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Local recurrence of osteosarcoma and wound healing after excision surgery are major challenges in clinical
research. The present anti-tumor treatments could inhibit normal tissues, resulting in difficulties in surgical
wound healing. In this study, we constructed an injectable hydrogel as a platform to co-deliver MnO; nano-
particles and ferrocene Fc, termed as (MnOy/Fc)@PLGA for osteosarcoma treatment and wound healing after
excision. By simple local injection, the hydrogel could form a protective barrier on the surgical wound after
osteosarcoma excision, which could promote wound healing and steady release of MnOy/Fc nanoparticles. The
released MnO,/Fc might undergo the Fenton reaction through Mn?*/Fe?" to inhibit osteosarcoma cells with
chemodynamic therapy (CDT). Furthermore, MnO, could catalyze endogenous H;02 to produce Oz, which
eliminates the adverse effects of HoO2 and remodels the hypoxic state in the local lesions. The increased Og
facilitated surgical wound healing and anti-tumor effects by regulating the hypoxia inducible factor-1 functions.
In conclusion, (MnOy/Fc)@PLGA hydrogel could effectively prevent local recurrence of osteosarcoma and
promote wound healing after excision surgery, thereby providing a novel strategy for tumor treatment and tissue

repair.

1. Introduction

Osteosarcoma is the most common primary malignant bone tumor,
which mostly affects children and teenagers [1,2]. Currently, the stan-
dard treatment of osteosarcoma mainly includes surgery and chemo-
therapy (including adjuvant chemotherapy and neoadjuvant
chemotherapy), and only surgical resection of the tumor can be the final
cure [3,4]. However, complete surgical resection of osteosarcoma is very
challenging, and residual tumor cells could still survive in the sur-
rounding area, leading to local relapse of osteosarcoma [5]. Therefore,
postoperative chemotherapy for osteosarcoma is also crucial for mini-
mizing the relapse or metastasis of osteosarcoma [6,7]. However, the
resulting serious toxic and side effects, such as leukopenia (increasing
the risk of infection), severe vomiting, nephrotoxicity, ototoxicity, alo-
pecia, and so on, will seriously affect the quality of life of patients [8].
Additionally, these existing methods for osteosarcoma not only kill tu-
mors but also inhibit the formation of healthy tissues, resulting in
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difficult surgical wound healing. Consequently, novel therapeutic
techniques are required to treat osteosarcoma in the clinic, which could
lessen the local recurrence of osteosarcoma and promote wound healing
after surgery.

Chemodynamic therapy (CDT), a novel ROS-based anti-tumor
approach, has generated a lot of concern [9]. With the aid of various
catalysts, CDT could transform endogenous hydrogen peroxide (H203)
into the hydroxyl radical (¢OH) by a Fenton or Fenton-like reaction to
cure tumors [10,11]. CDT does little harm to healthy cells or tissues
since it is tumor selective. At present, many anti-tumor properties of
CDT resulting from the iron-based Fenton reaction, such as Fe3O4 and
Fe?"-polyphenol chelates, have now been extensively researched [12,
13]. However, the application of iron-based nanoparticles in CDT is
constrained by the poor Fenton reaction efficiency in tumor cells [11].
Therefore, the therapeutic effect of CDT can be improved by enhancing
the efficiency of the Fenton reaction. It has been demonstrated that the
ferrocene (Fc) could decompose the excessive HyO5 created by tumor
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cells due to its redox properties, leading to an increase in ROS in cells,
and inducing apoptosis, that is, the Fenton reaction [14,15]. Addition-
ally, the special qualities of Fc, such as non-toxicity, high stability, lip-
ophilicity, and easy functionalization, make it a useful source of ferrous
[16,17]. Compared with Fc, Fe304 nanoparticles are not stable enough,
they are more likely to oxidize in air, are unstable in aqueous solutions,
have poor water dispersibility, and are prone to aggregation and pre-
cipitation [18]. More significantly, Fc derivatives show considerable
potential for tumor therapy [19]. Due to the structural diversity, good
biosafety, and excellent tumor microenvironment responsiveness, MnOy
nanoparticles are frequently employed as drug-loaded nanoplatforms
and could be highly enriched in the tumor site. Additionally, MnO,
nanoparticles also might activate H,Oo/H', which can effectively
catalyze endogenous H20; to produce Oj, thus improving the tumor
hypoxia microenvironment [20-24]. The resulting Mn?* could also
cause a Fenton reaction, enhance CDT, and further promote the tumor
killing effect [25-28]. Therefore, MnO, nanoparticles loaded with Fc
contain two metal ions (Fe2+ and Mn2+), which could generate more
efficient «OH through Fenton or Fenton-like reaction to achieve effective
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CDT [29,30].

At present, the local drug delivery system has attracted more and
more attention [31-33]. It could cause the drug to accumulate at the
desired location, hence enhancing the therapeutic effect and reducing
the systemic toxic side effects [34,35]. Injectable and
temperature-sensitive hydrogels stand out among them and have been
utilized extensively to treat a variety of diseases [36,37].
PLGA-PEG-PLGA is a non-toxic and degradable injectable hydrogel, and
when the temperature changes, the hydrogel can transform from a sol
state to a gel, which is appropriate for drug loading in vitro and local
injection therapy [38-40]. Besides, PLGA hydrogel has outstanding
adhesion, mold, and stretching properties that make it a viable choice
for covering the wound and accelerating wound healing [41]. Further-
more, angiogenesis contributes to wound healing, while Oy released
from endogenous Hy0, decomposition could promote angiogenesis
[42-44]. As previously indicated, MnOy can efficiently catalyze the
synthesis of Oy from Hy0,.

