulated at damaged
sites is the main cause of OA. Immune cell infiltration of OA synovial
tissue by subpopulations of T cells and activated macrophages correlates
with OA disease progression and pain. The innate and acquired immune
system plays a key role in the low-grade inflammation found associated
with OA [54]. Therefore, Raw cells as a canonical mouse macrophage,
has been adapted as a representative of immune cells to simulate the
immune responses in OA. Specifically, Raw 264.7 cells were adapted as
the representative cells and treated with lipopolysaccharide (LPS, 100
ng/mL) for 24 h, after which TP/PTIO NPs were added and incubated
with the cells for another 24 h (Fig. 2A). The internalization and

intracellular distribution of TP or TP/PTIO in Raw 264.7 cells were first
evaluated by labelling TP or TP/PTIO NPs with Cyanine5.5 amine and
visualized under confocal microscopy (Fig. 2B). TP and TP/PTIO NPs
entered the cell and distributed evenly in the cytoplasm of Raw 264.7
cell. Both the TP and the TP/PTIO NPs showed satisfactory biocom-
patibility at concentrations no greater than 80 μg/mL (Fig. 2C). As
shown in the Caspase3/7 activity and mitochondrial membrane poten-
tial detection assay results and Calcein AM/PI live and dead staining
images, TP/PTIO NPs effectively inhibited Raw 264.7 cell apoptosis
induced by LPS (Fig. 2C–E). Activated Caspase 3/7 cleaves Poly
(ADP-ribose) polymerase (PARP), an important nuclear protein impor-
tant for cellular differentiation, proliferation, and cellular apoptosis, to
yield an 89 kD fragment [55], therefore, we also determined the level of
cleaved PARP-1 in Raw 264.7 cells. As expected, TP/PTIO NPs (espe-
cially at the concentration 80 μg/mL) eliminated cleaved PARP-1 pro-
duction caused by LPS in the cells (Fig. S13), which was in line with the
caspase 3 activation in cells. A proportion of cleaved PARP-1 protein was
found translocated to the cytoplasm (Fig. S13A) after LPS as the protein
may combine to the cytoplasm molecules with the assistance of poly
(ADP-ribose) (PAR) [55], and this translocation was also significantly
eliminated after TP/PTIO NPs supplementation. TP/PTIO also demon-
strated more significant anti-cleaved PARP-1 effects than TP NPs (Fig
S13). Correspondingly, TP and TP/PTIO NPs suppressed the release of
the LPS-upregulated proinflammatory mediators IL-1β, IL-6, TNF-α, and
cyclooxygenase-2 (COX-2) in Raw 264.7 cells at both the gene expres-
sion level (Fig. 2F–I) and protein production level (Fig. 2J–M).

2.3. ROS scavenging and ROS/NF-κB signaling regulation in vitro

Excessive accumulation of ROS in the local microenvironment is the
major risk factor for OA [56]. To verify the free radical clearance ability

Scheme 1. Schematic illustration of the fabrication of an acid-responsive TP NP-based hydrogel platform for osteoarthritis therapy.
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of the NPs, we determined the radical scavenging abilities of the
TP/PTIO NPs. 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2ʹ-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) are the 2 most widely
used assays to determine free radical scavenging capacity. After an in-
cubation of 30 min, a scavenge ability of 43.82± 0.34 % by TP NPs (TP)
and 44.20 ± 0.40 % by TP/PTIO NPs (TP/PTIO) was observed in DPPH
assay. Similarly, an ABTS scavenge ability of 34.86 ± 1.39 % by TP and
37.08 ± 1.16 % by TP/PTIO was observed. No significant differences
were found between TP and TP/PTIO in DPPH and ABTS assay, which
might attribute to the fact that carboxy-PTIO in TP/PTIO targets NO
while DPPH and ABTS are sensitive to reactive oxygen species. (Fig. 3A
and B). TP/PTIO NPs effectively decomposed into PTIO and TP mono-
mer under cell culture condition (Fig. S6) with an acid responsive
characteristics. We next determined whether TP-embedded NPs have
antioxidative potential and mediate OA-related inflammation via
ROS-related signaling. Hydrogen peroxide (H2O2) was adapted as its
the major ROS in redox regulation of biological activities. Both TP and

TP/PTIO NPs at a concentration of 80 μg/mL were able to scavenge ROS
(induced by H2O2) to almost the same extent as the control group,
suggesting an ideal antioxidative capacity of the TP and TP/PTIO NPs
(Fig. 3D and G). TP and TP-PTIO NPs showed similar scavenging ability
with respect to H2O2, this may attribute to the fact that carboxy-PTIO is
a NO scavenger, which may not response to ROS significantly. Raw
264.7 cells after H2O2 treatment were stained with DCFH-DA, a ROS
probe, and visualized under fluorescence microscopy (Fig. 3E). Later,
the sustained release capacity of TP NPs was further evaluated by
incubating TP NPs or TP monomer with H2O2 solution which was sup-
plied to the incubation system at regular interval. TP NPs demonstrated
the best H2O2 controlling ability over time (Fig. S3).

