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Osteosarcoma is a malignant bone tumor, which often occurs in adolescents. However, surgical resection usually
fails to completely remove the tumor clinically, which has been the main cause of postoperative recurrence and
metastasis, resulting in the high death rate of patients. At the same time, osteosarcoma invades a large area of the
bone defect, which cannot be self-repaired and seriously affects the life quality of the patients. Herein, a
bifunctional methacrylated gelatin/methacrylated chondroitin sulfate hydrogel hybrid gold nanorods (GNRs)
and nanohydroxyapatite (nHA), which possessed excellent photothermal effect, was constructed to eradicate
residual tumor after surgery and bone regeneration. In vitro, K7M2wt cells (a mouse bone tumor cell line) can be
efficiently eradicated by photothermal therapy of the hybrid hydrogel. Meanwhile, the hydrogel mimics the
extracellular matrix to promote proliferation and osteogenic differentiation of mesenchymal stem cells. The
GNRs/nHA hybrid hydrogel was capable of photothermal treatment of postoperative tumors and bone defect
repair in a mice model of tibia osteosarcoma. Therefore, the hybrid hydrogel possesses dual functions of tumor
therapy and bone regeneration, which shows great potential in curing bone tumors and provides a new hope for

tumor-related bone complex disease.

1. Introduction

Bone tumor, especially osteosarcoma, is a highly malignant spindle
cell sarcoma and produces a tumor-like bone matrix [1]. Osteosarcoma,
a severe threat to the health of children and teenagers, mainly occurs in
adolescents [2]. Once suffering from osteosarcoma, they may face life-
long disability and even death, which bring heavy blows and losses to
families and society. Current clinical treatment options include alloge-
neic bone transplantation, tumor-inactivated bone, and mechanically
processed prosthesis [3,4]. Although limb salvage treatment can be
achieved in approximately 60%, the shortcomings are limited allogeneic
bone sources, tumor recurrence, and poor biological properties of the
processed prosthesis. Consequently, long-term survival rates for osteo-
sarcoma patients remain low and reached a plateau for nearly 40 years
[5]. Most osteosarcomas can be removed by surgery. However, it is
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difficult to ensure that the tumor tissue of the patient’s bone tissue is
completely removed during the surgery. Residual tumor cells still sur-
vive around the bone tissue. Thus, postoperative chemotherapy and
radiotherapy should be combined to minimize the recurrence and
metastasis induced by residual tumors. The occurrence of serious toxic
and side effects such as vomiting, hair loss, and a sharp decrease in the
number of white blood cells will greatly affect the quality of life of pa-
tients. At the same time, osteosarcoma invasion and surgical interven-
tion will cause a large area of bone defects, making it difficult for the
body to repair itself, causing severe pain and lifelong disability to pa-
tients. Therefore, pushing the development of bone tumor therapy is a
big challenge. Consequently, novel and efficient therapeutic strategies
are urgently needed to guide the treatment of bone tumors in clinical
problems.

For the clinical practice of surgical resection of osteosarcoma,
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Scheme 1. (A) The schematic preparation of the GNRs/nHA hybrid hydrogel; (B) The illustration of the application of the GNRs/nHA hybrid hydrogel for bone

tumor photothermal therapy and bone regeneration.