Herein, we developed an injectable hydrogel local nanoparticles
delivery system. Briefly, MnO, nanoparticles and Fc were loaded into
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Fig. 1. Preparation and characterization of (MnO,/Fc)@PLGA hydrogel. (A) Schematic diagram of the preparation of (MnO,/Fc)@PLGA hydrogel. (B) SEM
images of PLGA (i), scale bar: 100 pm, MnO,/Fc (ii), scale bar: 2 pm, (MnO,/Fc)@PLGA (iii), scale bar: 100 pm, and the enlarged image of (MnO»/Fc)@PLGA (iv),
scale bar: 20 pm. (C) SEM image and EDS spectrum of C, O, Mn, and Fe of (MnO,/Fc)@PLGA hydrogel. (D) FTIR spectra of PLGA, MnO,, and (MnO,/Fc)@PLGA
hydrogel. (E) 'H NMR spectra of PLGA. (F) Rheological behavior of 25 wt% PLGA hydrogel.
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the temperature-sensitive hydrogel PLGA-PEG-PLGA to prepare (MnOy/
Fc)@PLGA. After osteosarcoma surgery, (MnOz/Fc)@PLGA hydrogel
was injected into the wound. MnOs in the released MnO,/Fc activated
endogenous Hy05 to produce Oy and Mn2+, remodeling the tumor
hypoxic microenvironment. The released Fe2* and Mn?* produce «OH
through the Fenton and Fenton-like reaction to achieve efficient CDT
and inhibit local recurrence of osteosarcoma. The hydrogel could avoid
premature nanoparticles leakage. Additionally, the good adhesion and
tensile properties of hydrogel could well seal the wound, and the loaded
MnO,, catalyzed H20- to produce O, and facilitate angiogenesis, which
together promoted wound healing. In conclusion, (MnO2/Fc)@PLGA
hydrogel could exhibit the promising potential to inhibit local osteo-
sarcoma recurrence and enhance wound healing after surgery.

2. Results and discussions
2.1. Preparation and characterization of (MnO>/Fc) @PLGA hydrogel

Hydrogels were prepared as shown in Fig. 1A. By ring opening
polymerization of lactide (LA) and glycolide (GA) in a molar ratio of 2:1,
with PEG acting as an initiator and Sn (Oct); acting as a catalyst, PLGA-
PEG-PLGA triblock copolymer was created. Take an appropriate amount
of synthesized copolymer and sterile double-steamed water to prepare a
25 % aqueous solution to form a temperature-sensitive hydrogel.
Additionally, manganese dioxide (MnOs) nanoparticles were prepared
by potassium permanganate (KMnO,4) and ethylene glycol. To create the
(MnOy/Fc)@PLGA nanoparticle-loaded hydrogel solution, the produced
thermosensitive hydrogel solution was mixed with the necessary quan-
tity of MnO5 nanoparticles and ferrocene (Fc), stirred at low tempera-
ture until well combined, and then left at 4 °C overnight. The (MnO3/Fc)
@PLGA hydrogel was formed by either injecting the solution into ani-
mals or incubating the solution at 37 °C.

The microstructure of the hydrogel can be observed by scanning
electron microscopy (SEM). The synthesized PLGA-PEG-PLGA hydrogel
(PLGA) and (MnO2/Fc)@PLGA hydrogels both featured a porous
network structure (Fig. 1B i and iii). The porous structure of PLGA made
it ideal for loading nanoparticles, but it could also facilitate the inter-
change of oxygen and nutrients, creating an environment that was
beneficial for cell growth. Additionally, the morphology of MnOy/Fc
nanoparticles prepared previously was observed by SEM. As shown in
Fig. 1B ii, MnOy/Fc nanoparticles were composed of spherical nano-
particles. Moreover, loading MnOy/Fc had no discernible impact on the
morphology of PLGA, as shown by the SEM image of (MnO,/Fc)@PLGA
(Fig. 1B iii). And in a partially enlarged image of (MnOy/Fc)@PLGA,
MnOy/Fc nanoparticles (blue arrow) evenly adhered to the hydrogel
wall. The energy dispersive X-ray (EDS) spectrum images showed that C,
O, Mn and Fe were uniformly distributed on (MnOy/Fc)@PLGA hydro-
gel (Fig. 1C). More precisely, Mn and Fe ions was uniformly distributed
in the hydrogel. In addition, due to the surface chemistry of MnO, and Fc
nanoparticles and functional groups, hydrophilic/hydrophobic, result-
ing in ion adhesion will be different. Fig. 1D showed the Fourier trans-
form infrared spectroscopy (FTIR) of MnOy/Fc, PLGA, and (MnO/Fc)
@PLGA. The characteristic absorption peak of PLGA could be seen at
1760 cm ™!, which was caused by the stretching vibration of the C=0
bond [45]. In MnOy/Fc, the distinctive Mn-O bond peak was detected at
535 cm ! [46]. These peaks could be observed in the infrared spectrum
of (MnOy/Fc)@PLGA, further demonstrating that loading MnO»/Fc has
no impact on the PLGA structure. In addition, Fig. 1E showed the proton
nuclear magnetic resonance (*H NMR) spectrum of PLGA, thus further
confirming its structure. The chemical shift and peak form of PLGA were
seen in the 'H NMR spectrum. Chemical shift peaks for -CH and -CHs in
LA were about 5.16 ppm and 1.52 ppm, respectively; for -CHy in GA, it
was approximately 4.83 ppm; and for -CHj in PEG, it was approximately
3.64 ppm [47]. These results indicated the successful preparation of
(MnOy/Fc)@PLGA. The rheological analysis results of PLGA were dis-
played in Fig. 1F. With an increase in temperature, the storage modulus

Materials Today Bio 29 (2024) 101297

G’ and loss modulus G” of 25 wt% both rose. Furthermore, G rose sharply
and intersected with G” at about 26 °C, indicating that PLGA based
hydrogels transitioned from sol state to gel state [45].