The H2O2 generation ability of LPS were evaluated as well. As ex-
pected, LPS was able to induce ROS generation in Raw 264.7 cells, while
TP-embedded NPs scavenged intracellular ROS (Fig. 3C). ROS induced
by LPS was quantified by flow cytometry (Fig. 3F and H). A less mean
fluorescence intensity (MFI) was noticed in LPS conditioned cells after

Fig. 1. Fabrication and characterization of TP/PTIO NPs. (A) Synthesis of TP/PTIO NPs. (B) TEM images of synthesized TP and TP/PTIO NPs. (C) and (D) Zeta
potential and size of the NPs. (E) Ultraviolet–visible (UV–Vis) spectra of TP, PTIO and the TP/PTIO NPs. (F) FT-IR spectra of TP and the TP/PTIO NPs. (G) XPS
analysis of TP and the TP/PTIO NPs. (H) The release ratios of carboxy-PTIO from TP/PTIO NPs at pH 6.0 and 7.4 measured by high-performance liquid chroma-
tography (HPLC). (I) TP released from the TP/PTIO NPs was measured by HPLC.
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TP and TP/PTIO NPs treatment, and TP/PTIO NPs exerted a slightly
more significant ROS scavenging ability compared to TP NPs. ROS play
various roles in activating various signaling pathways, among which NF-
κB is one of the most important signaling cascades as NF-κB target genes
attenuate ROS to prevent hyperinflammation and promote survival and
proliferation [57]. In addition, as NF-κB is the major catabolic signaling
pathway associated with the pathogenesis of OA [58], we next deter-
mined whether TP/PTIO NPs protects cells by downregulating
ROS/NF-κB signaling pathway. As shown in Fig. 3I–L, LPS significantly
upregulated the expression of NF-κB signaling associated genes,
including P50, P65, IκB-α, and IKKβ, while TP and TP/PTIO NP sup-
plementation clearly promoted an anti-inflammatory response to
downregulate the above genes, suggesting a significant

anti-inflammatory function of TP/PTIO NPs. The protein production of
P50, P65, IκB-α, p-IκB-α, p-IKKβ, and COX-2 was also verified by WB,
which corresponded to the changes in gene expression levels
(Fig. 3M–T).

2.4. NO scavenging and iNOS/NO/caspase-3 signaling regulation in vitro

NO is another important source of stress and apoptotic factors that
initiates damage to the knee joint [59]. Chondrocyte is the major cell
type in cartilage. Cartilage degeneration due to cell inflammation and
apoptosis is the main hallmark of OA, and chondrocytes within the
cartilage respond to inflammatory mediators, and regulate matrix pro-
duction and degradation. For this point, chondrocyte is an ideal cell

Fig. 2. Anti-inflammatory behaviour of TP/PTIO NPs in vitro. (A) Schematic diagram for the in vitro experiments. (B) Distribution of TP/PTIO NPs in Raw 264.7 cells.
(Blue: nucleus stained with Hoechst 33342. Red: NPs with Cyanine5.5 amine labeling). (C) The cytotoxicity of TP and the TP/PTIO NPs. *P < 0.05, **P < 0.01
relative to the control group. (D) Apoptosis of cells as was determined by Caspase 3/7 GreenNuc staining (green) and live cells by mito-tracker deep red staining
(red). (E) Live and dead staining of Raw 264.7 cells with TP/PTIO NPs treatment. (Green: stained with calcein AM; red: stained with PI). (F–I) The mRNA expression
and protein production (J–M) of the proinflammatory cytokines COX-2, IL-1β, IL-6, and TNF-α in Raw 264.7 cells after treatment. *P < 0.05, **P < 0.01, and ***P <

0.001 relative to the LPS group. #P < 0.05 compared to the TP + LPS group.
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model for researches on NO associated apoptosis in OA [60,61].
To determine the NO scavenging ability of TP/PTIO NPs, mouse

chondrocytes were incubated with sodium nitroprusside (SNP, an NO
donor, 100 μM) for 4 h, after which TP or TP/PTIO NPs were added, and
mitochondrial membrane damage was evaluated after 24 h using JC-1
staining. For TP/PTIO NPs, as TP scavenges the nitrite generated by
carboxy-PTIO reaction, the nitrite concentration decreased significantly

after TP/PTIO NPs supplementation (Fig. S9). JC-1 is a fluorescent probe
for the detection of mitochondrial membrane potential. When cell is
healthy, the mitochondrial membrane is high, JC-1 aggregates in the
matrix of mitochondria to form polymers (J-aggregates) which produce
red fluorescence. When the membrane potential is low due to damage or
apoptosis, JC-1 presents as a monomer (green fluorescence) as it cannot
accumulate in the mitochondrial matrix. TP/PTIO NPs effectively