doctors perform extensive resection of the tumor based on the experi-
ence of tumor identification and rapid frozen section. However, ensuring
that the tumor can be completely resected is still difficult. Coupled with
the complex anatomical structure and important nerve blood vessels of
the bone, extensive or radical resection faces the problem of recon-
structing bone defects after tumor removal. Therefore, eliminating tu-
mors and reducing damage to the normal tissues to the greatest extent is
necessary. Tumors that have not been removed during surgery can be
completely and effectively eradicated by some auxiliary means. More-
over, photothermal therapy (PTT) is an effective, noninvasive, and non-
systemic-toxic tumor treatment method, especially suitable for local
treatment of superficial tumors [6-10]. Under the irradiation of
near-infrared (NIR) light, photothermal conversion agents (e.g., cyanine
dyes, gold nanoparticles, and graphene) can convert the absorbed light
energy into heat energy, which can cause tumor cell membrane damage,
protein degeneration, and cell decay death or necrosis. Considering the
strong NIR absorbance, good biocompatibility, and photothermal sta-
bility, gold nanorods (GNRs) have been widely used as an efficient
photothermal agent for eradicating tumors [11]. Gold
nanoparticle-based PTT showed great potential in preclinical and clin-
ical translation in localized tumor therapy. More recently, gold nano-
particles were applied in prostate tumors by localized PTT in a clinical
pilot study [12]. Consequently, short-term local photothermal treatment
does not significantly affect the activity of bone marrow mesenchymal
stem cells (MSCs) [13,14]. The NIR laser irradiation can reach a limited
distance [15,16], and the MSCs located in the bone marrow cavity are
relatively safe. Therefore, the photothermal treatment of GNRs is a good
strategy for eradicating residual osteosarcoma after surgery.
Osteosarcoma occurs in the epiphyseal end with abundant blood
flow. The bone defect caused by the osteosarcoma is large, and the body
is having difficulty repairing or healing itself. Therefore, external scaf-
folds, stem cells, growth factors, or small-molecule drugs are needed
[17-20]. Material mechanics, computer-aided digital technology, and
bone tissue engineering scaffolds (e.g. hydrogels, microspheres, and 3D
printed scaffolds) have been greatly improved in recent years with the
continuous development of biomaterials science [21-24]. The hydrogel
is a three-dimensional porous mesh gel with abundant water absor-
bance, good biocompatibility, and degradable structure [25,26]. It can
mimic the extracellular matrix (ECM) for the proliferation and differ-
entiation of MSCs to improve bone repair [27]. Thus, it has been widely
studied in bone regeneration, due to its excellent biocompatibility,
bioactivity, biodegradability, and osteoinductivity [28,29]. Inspired by
the dentistry of prosthodontics, blue light-induced photopolymerization
is a mild way to initiate monomer polymerization [30-32]. In the
hydrogel system, the blue light initiator was introduced to commence
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the cross-linking of the hydrogel in a friendly way. Bone components
include inorganic calcium and phosphorus, which constitute 50%-70%
of the human bone. Nanohydroxyapatite (Ca;o(PO4)s(OH)2, nHA) pro-
vided nutrition for bone defects and showed good effects in bone repair
[33,34]. Meanwhile, nHA has been proved to have tumor inhibition
ability in recent years [35]. In addition, the nHA hybrid hydrogel is
expected to supply a mimic ECM after osteosarcoma invasion and pro-
mote the repair of bone defects.

In this study, a GNRs/nHA hybrid hydrogel was designed via light-
induced photopolymerization (Scheme 1A). Methacrylated gelatin
(GelMA) and methacrylated chondroitin sulfate (CSMA) were selected
as the hydrogel ingredients to form a biocompatible hydrogel. GNRs and
nHA well dispersed in the hydrogel. The prepared GNRs/nHA hybrid
GelMA/CSMA hydrogel was applied to eradicate the postoperative re-
sidual tumor by PTT as well as healing of the bone defect caused by the
surgical resection of bone tumor (Scheme 1B). The outstanding prop-
erties of the GNRs/nHA hybrid GelMA/CSMA hydrogel are as follows:
(1) the photothermal ability of hydrogel can induce the residual tumor
apoptosis after surgery, and (2) the hybrid hydrogel occupies the region
of the tissue defect region and helps bone regeneration, which was
destroyed by osteosarcoma. It is believed that such a hybrid hydrogel in
the bone tumor treatment has not yet been reported so far. A compre-
hensive characterization of the hybrid hydrogel system was conducted,
and the research on the photothermal treatment of tumors and the repair
of bone defects was systemically assessed in vitro and in vivo. This study
reported a bifunctional hybrid hydrogel with the ability to prevent
tumor recurrence and form good bone, which brings a new idea for the
treatment of osteosarcoma and provides a useful reference for the field
of complex disease.