2.2. Functions of injectable (MnOy/Fc) @PLGA hydrogel

As a temperature-sensitive hydrogel, PLGA-PEG-PLGA aqueous so-
lution can be transformed in the sol and gel state. With the increase in
temperature, PLGA-PEG-PLGA aqueous solution gradually changed
from solution to gel, which is attributed to the formation and aggrega-
tion of micelles of hydrophobic PLGA core and hydrophilic PEG shell.
The higher the polymer concentration, the lower the sol-to-gel transition
temperature, while the higher the gel-to-precipitation transition tem-
perature (Fig. 2A and B). When the polymer concentration increases
from 20 wt% to 30 wt%, the sol-to-gel transition temperature decreases
from 29 °C to 23 °C. The hydrogel after nanoparticles loading still has
temperature-sensitive characteristics, but the sol-to-gel transition of
(MnO2/Fc)@PLGA hydrogel formed after nanoparticles loading is
slightly reduced, such as 25 wt% hydrogel (Fig. 2C and D). The sol-gel
transition after nanoparticles loading is slightly reduced from 26 °C to
24 °C, which may be due to the hydrogen bond formed between the H
atom on ferrocenecarboxylic acid and the PLGA segment in the hydro-
gel, strengthening the interaction between the hydrophobic bonds of
PLGA-PEG-PLGA polymer.

Hydrogels with appropriate injectable and moldable properties could
better deliver nanoparticles and thus play a corresponding role.
Hydrogels with shear thinning capability can be injected directly into
the target area, ensuring complete contact with the tumor or wound. The
hydrogels have good injectable and moldable properties before and after
MnOy/Fc loading, and the hydrogels can be molded into different
shapes, making them suitable for the treatment of irregularly shaped
wounds (Fig. 2E). Furthermore, (MnOy/Fc)@PLGA hydrogel had good
adhesion properties by adhering to the finger well (Fig. 2F) and various
material surfaces including glass slide, paper, polypropylene, glass, and
polyethylene (Fig. 2G). More importantly, the (MnOy/Fc)@PLGA
hydrogel was also highly adherent to biological tissue, including the
heart, liver, spleen, lung, kidney, and skin of mice (Fig. 2H). As a wound
dressing, hydrogels may slip off or shatter when applied to a stretchy
portion of the body or during physical activities [48]. Therefore, the
compressibility and extensibility of hydrogels are critical. The tensile
characteristics of (MnO,/Fc)@PLGA hydrogel were investigated in this
study, and the results showed that it could be well compressed and
stretched (Fig. 2I). The above results indicated that (MnOy/Fc)@PLGA
hydrogel has good adhesion and extensibility, which can well adhere to
and close the wound, prevent poor wound healing caused by stretching,
and promote tissue regeneration and wound healing more effectively.
Briefly, (MnOy/Fc)@PLGA hydrogel exhibited good injectability,
adhesion, mold, and stretching capabilities, providing greater possibil-
ities for osteosarcoma therapy and wound healing.

The in vitro nanoparticles release behavior and O generation ability
of (MnOy/Fc)@PLGA hydrogel were further investigated. The nano-
particles release curves of MnO, and Fc revealed a burst of release in the
first two days, followed by a steady slowing and eventual plateau, and
the nanoparticles kept releasing for more than 10 days (Fig. 3A). This
might be owing to the strong free diffusion of nanoparticles at high
concentrations at the beginning, which declined at a certain point and
the hydrogel started to degrade and release the nanoparticles. Therefore,
the sustained and steady nanoparticles release of (MnO,/Fc)@PLGA
hydrogel might cover the whole anti-tumor and wound healing pro-
cesses. MnO, can react with H,O, to generate O,, and the presence of HT
can promote the generation of O, from MnO; and Hy0». To evaluate the
O producing capacity of MnO; in the tumor microenvironment, we
evaluated the quantity of O5 produced by MnOy/Fc (Mn, 200 pM) and
H20; solution (100 pM) at various pH (7.4 and 6.5). The rate of Og
production by MnOy/Fc at pH 7.4 was slower than at pH 6.5, since the
reaction rate of MnO; and H,0O, will be accelerated at higher H'
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Fig. 2. Functions of injectable (MnO,/Fc)@PLGA hydrogel. (A, B) Phase diagram and photographs of PLGA. (C, D) Phase diagram and photographs of (MnO,/Fc)
@PLGA. (E) The injectable and moldable of PLGA and (MnO/Fc)@PLGA. (F, G, H) Photographs of (MnO,/Fc)@PLGA adhering to different materials. (I) The

compression and stretching of (MnOy/Fc)@PLGA.

concentration (Fig. 3B).