Fig. 3. ROS-scavenging behaviours of NPs and ROS/NF-κB signaling pathways in vitro. (A–B) DPPH and ABTS radical scavenging activities of NPs. (C) Relative H2O2
concentration in Raw 264.7 cells after LPS stimulation. ***P < 0.001 compared to the LPS group. ###P < 0.001 compared to the TP + LPS group. (D) Relative H2O2
concentration in Raw 264.7 cells after ROS stimulation. ***P < 0.001 compared to the LPS group. (E) Raw cells were incubated with H2O2 for 4 h, after which TP and
the TP/PTIO NPs were added (80 μg/mL) and incubated for 48 h. ROS generation was detected by ROS assay and visualized under a confocal laser microscope (green:
stained with DCFH-DA, indicating the level of cellular ROS; blue: stained with Hoechst 33342, indicating the location of the nucleus). The fluorescence intensity and
(G) relative H2O2 concentration in Raw cells were determined. P < 0.001 relative to the H2O2 group. (F) and (H) ROS enriched Raw cells stained with DCFH-DA were
further quantified using flow cytometry. *P < 0.05, and ***P < 0.001 relative to the LPS group. #P < 0.05 compared to the TP + LPS group. NF-κB signaling
pathway-associated IKKβ, P50, P65, and IκB-α gene expression (I–L) in Raw 264.7 cells after LPS treatment was quantified by RT‒qPCR. *P < 0.05, **P < 0.01, and
***P < 0.001 relative to the LPS group. #P < 0.05 compared to the TP + LPS group. (M–T) NF-κB signaling associated protein expressions were further verified
by WB.
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inhibited the decrease in the mitochondrial membrane potential caused
by SNP, a NO donor, and restored the mitochondrial membrane poten-
tial to the level of the control group (Fig. 4A). At the applied concen-
tration, SNP did not affect chondrocyte viability (Fig. S7). The
mitochondrial membrane damage was further evaluated by a Caspase3/
7 activity and mitochondrial membrane potential detection assay.
Apoptotic cells with enhanced GreenNuc Caspase 3 (green) and
decreased Mito-Tracker Deep Red 633 (red) staining were further
determined by fluorescence microscopy and quantified using flow
cytometry (Fig S8, 4B-C), which demonstrated similar results as the JC-1
staining assay that TP/PTIO NPs effectively inhibited the decrease in the
mitochondrial membrane potential caused by SNP. TP and TP/PTIO NPs
at the concentrations applied did not affect chondrocytes proliferation
over time (Fig. 4F). TP and TP/PTIO NPs also protect chondrocytes by
upregulating the expression of the bone-forming genes COL-II and
Aggrecan, which are two major components of the cartilage extracel-
lular matrix (ECM), and downregulating the expression of bone loss-
associated A disintegrin and metalloproteinase with thrombospondin
motif (ADAMTS) and matrix metalloproteinase-13 (MMP-13)
(Fig. 4G–J), suggesting a potential anti-inflammatory effect of TP/PTIO
NPs. TP/PTIO NPs demonstrated a stronger protective effect than TP
NPs, suggesting that carboxy-PTIO released from TP/PTIO NPs effec-
tively inhibited mitochondrial membrane damage. The NO signaling
pathway-associated genes encoding iNOS, MMP-13, and Caspase-3 were
over-activated in mouse chondrocytes after LPS stimulation but were
inhibited by TP and TP/PTIO NPs (Fig. 4J–L), especially TP/PTIO NPs,
in mouse chondrocytes, suggesting that carboxy-PTIO released by TP/
PTIO could inhibit the cellular inflammation induced by LPS by inhib-
iting the iNOS/NO/Caspase-3 signaling pathway. Overall, the TP/PTIO
NPs exhibited synergistic inhibition of cellular inflammation via dual
ROS and NO scavenging.

2.5. The anti-inflammatory behaviours of hydrogel in vivo

OA causes damage to the articular cartilage and underlying bone.
Therapy for OA are mainly intra-articular drug delivery which increases
local bioavailability, reduces systemic exposure, causes fewer adverse
events, and reduce cost. Hyaluronic Acid (HA), glucocorticoids, and
promising drug delivery systems such as liposomes vesicle systems are
used for intra-articular treatments [62,63]. HA and glucocorticoids can
provide clinically meaningful benefits to an appreciable number of pa-
tients. However, the high cost, limited half-life, and unclear effective-
ness of HA and glucocorticoids have raised concerns over their use in OA
[64]. Glucocorticoid administration also found to increase the risk of
cartilage volume loss and postoperative infection in patients having total
knee arthroplasty [65]. Liposomes as promising drug vesicle systems are
known to possess properties such as site-targeting, sustained or
controlled release. However, most of the liposome system are known to
be unstable by non-covalent interactions, causing leakage and fusion of
encapsulated drug/molecules. Besides, liposomes are generally with
high cost, short half-life, and low solubility. As natural products derived
TP/PTIO NPs are with low cost, sustained drug release capacity, satis-
fying biocompatibility and easy to manufacture, we applied the NPs to
mice with OA to determine if positive therapeutic effects were present.
To achieve more lubricated and release controlled in vivo friendly ma-
terials for OA therapy, a TP/PTIO NP-based injectable hydrogel was
designed by mixing TP/PTIO NPs with 4-arm-PEG-SH (Fig. 5A). The
viscosity, gelation and drug release capacity of the TP/PTIO + PEG
hydrogel was determined first (Figs. S1, S2, S5 and 5B). The intersection
of storage modulus and loss modulus of 2.5, 5, 10, 20 mg/mL hydrogels
occur in 1300, 550, 400, 250 s, respectively, and this intersection rep-
resents the time point at which the solution transitions to gel. The
gelation time correlated with the concentration of TP/PTIO NPs
(Fig. 5B), as an increase in the TP/PTIO NP ratio led to a shortened
hydrogel formation time due to an increase in crosslinking sites. A final
TP/PTIO NP concentration of 10 mg/mL was selected for reaction with