2. Materials and methods
2.1. Materials

Acid tetrachloroaurate (III) trihydrate (HAuCl4-3H;0) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Cetyltrimethyl ammonium bromide (CTAB) was obtained from China
National Medicines Corp., Ltd. (Beijing, China). Silver nitrate, and .
(+)-ascorbic acid were purchased from Alfa Chemicals Ltd. (Bracknell,
UK). Thiolated polyethylene glycol (Mw = 5000 KDa) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). In addition, GelMA, nHA, and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were obtained
from Aladdin Industrial Corporation (Waukesha, WI, USA). Methacry-
lated chondroitin sulfate (CSMA) was obtained from StemEasy Biotech
(Jiangyin, China). Moreover, LIVE/DEAD Cell Imaging Kit (Thermo
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Fisher Scientific Inc., Waltham, MA, USA) was purchased from KeyGen
BioTECH Co. Ltd. (Nanjing, China). Dulbecco’s modified Eagle’s me-
dium and fetal bovine serum (FBS) were supplied by Gibco (Grand Is-
land, NY, USA). The minimum essential medium eagle-alpha
modification (a-MEM) was obtained from HyClone Laboratories Inc.
(Tianjin, China). Alizarin Red Staining (ARS) was obtained from Beyo-
time Biotech Inc. (Jiangsu, China).

2.2. The preparation and characterization of GNRs

GNRs were synthesized through a conventional seed-mediated
approach, which can be found in a previous study [11]. The surface of
synthesized GNRs was coated with CTAB, which possess severe cell
toxicity. Therefore, CTAB was replaced by thiolated PEG. Moreover,
200 mg of thiolated PEG in 32-mL aqueous water was added to GNRs
with a 1-mg/mL concentration of gold (Au). The PEG/Au molar ratio
was 0.20. The mixture was followed by gentle stirring for 24 h. Finally,
the PEGylated GNRs were purified twice by centrifugation at 12,000
rpm for 10 min. The transmission electron microscopy (TEM) micro-
graphs of GNRs were obtained on a Tecnai G* F20 S-TWIN TEM (FEI Co.,
Hillsboro, OR, USA) at an accelerated voltage of 120 kV. The absorption
spectra of GNRs were tested by a PerkinElmer UV-Vis spectrophotom-
eter (Lambda 35, Waltham, MA, USA).

2.3. The preparation and characterization of GNRs/nHA hybrid hydrogel

GelMA and CSMA were dissolved in water solution at 40% (w/v) and
20% (w/v), respectively. Solution A comprised a mixture of 70-pL
GelMA and 60-pL CSMA. Subsequently, 2 mg/mL GNRs and 2 mg/mL
nHA were sonicated for a while before use. Furthermore, 10 pL of GNRs
and 10 pL of nHA were added to solution A, and the initiator LAP (0.5%,
w/v, 20 pL) was added to the final solution. For hydrogel formation, 100
pL of suspension mixture was injected into a cylindrical silicone mold. A
dental curing light was used to initiate hydrogel formation producing
blue light at 420- to 480-nm wavelength and 1200- to 2000-mW/cm?
power. After 2 min of exposure, the photopolymerized hydrogel was
removed from the mold and immersed in Milli-Q aqueous water to
eradicate residual monomers and initiators. The cross-section mor-
phologies and elemental analysis of freeze-dried hydrogels were
observed using a scanning electron microscopy (SEM) machine (JSM-
5900LV, JEOL, Tokyo, Japan). The mechanical properties of wet
hydrogels were determined by an Instron 5500 mechanical tester.

2.4. The photothermal ability of GNRs/nHA hybrid hydrogel

The GNRs/nHA hybrid hydrogel was irradiated by an 808-nm laser
with a different power density (0.08, 0.56, and 0.99 W/cm?) for 5 min.
Blank hydrogel without GNRs was used as the control sample. Tem-
perature changes were recorded timely, and NIR images were taken by a
Fluke Ti32 Infrared (IR) thermal camera system (Fluke, Everett, WA,
USA). Furthermore, the tissue penetration on the photothermal ability of
hybrid hydrogel was assessed on ex vivo pork skin and bone tissues.

2.5. The viability assay of tumor cells after photothermal treatment

For tumor cell viability measurements, K7M2wt cells (a mouse bone
tumor cell line) were plated into 96-well plates (5.0 x 10° cells/well)
and allowed to adhere to the plate surface before the addition of hybrid
hydrogel. The cells were then irradiated by laser with a different power
density (0.08, 0.56, and 0.99 W/cm?) for 5 min. After the hydrogel was
moved out, the cells were stained using LIVE/DEAD Cell Imaging Kit for
30 min. The cells were then washed using phosphate-buffered saline
(PBS), and imaged with fluorescence microscopy (Leica Microsystem
Inc., Wetzlar, Germany). Consequently, the cell survival percentage was
determined for quantitatively analysis.
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2.6. Invitro cytotoxicity assay

The leachates were extracted from the hydrogel in the cell medium
for 24 h to study hydrogel cytotoxicity. NIH3T3 cells (a mouse embry-
onic fibroblast cell line) and K7M2wt cells were seeded into a 96-well
plate (5 x 10° cells/well, 100 uL) for overnight adhesion. Subse-
quently, the old cell medium was changed to leachates with different
concentrations. Untreated cells in the growth media were used as blank
control. After 24 h of incubation, cell viability was determined by the
methylthiazolydiphenyl-tetrazolium bromide (MTT) assay.