The degradation and biocompatibility of the hydrogel were then
assessed in vitro and in vivo. The hydrogel can be completely degraded
after about 40 days in the 37 °C PBS environment (Fig. 3C), demon-
strating that it has a sufficient degradation rate. However, it took
roughly 21 days for the hydrogel to degrade in vivo. As shown in Fig. 3D,

the hydrogel solution could be transformed into gel after 30 min of
subcutaneous injection, and then gradually degraded until it was
completely degraded on the 21st day. The degradation time in vivo is
substantially shorter than that in vitro, most likely due to the complex
environment in vivo and the increased contact area with the hydrogel,
which accelerated the degradation of the hydrogel. Then the histological
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Fig. 3. The nanoparticle release behavior, O, generation of (MnO,/Fc)@PLGA hydrogel, and biocompatibility of PLGA hydrogel. (A) The accumulative
release curve of MnO, and Fc from (MnO,/Fc)@PLGA in PBS. (B) O, generation at different pH values (6.5 and 7.4) from H,0, solutions (100 pM) with (MnO,/Fc)
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staining of the skin at the injection site of 25 wt% PLGA at different times (scale bar: 100 pm). (F) Cell viability of MNNG/HOS cells treated with PLGA at different

concentrations.

changes of the skin at the injection site of the hydrogel were then
detected by H&E staining to investigate the histocompatibility of the
hydrogel (Fig. 3E). The scattered inflammatory cell infiltration was
observed in the skin sections 30 min after hydrogel injection, and after 7
days, there was an increase in inflammatory cells. However, at 14 and 21
days, there was no obvious inflammatory cell infiltration, and the skin
basically returned to normal, showing that the body only had a mild
inflammatory reaction to the hydrogel and that the hydrogel had good
tissue compatibility. Additionally, the cell experiment demonstrated
that the viability of the cells was unaffected by the co-culture of
hydrogels with cells at concentrations even up to 8 g/L (Fig. 3F). Ac-
cording to the results, hydrogels as implantable materials offer good
biocompatibility and degradation, which can reduce the risk of infection
and result in little damage to the body.

2.3. Anti-tumor effects of (MnO2/Fc)@PLGA hydrogel in vitro

Based on the successful performance of (MnOy/Fc)@PLGA hydrogel,
the anti-tumor ability of (MnO2/Fc)@PLGA hydrogel was investigated
in vitro. Firstly, the cytotoxicity of (MnOy/Fc)@PLGA hydrogel was
evaluated by CCK-8 analysis, which demonstrated increased cytotoxicity
with concentration (Fig. 4A). The survival rate of MNNG/HOS cells was
significantly reduced when the concentration was 0.125 g/L, about 80 %
of tumor cells were killed. Even at low concentration (0.03125 g/L),
(MnOy/Fc)@PLGA also had a significant killing effect on tumor cells
(>50 %). Subsequently, the treatment time of the hydrogel was

extended to observe the cell viability of different treatment groups.
When the treatment period was extended, the cell viability of the
(MnO2/Fc)@PLGA hydrogel group gradually declined and converged
with that of the MnOy/Fc group (Fig. 4B). At 72 h, the survival rate of
(MnOo/Fc)@PLGA group decreased from 74.33 + 2.08 % in 24 h to
13.00 + 2.01 %, which was close to 11.20 + 1.03 % in MnO»/Fc group.
Live/dead staining was further used to evaluate the apoptosis of tumor
cells. The MnOy/Fc and (MnOy/Fc)@PLGA hydrogel groups both
exhibited intense red fluorescence while exhibiting little green fluores-
cence, demonstrating that they were both capable of effectively killing
tumor cells (Fig. 4C and G). The colony formation assay showed that
(MnOy/Fc)@PLGA hydrogel could significantly suppress the prolifera-
tion of tumor cells (Fig. 4D and H). Additionally, the result of the
Transwell assay (Fig. 4E and I) demonstrated that treatment with
(MnO2/Fc)@PLGA hydrogel decreased the migration ability of tumor
cells. Furthermore, to assess the effect of (MnOy/Fc)@PLGA on the ca-
pacity of tumor cells to produce reactive oxygen species (ROS), DCFH-
DA was used for fluorescence images. The MnOz/Fc and (MnOy/Fc)
@PLGA groups showed strong green fluorescence in contrast to the
feeble fluorescence in the control and PLGA groups (Fig. 4F and J).
Similar to the results of recent studies, Mn/Fe ions can promote the
Fenton-like reaction of HyO5 to produce -OH through co-catalysis [49].
These results indicated that (MnOy/Fc)@PLGA could boost CDT through
the Fenton-like reaction of Mn?* and Fe?*, thus having enhanced
anti-tumor ability. However, it was discovered that there were no sig-
nificant differences between the groups of MnOy/Fc and (MnOy/Fc)
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the effects of PLGA, MnO,/Fc, and (MnO,/Fc)@PLGA on the proliferation ability of MNNG/HOS cells (dye with 0.1 % crystal violet). (E, I) Transwell assay exhibited
the effect of PLGA, MnO,/Fc, and (MnO,/Fc)@PLGA on the migration ability of MNNG/HOS cells (dye with 0.1 % crystal violet, scale bar: 50 pm). (F, J) Fluo-
rescence images and relative ROS level of MNNG/HOS cells treated by PLGA, MnO,/Fc, and (MnO,/Fc)@PLGA (tagged with DCFH-DA probe, scale bar: 100 pm, *p

< 0.05, ****p < 0.0001, ns: no significant).