50 mg/mL 4-arm-PEG-SH with a gelation time of 400 s, which was
adequate and suitable for in vivo injection for subsequent animal ex-
periments [66]. An OA animal model was established by injecting 6 μL
of papain (4 %, m/v) solution into the knee joint cavity of 8-week-old
C57BL/6 mice, as papain-induced OA animal models have been
widely used for in vivo OA assessment [67]. An OAmodel with increased
perforation, subchondral bone deterioration and enlarged marrow cav-
ities was deemed successful. After 14 days of maintenance, successful
OA mice were injected with 10 μL of PBS (group PBS), HA (group HA),
TP NPs (group TP), PTIO (group PTIO), TP/PTIO NPs (group TP/PTIO),
or TP/PTIO + PEG hydrogel (group TP/PTIO + PEG), respectively. HA
was adapted as a positive control group for referring. The detailed
treatment strategy was illustrated in Fig. 5A.

Mouse body weights were taken every 2 days, all mice were sacri-
ficed 2 weeks later, and the knee joints were collected for analysis. No
significant body weight changes were observed among all tested groups
(Fig. S10). The NPs demonstrated an ideal biocompatibility in mice as
was demonstrated by hemolysis assay, and HE staining of heart, liver,
spleen, lung and kidney (Fig. S11). The Osteoarthritis Research Society
International (OARSI) score, a classic evaluation system, was adapted to
evaluate cartilage damage in the tibial plateau [68]. All groups treated
with NP- or NP-based hydrogels had lower OARSI scores, with the
TP/PTIO + PEG hydrogel decreasing the OARSI score most significantly
(Fig. 5C). There’s a significant change in TP/PTIO group compared to TP
group (p = 0.0222), and TP/PTIO group compared to PTIO group (p =

0.0011). Damage to knee joint cartilage lesions and cartilage sub-
structures was examined after sacrifice via micro-CT (Fig. 5D), and
relative parameters were manually segmented and analyzed
(Fig. 5E–H). Injection of papain solution caused significant cartilage and
subchondral bone destruction (in the PBS group), while the application
of the TP/PTIO + PEG hydrogel had the greatest ability to improve the
following bone destruction-associated parameters (Fig. 5D–H): the ratio
of bone volume to total tissue volume (BV/TV, from 35.67 % to 66.25
%), the ratio of bone surface area to bone surface (BS/BV, from 40.57 %
to 27.04 %), the trabecular thickness (Tb.th, from 0.137 mm to 0.186
mm), and the trabecular separation of subchondral bone in condyles
(Tb. Sp, from 0.151 mm to 0.099 mm), suggesting that the prepared
hydrogel was an ideal agent for OA-related bone regeneration. BV/TV
reflects changes in bone volume. BV/TV is the most important param-
eter in the evaluation of bone changes using microCT. In this study,
similar trends were present in the BV/TV (ratio of bone volume to total
tissue volume) data that TP/PTIO + PEG demonstrated the best thera-
peutic effects in OA. There’s a significant change in TP/PTIO group
compared to TP group (p = 0.0017), and TP/PTIO group compared to
PTIO group (p < 0.0001). There is not much difference between the TP,
PTIO and TP/PTIO groups in the BS/BV (represents the area of bone
tissue per unit volume), Tb.Sp (represents the average width of the
medullary cavity between traceculae), Tb.Th (represents the average
trabecular thickness of the phalange) changes. This may attribute to the
fact that NPs or Carboxy-PTIO not in a hydrogel formmay degrade faster
than the hydrogel. The in vivo biosafety and tissue regeneration ability of
the TP/PTIO + PEG hydrogel were verified by histological staining
(Fig. S11). All the mice treated with NPs or hydrogels had an improved
prognosis compared with that of the PBS nontherapeutic group ac-
cording to the histological staining results. Among all the groups that
received NP or hydrogel therapy, the TP/PTIO + PEG combination
treatment strategy evidently attenuated the histologic deterioration
(including proteoglycan and collagen degradation) caused by papain
treatment. Similarly, those that received TP/PTIO + PEG hydrogel
therapy exhibited the least loss of proteoglycans and a reduced thickness
of knee cartilage, as illustrated by safranin O/fast green staining
(Fig. 5I).