2.7. The culture of MSCs and osteogenic evaluation

The hybrid hydrogels were disinfected overnight with 75% ethanol
and washed with sterile PBS. The hydrogels can be used to cell study
after they are balanced with the cell medium. The MSCs were isolated
from the bone marrow of newborn mice at 3 days old. They were
expanded in standard growth a-MEM medium with 10% FBS, and
incubated in a 5% CO, atmosphere. MSCs were cultured to the third
passage and trypsinized to incubate on the hydrogel. The cells on
hydrogels were incubated for 1, 3, and 5 days to observe their attach-
ment and proliferation. Samples with cells were fixed in 2.5% glutar-
aldehyde for 30 min and dehydrated by freeze-drying to study the
morphology of the cells and their adhesion using SEM. Meanwhile, cell
proliferation was measured using MTT assay.

The osteogenic potential evaluation was conducted with the ECM
mineralization by ARS. After the MSCs adhered to the hydrogel, the
medium was changed to an osteoinductive medium containing 10% FBS,
1% penicillin-streptomycin, 50 pg/mL ascorbic acid, 10 mM sodium
B-glycerophosphate, and 100 nM dexamethasone. Consequently, the
medium was refreshed every 2 days. After incubation for 14 days, cells
were washed and fixed to stain with 0.2% ARS for 30 min. The miner-
alized matrix stain was dissolved in cetylpyridinium chloride for quan-
tification analysis.

2.8. In vivo biocompatibility and degradation of the hybrid hydrogel

In vivo biocompatibility and degradation tests were explored by
implanting the hydrogel into the subcutaneous tissues of BALB/c mice
(~20 g). Implanted subcutaneously into the back of the mice were 200-
pL hydrogels. The mice were sacrificed by cervical dislocation at 1, 2,
and 4 weeks. The implanted regions were carefully opened, and the
remaining gels were photographed. The surrounding tissues were sur-
gically removed and subjected to hematoxylin and eosin (H&E) staining
for study tissue responses.

2.9. In vivo postoperative PTT and bone repair

A tumor implantation method was used to construct the tumor model
for high tumor formation rate because the bone tumor model in mice
was relatively difficult to build. All the animal procedures were per-
formed according to the guidelines approved by Sichuan University.
Female BALB/c mice (3 weeks old) were purchased from Beijing HFK
Bioscience Co. Ltd. (Beijing, China). Moreover, K7M2wt cells (1.0 x 106)
were subcutaneously injected into the left leg of the mice. When the
diameter of the tumor reached ~5 mm, the mice were sacrificed, and
their tumors were removed and cut into small fragments. The tumor
mass with diameter of ~2 mm was separately implanted in the site near
the tibia, which was grounded to damage the bone membrane for tumor
invasion. Consequently, the bone tumor model was built after 1 week.
Tumor-bearing mice were then randomly separated into four groups
(total number = 20, n = 5). After the mice were anesthetized, the tumor
was surgically removed. However, the remaining tumor was left around
the tibia. The GNRs/nHA hybrid hydrogel (100 pL) was implanted in
situ, and the incision was sutured. Subsequently, the mice were irradi-
ated with the 808-nm laser for 5 min (0.99 W/cmz). The temperature
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Fig. 1. (A) The TEM and (B) UV-Vis absorption curve of PEGylated GNRs; (C) the SEM image of nHA; (D) the SEM image and element mapping of the cross section of
GNRs/nHA hybrid hydrogel; (E) the compressive stress curve of GNRs/nHA hybrid hydrogel as a function of strain; and (F) fatigue-resistance hydrogel with three

successive loading-unloading cycles of compression.

distribution images of the leg tissues were recorded during the irradia-
tion period. The mice were then weighed, and their tumor sizes were
measured every 2 days. Considering that the bone tumor was close to the
skin, the tumor volume can be measured with a digital caliper and
calculated as volume = (tumor length) x (tumor width)?/2. The life
span of the mice was observed. Another batch of mice was sacrificed
after treatment for 2 weeks. Their tibias were removed for micro-
computed tomography (micro-CT) scan and H&E staining. Their heart,
lung, liver, spleen, kidney, and recurrent tumor were subjected to H&E
staining.