@PLGA in the results of live/dead staining, colony formation and
Transwell assays. Even in the DCFH staining experiment, the fluoresced
of MnOo/Fc was stronger than that of the (MnOo/Fc)@PLGA. This is
probably because in vitro cell experiment, MnOo/Fc directly contacted
cells to kill them, whereas (MnO»/Fc) @PLGA needs to release MnO,/Fc
in order to function as a cell killer. This also indicated that the main
function of PLGA is to load MnO,/Fc.

2.4. Anti-tumor effects of (MnO2/Fc) @PLGA hydrogel in vivo

We further assessed the anti-tumor effects of (MnO,/Fc)@PLGA
hydrogel in vivo in light of excellent anti-tumor impact in vitro. Balb/c
nude mice were subcutaneously injected with MNNG/HOS cells to
create the osteosarcoma xenograft model. When the volume of tumors
reached about 50 mm?, different treatments (PBS, PLGA, MnO,/Fc, and
(MnOo/Fc)@PLGA) were injected around the tumor. Body weight and
tumor volume were measured daily for 10 days. As shown in Fig. 5A and
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B, when compared to the control and PLGA groups, the (MnO,/Fc)
@PLGA group could significantly inhibit tumor growth. However, the
MnOy/Fc group showed good tumor inhibition at the beginning of the
experiment, but 6 days later, the tumor started to grow rapidly. This
indicated that (MnOy/Fc)@PLGA could continuously inhibit tumor

A

growth compared with MnOy/Fc alone. As previously mentioned, for
nanoparticles delivery in the nanoparticle-loaded hydrogel, the hydro-
gel system acts as a supply station that can retain the loaded therapeutic
nanoparticles around the tumor, thus maintaining the concentration of
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the nanoparticles at sufficient therapeutic levels.
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The H&E staining, Ki67 staining, and TUNEL fluorescence staining of
the excised tumors for histological analysis were conducted. The pro-
liferation of tumor cells was evaluated by immunohistochemical Ki67
staining, and the expression of Ki67 in tumor cells in the (MnOy/Fc)
@PLGA hydrogel group was decreased (Fig. 5C and D), indicating that
the proliferation ability of tumor cells was dramatically decreased after
treatment. Apoptosis was analyzed by TUNEL fluorescence staining, and
the green fluorescence of the (MnOs/Fc)@PLGA hydrogel group was
noticeably stronger than that of the other groups, demonstrating the
potent anti-tumor properties of (MnOs/Fc)@PLGA hydrogel (Fig. 5C
and E). Additionally, to investigate the ability of (MnOy/Fc)@PLGA
hydrogel to improve tumor hypoxic microenvironment, the level of HIF-
1o was further detected. The significantly decreased expression of HIF-
la was observed in the (MnO2/Fc)@PLGA hydrogel group, indicating
that tumor hypoxia was improved (Fig. 5C and F). Accordingly, (MnOy/
Fc)@PLGA hydrogel has a potent anti-osteosarcoma potential due to it
can constantly release MnO,/Fc at the tumor site, enhancing the efficacy
of CDT and improving the tumor hypoxic microenvironment.

2.5. (MnO2/Fc) @PLGA hydrogel promotes surgical wound healing in
vivo

At present, surgery is still important in the treatment of osteosar-
coma, but local recurrence and wound healing after surgery have yet to
be addressed. Therefore, we further tested the anti-tumor recurrence
and wound healing ability of (MnO,/Fc)@PLGA hydrogel in vivo.
Firstly, the postoperative trauma model of osteosarcoma was estab-
lished. As shown in Fig. 6A, the subcutaneous xenograft tumor model
was first constructed by subcutaneous injection of MNNG/HOS cells into
nude mice, and the postoperative trauma model was constructed by
tumor resection 7 days later. Then, an appropriate amount of (MnOy/Fc)
@PLGA hydrogel was applied to the wound to observe the wound
healing. As shown in Fig. 6B and C, the (MnOy/Fc)@PLGA hydrogel
group showed significantly better wound contraction than the control,
PLGA, and MnO,/Fc groups. And at 4, 8, and 14 days, the (MnOy/Fc)
@PLGA hydrogel treatment group had the lowest wound of all the
groups. Additionally, to monitor the healing of subcutaneous fibrous
tissue, the skin slices excised on day 14 were stained with H&E and
Masson. The H&E staining results revealed that the (MnOy/Fc)@PLGA
group had a thicker epidermis (green arrow) and more skin appendages,
such as more glands and hair follicles (blue arrow) (Fig. 6D). Further-
more, the Masson staining of skin slices exhibited a significant increase
in the subcutaneous collagen fibers after the treatment of (MnOy/Fc)
@PLGA hydrogel (Fig. 6E and F). At the same time, the wound healing
capacity of the PLGA and MnOy/Fc groups was also better than the
control group. The reason may be that PLGA could better adhesion and
seal wound to promote wound healing, and MnO,/Fc could promote
H20, decomposition to produce O,, efficiently alleviate hypoxia, and
promote fibroblast proliferation.