2.6. Mechanism verification in vivo

In OA mice, significant suppression of upregulated NF-κB and NO
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Fig. 4. NO-scavenging of the TP/PTIO NPs and iNOS/NO/Caspase-3 signaling pathways in vitro. (A) Chondrocytes were incubated with sodium nitroprusside (SNP)
for 4 h, after which TP or TP/PTIO NPs were added for 24 h, after which the cell mitochondrial membrane potential was determined by JC-1 staining, and visualized
via confocal laser microscopy. Red: high potential; green: low potential; orange: colocalization. (B–C) Apoptotic cells with cell mitochondrial membrane potential
changes were stained with GreenNuc Caspase 3 and Mito-Tracker Deep Red 633, and the amount was quantified using flow cytometry. Chondrocytes after LPS
treatment were stained with NO probe (DAF-FM DA) and (D) visualized under confocal microscopy, (E) the fluorescence was quantified using flow cytometry. (F) The
cell viability of chondrocytes treated with TP/PTIO and TP NPs after 1, 4, and 7 days was determined by the CCK-8 test. (G–I) The effects of TP/PTIO NPs on the
expression of bone formation-related genes COL-II, Aggrecan, and ADAMTS5 induced by LPS were determined via qPCR. (J–L) The inhibitory effects of TP/PTIO NPs
on iNOS/NO/Caspase-3 signaling pathway-associated gene overexpression of MMP-13, iNOS, and Caspase-3 in mouse chondrocytes were quantified via RT‒qPCR.
(M − P) MMP-13, iNOS and Caspase-3 protein expression was quantified via WB. *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the LPS group. #P < 0.05, ##P
< 0.01, ###P < 0.001 compared with the TP + LPS group.

Fig. 5. Anti-inflammatory behaviour of hydrogel in OA mice. (A) Schematic illustration of the in vivo animal experiment set up. (B) TP/PTIO + PEG gelation time. (C)
OARSI scores and (D) Micro-CT images of the mice in the groups. Subchondral bone physiological condition associated parameters (E–H) were measured. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared to the PBS group. #P < 0.05 relative to the TP therapy group. ##P < 0.01, ###P < 0.001 compared to TP group. (I) H&E,
Masson’s trichrome, and safranin O/fast green staining of knee joints after treatment. Scale bar: 200 μm.
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signaling markers, including p65, iNOS, MMP-13, and activated
Caspase-3, was observed after treatment with the TP/PTIO + PEG
hydrogel according to the immunofluorescence staining results
(Fig. 6A), which was in accordance with the in vitro gene expression
changes in cells. Cartilage ECM-associated markers were also evaluated

by immunohistochemistry (IHC), as OA is generally characterized by
degradation of the ECM. As shown in Fig. 6B, TP/PTIO + PEG hydrogel
injection induced the elimination of the proinflammatory proteins
MMP-13 and ADAMTS5, and an increase in the protein production of
collagen II and aggrecan, which are major components of the ECM, was

Fig. 6. Dual ROS- and NO-scavenging of the hydrogel in vivo. (A) Immunofluorescence microscopy was used to observe the protein expression of p65, iNOS, MMP13
and activated Caspase-3. Scale bar: 100 μm. (B) Immunohistochemistry was used to observe collagen II (COL-II), ADAMTS5, MMP13, and aggrecan protein local-
ization in OA. Scale bar: 100 μm. (C) Proposed signaling pathways involved.
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observed. Overall, the acid-responsive release of TP and carboxy-PTIO
from the NP system in response to OA microenvironmental pH effi-
ciently prevented cartilage inflammation and damage via ROS/NF-κB
and iNOS/NO/Caspase-3 signaling pathways, providing novel condi-
tioned treatment strategies for OA. The proposed signaling pathways are
illustrated in Fig. 6C.

3. Conclusion

In summary, we identified a low-cost and acid-responsive smart TP/
PTIO + PEG hydrogel system for OA treatment. The TP/PTIO + PEG
hydrogel was injectable, highly biocompatible, and possessed dual ROS-
and NO-scavenging abilities. TP/PTIO NPs and TP/PTIO + PEG condi-
tionally released TP and carboxy-PTIO under acidic conditions similar to
those in the OA microenvironment and protected chondrocytes and
innate immune cells from damage caused by ROS and NO by regulating
the ROS/NF-κB and iNOS/NO/caspase-3 signaling pathways and con-
trolling cartilage inflammation via similar mechanisms in OA mice. This
system may provide insight into the exploration of novel therapeutic
biomaterials for OA therapy.