2.10. Statistical analysis

The statistical analysis was performed using SPSS 15.0 software
(Chicago, IL, USA). Statistical comparisons were identified by a Stu-
dent’s t-test. Statistical significance was considered when the value of P
was less than 0.05.

3. Results and discussion
3.1. The synthesis and characterization of GNRs/nHA hybrid hydrogel

The prepared PEGylated GNRs have a uniform morphology in the
TEM image (Fig. 1A), which possessed a length and width of ~48 and
~12 nm, respectively. PEGylated GNRs were biocompatible after CTAB
eradication. The GNRs exhibited strong absorbance in the NIR region
with a peak at ~808 nm (Fig. 1B). The obtained nHA presented a
spindle-like morphology in nanodiameter (Fig. 1C). The GNRs/nHA
hybrid hydrogel was then prepared by photo-crosslinking method
(Fig. S1), which was mild and quick. GelMA and CSMA monomers were
the main hydrogel matrix and can form a compatible hydrogel in 2 min

with blue light irradiation. The freeze-dried hydrogel possessed a porous
structure, and its mean pore size was ~76 pm (Fig. 1D). From the
element mapping analysis, the cross section of GNRs/nHA hybrid
hydrogel showed the coexistence of Au and phosphorus (P), indicating
that the GNRs and nHA were homogeneously distributed in the
hydrogel.

The mechanical property was important to maintain the structure of
hydrogels in their work position. The mechanical performance of GNRs/
nHA hybrid hydrogel was evaluated by an Instron mechanical tester.
The elastic modulus of the hydrogel was 0.67 Mpa, and the ultimate
stress of the crack point was at 62% compression (Fig. 1E). Furthermore,
the fatigue resistance property of the hydrogel has been tested. The
hybrid hydrogel kept its integrity after three successive loa-
ding-unloading compression cycles (Fig. 1F).

3.2. The photothermal ability of GNRs/nHA hybrid hydrogel

The photothermal ability is important for tumor therapy. The GNRs
in the hybrid hydrogel for the photothermal effect response has been
introduced in this study. Real-time thermal images showed changing
colors in the center and the surrounding region of the hydrogel as time
went on (Fig. 2A). From the results of the heating curves, the blank
hydrogel without GNRs showed no temperature rise under NIR light
irradiation. On the contrary, the GNRs/nHA hybrid hydrogel displayed
regulated high temperatures in response to different power densities of
the NIR laser irradiation. The temperature increased to 35.0 °C, 47.1 °C
and 57.6 °C under the irradiation power densities of 0.08, 0.56, and
0.99 W/cm?, respectively (Fig. 2B). The results indicated a good pho-
tothermal performance of GNRs/nHA hybrid hydrogel.

Pork skin and bone tissues were utilized to investigate the heating
penetration depth to better understand the heating transfer efficiency of
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Fig. 2. (A) The real-time thermal images and (B) the photothermal curves of the control group (blank hydrogel under NIR light irradiation at the power density of
0.99 W/cm?) and GNRs/nHA hybrid hydrogel with a different power density of irradiation; (C) Heating transfer efficacy images, and (D) curves at the center
temperature of hydrogels, and (E) heating penetration depths of GNRs/nHA hybrid hydrogel on pock bone and skin with 808-nm laser irradiation within 5 min.

the GNRs/nHA hybrid hydrogel. Fig. 2C shows both two kinds of tissues
depicting the heating diffusion along with time. The center temperature
of the hydrogel in the two groups showed no significant difference
(Fig. 2D). However, bone tissue displayed a lower heating diffusion re-
gion compared with skin tissue during the irradiation duration. The
heating penetration depths in bone and skin were approximately 3.7 and
4.5 mm (Fig. 2E), respectively. From the results, it can be concluded that
the center of heating in hydrogels was almost the same and different
heating transfer efficiency existed in different tissues. Therefore, the
idea that the photothermal treatment of bone tumor postoperatively
removes the majority of the tumor tissue was obtained, considering that
the limited heating transfer efficiency cannot defend the whole tumor
region. Moreover, the postoperative therapy strategy is close to clinical
treatment method.