Besides, angiogenesis is also essential for wound healing. Therefore,
we examined the expression of angiogenic factors within the treated skin
sections. The angiogenesis was detected by immunofluorescence double
staining with CD31 and a-SMA, and double staining with HIF-1a and
VEGFA. As shown in Fig. 7A-C, the CD31 and a-SMA expression were
significantly increased after treatment of (MnOs/Fc)@PLGA hydrogel.
Additionally, HIF-1a and VEGFA expression also increased significantly
in the (MnO,/Fc)@PLGA hydrogel group (Fig. 7D-F). Therefore, after
the treatment of (MnO2/Fc)@PLGA hydrogel, more angiogenic factors
increased in the skin, which further promoted wound healing.

3. Conclusions

In fact, there are a lot of benefits to using hydrogels containing
nanoparticles in avoiding tumor recurrence following excision surgery.
Firstly, the local and sustained nanoparticles delivery system enhances
the therapeutic efficacy by allowing the nanoparticles to accumulate
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precisely at the surgical site, ensuring prolonged exposure to the tumor
bed while minimizing systemic toxic side effects. Secondly, the hydrogel
matrix improves the permeability of the therapeutic agents, facilitating
better penetration into the surrounding tissues, which is crucial for
targeting residual tumor cells that may not be fully resected. Thirdly, the
nanoparticles embedded in the hydrogel have unique properties that
augment the therapeutic effect, such as promoting ROS generation in
CDT, which selectively kills tumor cells. Lastly, the hydrogel itself forms
a protective barrier over the wound, not only isolating residual tumor
cells but also providing a favorable environment for wound healing by
gradually releasing therapeutic ions like Mn?*/Fe* and maintaining a
moist wound interface. These features collectively make the
nanoparticle-laden hydrogels an effective strategy for both promoting
post-surgical recovery and preventing osteosarcoma recurrence.

In this study, we developed an injectable hydrogel-based therapeutic
platform for simultaneous anti-tumor recurrence and wound healing
after osteosarcoma surgery (Fig. 8). By local injection of (MnQOy/Fc)
@PLGA hydrogel into the surgical wound, MnOy/Fc could catalyze
endogenous H,05 to create Oy, alleviate the hypoxic microenvironment,
and prevent the local recurrence of osteosarcoma. Additionally, (MnOs/
Fc)@PLGA hydrogel could promote angiogenesis and subcutaneous
fibrous tissue proliferation, which was beneficial for surgical wound
healing. Collectively, (MnOy/Fc)@PLGA hydrogel could inhibit local
recurrence of osteosarcoma through CDT, eliminate the adverse effects
of Hy05, and promote wound healing, thereby providing a novel strat-
egy for tumor therapy and wound healing.

4. Materials and methods
4.1. Materials

PLGA-PEG-PLGA triblock copolymer was purchased from Ruixibio
LTD (Xi’an, China). MnO, nanoparticles were bought from XFNANO
(Nanjing, China). Ferrocenecarboxylic acid was acquired from Ruixibio
LTD (Xi’an, China). Sigma-Aldrich (USA) offered hematoxylin and eosin
(H&E). Invitrogen (USA) provided the calcein-AM/propidium iodide
(P) and 4',6-diamidino-2-phenylindole (DAPI) chemicals. Solarbio
(Beijing, China) provided the ROS detection kit (2/,7-dichloro-
fluorescein diacetate, DCFH-DA). The following items were purchased
from Gibco LifeTechnologies (USA): Dulbecco’s modified eagle medium
(DMEM), F12 media, fetal bovine serum (FBS), penicillin-streptomycin,
phosphate buffer solution (PBS), and trypsin-EDTA. Solarbio LTD (Bei-
jing, China) provided the 0.1 % crystal violet staining solution. Cell
Counting Kit-8 (CCK-8) was bought from Dojindo Laboratories Co. LTD
(Kumamoto, Japan). Hydrogen peroxide (H202, 30 wt%) was provided
by Sino pharm Chemical Reagent Co.

4.2. Synthesis of PLGA-PEG-PLGA triblock copolymer, MnO2
nanoparticles and MnOy/Fc NPs solution

PLGA-PEG-PLGA triblock copolymer was produced by ring-opening
polymerization of lactide (LA) and glycolide (GA) in a 2:1 M ratio
with PEG serving as an initiator and Sn(Oct), functioning as a catalyst.
Additionally, ethylene glycol and potassium permanganate (KMnOg)
were used to create manganese dioxide (MnO-) nanoparticles. Specially,
we dissolved 6.94 g of KMnO4 in 400 mL of sterile double-steamed
water. A slow addition of 10 mL of ethylene glycol was made while
stirring continuously. The mixture was then subjected to ultrasonic
dispersion for 2 h to ensure uniformity. Following this, the solution was
centrifuged, and the precipitate was washed with deionized water and
then with absolute ethanol three times to remove any unreacted mate-
rials and impurities. Finally, the washed particles were dried and ground
to obtain MnO; nanoparticles.

For the preparation of MnOy/Fc nanoparticles, 10 mg of the syn-
thesized MnO, nanoparticles and 10 mg ferrocene (Fc) nanoparticles
were combined in 10 mL of sterile double-steamed water. The mixture
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and wound healing.

was stirred thoroughly to achieve a uniform dispersion, resulting in a 1
mg/mL MnO,/Fc nanoparticles solution.