4. Materials and methods

4.1. Materials

Catechol (99 %) was obtained from J&K Chemical Ltd. (China). Tea
polyphenols (70 %) containing epicatechin, epigallocatechin, epi-
catechin gallate, and epigallocatechin gallate were obtained from Wuxi
Taiyo Green Power Co., Ltd. (China) [69]. Sodium nitroprusside (SNP)
and Hoechst 33342 were obtained from Sigma‒Aldrich (USA). 4-arm--
PEG-SH was synthesized by Ponsure Biotechnology TM. DMEM and
FBS were purchased from Gibco (USA). PBS, methanol and TBST were
acquired from ServiceBio Co., Ltd. (China). Horseradish peroxidase
(HRP, >300 unit/mg) was from Aladdin Biochemical Technology Co.,
Ltd. (China). Carboxy-PTIO, CCK-8 assay kit, and JC-1 staining kit were
obtained from Beyotime Biotechnology (China). DPPH (95 %) and
hydrogen peroxide (H2O2) assay kits were obtained from Solarbio Sci-
ence& Technology Co., Ltd. (China). ABTS diammonium salt (98%) was
obtained fromMacklin Reagent Co., Ltd. (China). H2O2 (30 %, m/v) was
obtained from Sinopharm Chemical Reagent Co., Ltd. TRIzol reagent for
quantitative PCR was obtained from Takara Bio Inc. (Japan).

4.2. Synthesis of TP/PTIO + PEG

Catechol (40mg) and HRP (2.8 mg) was dissolved in deionized water
(79.9 mL), following which 0.1 mL H2O2 was added in with stirring for
several minutes, and 20 mL TP solution was added to the mixture so-
lution at a concentration of 10 mg/mL. The reaction solution was with
continuous stirring for 4 h. The resulting TP NPs were obtained by
centrifugation after washing [32]. Using TP NPs as carriers, the nitric
oxide (NO) scavenger carboxy-PTIO was loaded onto the surface of the
TP NPs through π-π interactions to form TP/PTIO NPs. Finally, the
sulfhydryl group in 4-arm polyethylene glycol (4-arm-PEG-SH) reacts
with catechol on the surface of the TP/PTIO NPs through a Michael
addition reaction. An injectable TP/PTIO + PEG hydrogel was formed
after crosslinking.

4.3. Characterization

The TP and TP/PTIO NPs morphology was characterized using
transmission electron microscopy (TEM, HF-5000, Hitachi, Japan) at an
accelerating voltage of 200 kV. Briefly, TP and TP/PTIO NPs solutions
were dropped onto the mica substrate and dried thoroughly before
testing. The size and zeta potentials of the TP and TP/PTIO NPs were
tested through dynamic light scattering technology using a Zetasizer
Nano ZS90 (Malvern, UK). The drug loading of the TP/PTIO NPs was

determined via ultraviolet–visible absorption spectroscopy. The FT-IR
spectra of the NPs were recorded using a Great 20 Fourier transform
infrared spectrometer (Zkray, China). The XPS curves of the NPs were
determined using an RBD upgraded PHI-5000C ESCA system (Perki-
nElmer, USA). The UV–Vis spectra of TP, PTIO and TP/PTIO NPs were
obtained with a NanoPhotometer (Implen, Germany).

4.4. Drug release from TP/PTIO NPs or TP/PTIO + PEG

The percentages of carboxy-PTIO released from TP/PTIO at pH 6.0
(OA simulating condition) and 7.4 (physiological condition) as well as
the amount of TP monomer released from TP NPs were measured
separately by HPLC with an Agilent 1220 Infinity II (Agilent, USA).
Briefly, the cumulative release of PTIO or TP monomers from TP/PTIO
NPs was measured by placing TP/PTIO NPs or TP/PTIO + PEG hydrogel
in dialysis membranes (MW1000) in 50 mL ultrapure H2O with
continuous stirring. The solution (200 μL) was collected at indicated
time points and measured using HPLC.

4.5. Rheology measurement of TP/PTIO + PEG hydrogel

The rheology measurement was carried out via a hybrid rheometer
(Discovery Hibrid Rheometer-3, TA Instruments, New Castle, DE). A 20-
mm parallel plate was used for the measurement. The mixture of TP/
PTIO and 4-arm-PEG-SH blended on a Vortex mixer for 10 min. After
that the mixture was placed on the parallel plate and was sealed by using
silicon oil to prevent evaporation. The measurement was conducted at
37 ◦C with the strain set as 0.1 % and the angular frequency as 10 rad/s.
For the shear-thinning measurement, the viscosity of the hydrogel (1.0
cm3) was measured along with the shear rate at a strain of 0.1 % and an
angular frequency of 10 rad s− 1.

4.6. ROS scavenging ability

DPPH Free Radical Scavenging Capacity Assay Kit and T-AOC Assay
Kit were used to determine the radical scavenging activities. Briefly, 1,1-
diphenyl-2-picrylhydrazine (DPPH, 0.05mg/mL) was incubated with TP
NPs for 30 min in the dark after which the absorbance at 517 nm was
determined via ultraviolet–visible absorption spectroscopy. The per-
centage of TP NPs scavenged was calculated following the manufac-
turer’s protocol. For the T-AOC assay, 2,2-diazide bai-bis (3-ethyl-
benzodu thizhi azole-6-sulfonic acid) diammonium salt (ABTS+, 0.15
mM) was incubated with TP NPs for 6 min in the dark. The absorbance at
734 nmwas determined via UV–visible absorption spectroscopy, and the
percentage of ROS scavenged from the TP NPs at various concentrations
was calculated.

4.7. Cytocompatibility

Raw 264.7 cells were seeded at a density of 104 cells/well and
treated with TP or TP/PTIO NPs (20, 40, 80, 120, or 160 μg/mL)
overnight, after which the cytotoxicity was measured by the CCK-8 test,
the cells apoptosis was determined by staining with calcein AM and
propidium iodide and visualized using a fluorescence microscope. To
determine the cytotoxicity of NPs to chondrocytes, primary mouse
chondrocytes were separated from mice prior to the experiments.
Briefly, articular cartilage and rib cartilage from the hind limbs of mice
were separated and minced into 0.3–0.5 mm pieces, after which 0.25 %
trypsin and 0.02 % type II collagenase were added to digest the tissue
into cells for 1–2 h. The separated cells were collected after spinning and
subsequently incubated with TP or TP/PTIO NPs for the indicated du-
rations. Cell viability of chondrocytes was determined using CCK-8
assay.
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4.8. ROS scavenging assay

Raw 264.7 cells were extracted and incubated with H2O2, after
which TP and TP/PTIO NPs (80 μg/mL) were added and incubated for
another 24 h. Reactive oxygen species generation in cells was detected
by a ROS assay and visualized under a confocal laser microscope (green
is stained by DCFH-DA, indicating the level of cellular ROS, and blue is
stained by Hoechst 33342, indicating the location of the nucleus). The
fluorescence in the Raw 264.7 cells was determined by a fluorescence
microplate reader, and the H2O2 concentration in Raw 264.7 cells was
determined with a hydrogen peroxide (H2O2) assay kit according to the
manufacturer’s protocols.

4.9. Cell mitochondrial membrane potential and apoptosis

Cell apoptosis was determined by detecting changes in the cell
mitochondrial membrane potential and Caspase 3/7 content. Briefly,
mouse chondrocytes were incubated with sodium nitroprusside (SNP), a
NO donor, for 4 h, after which TP and TP/PTIO NPs were added and
incubated for 24 h. The cell mitochondrial membrane potential of mouse
chondrocytes was measured using a JC-1 staining kit (Beyotime, China)
and Caspase3/7 activity and mitochondrial membrane potential detec-
tion assay kit (Beyotime, China) and visualized via confocal laser
microscopy.

4.10. Real-time quantitative PCR

Raw 264.7 cells and mouse chondrocytes were treated with the
appropriate stimuli, after which the cells were lysed with TRIzol
(Takara, Japan), and cellular RNA was extracted and Reverse tran-
scription of RNA was performed using iScriptTM Reverse Transcription
Supermix (Bio-Rad, USA). Cytokine expression was evaluated by real-
time qPCR with iTaq Universal SYBR Green Supermix (Bio-Rad). Gene
expression relative to that of the housekeeping gene GAPDH was
analyzed with the ΔΔCt method [70]. The sequences of the primers used
are listed in Table S1.

4.11. Western blot analysis

The cells were lysed, and total protein was extracted with RIPA
buffer (Beyotime). The extracted protein was then transferred to nitro-
cellulose filter membranes (Merck, Germany) and incubated with the
following primary antibodies: anti-MMP13 (ab39012; Abcam, USA;
1:1000), anti-cleaved caspase-3 (#9664, Cell Signaling Technology),
anti-iNOS (ab15323), anti-COX2 (ab179800), NF-κB P65 (ab16502),
NF-κB P50 (ab32360), anti-beta-actin (ab227387), anti-IκB-α (9242;
Cell Signaling Technology, USA), anti-phospho-IKKα/β (#2697, Cell
Signaling Technology), anti-Phospho-IκBα (2859; Cell Signaling Tech-
nology), anti-cleaved PARP-1 (#1674, Cell Signaling Technology) and
GAPDH (ab9485). After overnight incubation at 4 ◦C, the membrane was
washed and incubated with HRP-conjugated secondary antibodies
(Invitrogen, USA) in an orbital shaker. The protein bands were detected
via enhanced chemiluminescence (Epienzyme, China) and analyzed
using imageJ.

4.12. Enzyme-linked immunosorbent assay (ELISA)

Raw 264.7 cells were incubated with LPS, after which, the culture
supernatant was collected and filtered. ELISA assays for TNF-α (R&D,
USA), cleaved IL-1 ß (Biolegend, USA), IL-6 (Biolegend, USA), COX-2
(Abcam, USA) were performed following the manufactures’
instructions.

4.13. Nitric oxide detection

As NO is unstable in physiological condition, and is easily oxidized to

nitrite (NO2
− ), therefore, changes in NO2

− concentration are commonly
used to represent changes in cellular NO production, and the classical
Griess reaction was adapted to determine the NO2

− concentration [71].
Briefly, the culture supernatant was collected and filtered, after which
the content of NO was determined using NO detection assay kit (Solar-
bio, China) following the manufacture’s instruction andmeasured under
OD 550 nm.