4.3. Synthesis of (MnO2/Fc) @PLGA hydrogel

Temperature-sensitive hydrogel solution was created by mixing and
stirring the right quantity of synthetic copolymer PLGA and sterile
double-steamed water (20 wt%: 0.1 g PLGA added to 400 pL water; 25
wt%: 0.1 g PLGA added to 300 pL water; 30 wt%: 0.3 g PLGA added to
700 pL water). Then the created thermosensitive hydrogel solution (25
wt% PLGA hydrogel) was combined with the required amount of MnO
nanoparticles and Fc (1 mg/mL (MnO2/Fc)@PLGA hydrogel: 1 mg
MnO; and 1 mg Fc added to 1 mL 25 wt% PLGA hydrogel), swirled at
low temperature until fully combined, and then left at 4 °C overnight to
make the (MnO,/Fc)@PLGA nanoparticle-loaded hydrogel solution. By
either injecting the solution into animals or incubating the solution at
37 °C, the (MnO5/Fc)@PLGA hydrogel was created.

11

4.4. Characterization of PLGA, MnOy/Fc, and (MnO2/Fc) @PLGA

Hydrogel samples were lyophilized after being quickly frozen in
liquid nitrogen. The morphology of the prepared hydrogels and nano-
particles was examined by scanning electron microscopy (SEM) (Hitachi
Regulus 8230). EDS (Quanta FEG 250) was used to test the element
distribution. On a Thermo Fisher Nicolet 6700 FTIR spectrometer,
Fourier transforms infrared spectra (FTIR) were scanned in the 500-
4000 cm™! range. By using 'H NMR, the chemical structure of the
synthesized PLGA was confirmed. A Bruker AV 300 NMR spectrometer
was used to record this characterization. In this test, CDCl3 served as the
standard solvent. The dynamic rheological behavior of hydrogel with
the increase in temperature was measured by a rotating rheometer
(Anton Paar, Graz, Austria), and the energy storage modulus and loss
modulus of hydrogel was obtained. The hydrogel solution was placed on
the detection plate, the parallel diameter of detection was 8 mm, the
initial temperature of detection was 10 °C, the temperature was
increased at 0.5 °C per minute until it rose to 70 °C, the measured strain
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amplitude parameter was 1 %, and the angular frequency parameter was
set as 1 rad/s. In addition, the sol-to-gel transition temperature of PLGA
and (MnOy/Fc)@PLGA solution was determined by tube inversion
method. Prepared PLGA and (MnOy/Fc)@PLGA solutions of different
concentrations, take 0.5 mL of these solutions and add them to the
corresponding vials with a diameter of 16 mm, and place these vials in a
water bath. The measured temperature range was 10-60 °C, and the
temperature rise interval was 1 °C, and the vial was inverted after
constant temperature for 10 min at each temperature to observe whether
the solution flowed within 30 s. If it did not flow, it was considered that
gel transition occurred, and the temperature was the sol-to-gel transition
temperature.

4.5. In vitro nanoparticles release from hydrogel

The (MnOy/Fc)@PLGA solutions with a loading concentration of 1
mg/mL were prepared according to the previous method, and 0.5 mL of
the solutions were added into the corresponding vials with a diameter of
16 mm. The solution was transformed into gel after being placed at 37 °C
for 10 min. Then, 3 mL PBS buffer was slowly added to each vial and
placed in a constant temperature water bath shaker at 37 °C. The 2 mL
PBS buffer was taken out at the specified time interval and stored at low
temperature away from light for detection together, and the same
amount of new PBS buffer was added. The contents of MnO5 and Fc in
the buffer were detected by inductively coupled plasma mass spec-
trometry (ICP-MS; Xseriesll, Thermo Scientific).

4.6. In vitro generation of Oz

In a sealed chamber coupled with an oxygen electrode (Dissolved
Oxygen Meter, AZ-8402, Guangdong, China) at 37 °C, disperse MnO,/Fc
(Mn, 200 pM) in PBS with different pH (7.4 and 6.5), blow with Ny for
30 min to remove dissolved Oy, and then inject HoO5 solution (100 pM),
measure the generated O, through the oxygen electrode.

4.7. Degradation of PLGA in vitro

0.5 mL prepared 25 wt% PLGA solution was added into a vial with a
diameter of 16 mm, and the solution was transformed into gel after
being placed at 37 °C for 10 min. After weighing the gel, 3 mL PBS buffer
was slowly added into the vial, and place the vial in a constant tem-
perature water bath shaker (50 shakes/min) at 37 °C. Removed PBS
buffer solution within the specified time intervals, weighted the gel, and
added new PBS buffer solution.

4.8. Degradation and histocompatibility of PLGA in vivo

Beijing Huafukang Bioscience Co. INC. furnished the male Balb/c
nude mice (4-5 weeks). The Care and Use of Laboratory Animals of the
National Institutes of Health provided oversight for all animal research,
and the Committee on the Ethics of Animal Experiments of Huazhong
University of Science and Technology gave its permission. A syringe was
used to inject 200 pL 25 wt% PLGA solution into the subcutaneous of
nude mice, and then the nude mice were euthanized at the set time (30
min, 7 d, 14 d and 21 d), and the skin at the injection site was cut open to
observe the degradation of the gel in vivo. Simultaneously, the skin was
sectioned and staining with H&E to observe the histological changes.