Alternatively, Raw 264.7 cells were stimulated with LPS for indi-
cated time, after which the NO probe (Beyotime, China) were added to
cells for 30 min and incubated in a 37◦C atmosphere. Cells stained with
NO were visualized under confocal laser microscopy (ZEISS LSM880,
Germany) or quantified using flow cytometry (Agilent NovoCyte, USA).

4.14. H2O2 content detection

To determine the sustained ROS scavenge ability of TP NPs and
compare the ROS scavenge ability with TP monomer and TP monomer
based hydrogel, the above particles were incubated with H2O2 .at a
concertation of 1 mM, 100 μM, 10 μM. The H2O2 .solution were added
every 2 h and the remaining H2O2 in the culture media were quantified
using a H2O2 content detection assay (Solarbio, China) in 30 min
following every H2O2 addition.

4.15. Flow cytometry

Cells after treated were re-suspended in round bottom polystyrene
test tube, and stained with DCFH-DA or NO probe or Caspase3/7 and
mito-Tracker kit for 30 min. Cells were analyzed using Agilent NovoCyte
(USA) platform after staining.

4.16. Immunofluorescence imaging

Raw 264.7 cells were grown in confocal dish for overnight, after
which the cells were conditioned with LPS (100 nm/mL) and treated
with TP/PTIO NPs for overnight. The cells were then fixed with 4 %
Paraformaldehyde, treated with Triton-X 100 (0.1 %), and subjected to
immunofluorescence staining using cleaved PARP-1 primary antibody
and Alexa Fluor 488 (ab150081) and visualized using confocal
microscopy.

4.17. In vivo OA mouse model

All procedures involving animals were approved by the Institutional
Animal Care and Use Committees of Shanghai Tenth People’s Hospital
(SHDSYY-2022-6290). Briefly, an OA model was established by inject-
ing 6 μL of papain (4 %, m/v) solution into the knee joint cavity of 8-
week-old C57BL/6 mice, as papain-induced OA animal models have
been widely used for in vivo OA assessment [67]. The success of the OA
model was evaluated by observing the gait of the mice and scanning the
cartilage lesions of the knee joint via micro-CT 7 days after injection.
After 14 days, the mice with successful OA in the knee joint were
randomly divided into 6 groups and injected with 10 μL of PBS, TP NPs
(10 mg/mL), PTIO solution (1 mg/mL), TP/PTIO NPs (10 mg/mL), TP+

PEG hydrogel, or the TP/PTIO + PEG hydrogel accordingly. The
detailed treatment is illustrated in Fig. 5A. All mice were sacrificed after
2 weeks’ hydrogel injection, and knee joints with OA were collected for
analysis. Damage to knee joint cartilage lesions and cartilage sub-
structures was examined via micro-CT and histological staining.

4.18. Microcomputed tomography (micro-CT) analysis

OA mice receiving PBS, TP NPs, PTIO solution, TP/PTIO NPs, TP +

PEG hydrogel, or the TP/PTIO + PEG hydrogel therapy were sacrificed
two weeks later, and the knee joints of the mice were taken out for
scanning using a high-resolution micro-CT system (Bruker, Belgium).
The scanning data were reconstructed using Analyze 12.0 (PerkinElmer)
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with a threshold of 3000/8000 (min/max) to isolate bone tissue in the
knee joint.

4.19. Histological staining

Knee joints were fixed with 4 % (w/v) paraformaldehyde for 24 h
and decalcified in 10 % (w/v) ethylenediaminetetraacetic acid (EDTA,
Beyotime) at 37 ◦C for 4 weeks. The decalcified samples were subse-
quently dehydrated, embedded in paraffin, cut into 0.3–0.5 mm sec-
tions, and subjected to H&E, Masson’s trichrome, and safranin O/fast
green stainings according to standard protocols. Anti-NF-κB p65, anti-
iNOS, anti-MMP13 and anti-cleaved caspase-3 antibodies were used
for immunofluorescence staining. Anti-collagen II, anti-aggrecan, anti-
adamts5, and anti-MMP-13 antibodies were used for immunohisto-
chemical staining.

4.20. The biocompatibility of materials in vivo

Mice after treatment were suicides, the blood were collected for
hemolysis evaluation, and the heart, liver, spleen, lung, kidney were
collected and fixed for HE staining. For hemolysis evaluation, fresh
blood was incubated with PBS (negative control), Tx-100 (positive
control), and NPs, and incubated for 1 h at 37 ◦C. Hemolysis ratio were
determined under OD540nm and calculated using the following for-
mula: Hemolysis ratio=(ODNPs-ODPBS)/(ODTx-100-ODPBS)X100 %.

4.21. Statistical analysis

All the experiments were performed in triplicate, and the results are
presented as the means ± SDs. All statistical analyses were performed
with GraphPad Prism software 6.0 (San Diego, USA) using Student’s t-
test or one-way analysis of variance (ANOVA). A P value < 0.05 was
considered as statistical significant.
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