4.9. Cell viability assay

The MNNG/HOS cell line was acquired from Procell Life Science and
Technology Co, LTD (Wuhan, China). All the cells were incubated at
37 °C under a 5 % CO; atmosphere. MNNG/HOS cells (5000 cells per
well) were seeded in a 96-well plate for in vitro treatment and incubated
for 24 h. The following four cell group tasks were then carried out:
control, PLGA, MnO,/Fc, and (MnOs/Fc) @PLGA groups. The medicines
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ranged in concentration from 0.00390625 g/L to 0.5 g/L. After 24 h of
material incubation, the culture medium was changed to 100 pl of fresh
media containing 10 % CCK-8 solution, which was then incubated at
37 °C in the dark for 1, 2, and 4 h. A microplate reader measured the
supernatant’s absorbance at 450 nm for each well. Additionally, four
sets (concentration of 0.03 g/L) of cells were exposed for intervals of 24,
48, and 72 h before the 10 % CCK-8 solution was replenished and the
absorbance was determined as described before.

4.10. Live-dead staining assay

24-well plates containing tumor cells (10* cells per well) were
planted, incubated for 24 h, then co-cultured with various materials
(PBS, 25 wt% PLGA, MnO,/Fc, (MnO>/Fc)@PLGA, concentration of
0.03 g/L) for 12 h. In accordance with the product’s instructions,
Calcein-AM and PI were then employed to stain the cells. A fluorescent
microscope was used to view both the living and dead cells.

4.11. Cell proliferation and migration assays

To test the ability of cells to proliferate, 1000 cells per well were
seeded into 6-well plates, which were then cultivated for 10 days in 10 %
FBS medium with medium changes every 3 days. On day 10, cells were
fixed with 4 % paraformaldehyde for 15 min, and then stained for 30
min with 0.1 % crystal violet. In order to conduct the Transwell assay, 2
x 10* cells were seeded into the top chamber of transwell chamber
plates (24-well format, 8 m pore size, BD Biosciences, St. Louis, MO)
using 100 pl of serum-free DMEM. The growth media that included 20 %
FBS was poured into the bottom well. Cells were cultured for 24 h before
being fixed for 15 min with 4 % paraformaldehyde and stained for 30
min with 0.1 % crystal violet. The average number of migrating cells was
then determined using a light microscope.

4.12. Detection of ROS level in vitro

Prior to being washed three times with PBS, MNNG/HOS cells were
initially treated with various substances (PBS, PLGA, MnOy/Fc, and
(MnO2/Fc)@PLGA, concentration of 0.03 g/L) for 4 h in 5 % CO- at
37 °C. Afterward, tagged cells for 20 min with a DCFH-DA probe to
gauge the degree of ROS generation, and then observed and captured
images of the cells using a fluorescence microscope (Olympus Corpo-
ration, Tokyo, Japan).

4.13. Subcutaneous xenograft tumor model

Beijing Huafukang Bioscience Co. INC. furnished the male Balb/c
nude mice (4-5 weeks). The Care and Use of Laboratory Animals of the
National Institutes of Health provided oversight for all animal research,
and the Committee on the Ethics of Animal Experiments of Huazhong
University of Science and Technology gave its permission ([2022]
IACUC Number: 3069). In a nutshell, 5x10° MNNG/HOS cells were
subcutaneously implanted to create MNNG/HOS tumor-bearing ani-
mals. The following formula was used to determine the tumor volume:
Volume(mm?) = ab?/2 (a: the length of tumor, b: the width of tumor).

4.14. Anti-tumor efficacy and systemic toxicity evaluation in vivo

The MNNG/HOS tumor-bearing mice were divided into four groups
(n = 4 for each group) randomly: control, PLGA, MnO/Fc, and (MnOy/
Fc)@PLGA groups. When the tumor volume reached 50 mm?, 100 pL of
PBS, PLGA, MnOy/Fc, or (MnO,/Fc)@PLGA, with a concentration of 0.5
g/L was injected adjacent to the tumor, only once. Nude mice’s body
weight and tumor volume were assessed every day while they were
receiving therapy. The mice were euthanized on the 10th day, and the
tumors and important organs were harvested. Hematoxylin-eosin (H&E)
staining was used to examine the major organs in order to assess the
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systemic toxicity and biocompatibility. To investigate the mechanism of
(MnOy/Fc)@PLGA hydrogel’s anti-tumor effects, H&E and Ki67 stain-
ing, TUNEL and HIF-la immunofluorescence staining were done on
tumor tissue slices.

4.15. Postoperative trauma model and the effects of wound healing in
vivo

The subcutaneous xenograft tumor model was first constructed ac-
cording to the previous method 4.13, and the tumor was resected 7 days
later to construct the postoperative trauma model [37]. The post-
operative trauma mice were divided into four groups (n = 4 for each
group) randomly: control, PLGA, MnOs/Fc, and (MnOy/Fc)@PLGA
groups. After the treatment of 100 pL PBS, PLGA, MnOy/Fc, or
(MnO2/Fc)@PLGA, with a concentration of 0.5 g/L, the wound was
covered with gauze. The wound was photographed every 2 days. On the
14th day, the entire wound skin was excised and fixed, and the slices
were stained with H&E and Masson. In addition, CD31, SMA, HIF-1«,
and VEGFA immunofluorescence double staining to detect the mecha-
nism of (MnO,/Fc)@PLGA hydrogel to promote wound healing.

4.16. Statistical analysis

For the statistical analysis, GraphPad 9.0 was utilized as the soft-
ware. The two-tailed student t-test was employed when there was a
significant difference between two groups, and the one-way analysis of
variance (ANOVA) was used when there were three or more groups. A
result was considered statistically significant if its p-value was less than
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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