3.3. Photothermal effects of GNRs/nHA hybrid hydrogel on bone tumor
cells

The in vitro photothermal effect of GNRs/nHA hybrid hydrogel was
performed on the viability of K7M2wt osteosarcoma cells. A different
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power density was explored on the wet hydrogel in temperature changes
for tumor cell survival. Moreover, Fig. 3A shows that the green and red
cells represented the live and dead cells, respectively. The cells with
increasing laser power density were dead. The viabilities of tumor cells
were 99.3%, 73.0% and 1.2% in groups of 0.08, 0.56, 0.99 W/cem?,
respectively (Fig. 3B). The temperature elevation of the hydrogels in the
cell medium was increased to 37.5 °C, 46.0 °C and 59.9 °C after laser
irradiation for 5 min with different power densities (Fig. 3C). The inset
circle images shown in Fig. 3C are the IR images of the hydrogel in
plates. The relative hyperthermia of >50 °C for 5 min is sufficient to
destroy the tumor cells [36]. Although the temperature was 59.9 °C
under the power density of 0.99 W/cm?, the penetration medium in the
cell study was different from in vivo studies. Moreover, water easily
penetrates and spreads heat than the animal’s tissues (e.g. skin, tumor,
and bone). Therefore, the power density of 0.99 W/cm? was selected in
the following in vivo tumor treatment according to the photothermal
capability of GNRs/nHA hybrid hydrogel in the cell study.
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days; (C) the SEM images of MSCs adhered to GNRs/nHA hybrid hydrogel and their growth in 1, 3, and 5 days (the cells were marked in blue; scale bar 200 pm); (D)
the optical photos of ARS (scale bar 75 pm), and (E) mineralized ratios in the control and hydrogel groups.

3.4. Invitro cell cytotoxicity and MSCs growth

The cell cytotoxicity of GNRs/nHA hybrid hydrogel was evaluated by

cell survival assay using 3T3 cells and K7M2wt cells. Fig. 4A exhibits the
cell viability in the presence of GNRs/nHA hybrid hydrogel leachates
with different concentrations. The cell survival rate was compared with
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Fig. 5. (A) The infrared thermal images of tumor-bearing mice were taken on overview and side view after implantation with GNRs/nHA hybrid hydrogel exposed to
808-nm laser irradiation. (B) The changes in tumor volume (*P < 0.05, **P < 0.01), (C) body weights, and (D) survival rates of mice in each group.

that of the control group, whose cells had been cultured in cell medium
without any other additives. Consequently, both 3T3 and K7M2wt cell
viability decreased slowly with the increase of the hydrogel leachates
concentration. Fortunately, cell viability was assessed as > 80% even at
a relatively high concentration. Therefore, the GNRs/nHA hybrid
hydrogel prepared in this study possessed good cell compatibility.

Subsequently, the growth of MSCs was evaluated by the MTT assay
and SEM analysis. The cell survival ratios were detected to quantita-
tively analyze cell viability. Fig. 4B shows that the cell viability
increased at 25% and 58% after incubation for 3 and 5 days, respec-
tively. The incubated MSCs on hydrogels were denoted as blue region for
easy distinction in the cells’ morphology analysis shown in the SEM
images in Fig. 4C. The MSCs adhered and anchored on the GNRs/nHA
hybrid hydrogel on the first day of incubation. In addition, the MSCs
spread and proliferated on the hydrogel well along with the culture time.
They can grow on the hydrogel in a good state. The results indicated that
the viability or shapes of MSCs maintained a good condition cultured on
the GNRs/nHA hybrid hydrogel.

The ECM formation was assessed using ARS cultured for 14 days to
evaluate the osteogenic differentiation of MSCs. The hydrogel group
presented a higher density of mineralized nodules compared with the
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control group without hydrogel (Fig. 4D). Meanwhile, the amount of
mineralized matrix was determined (Fig. 4E). The MSCs in the hydrogel
group produced 65% higher mineralized ECM than those in the control
group, indicating that the hybrid hydrogel promoted the osteogenic
differentiation of MSCs. The addition of nHA in the hydrogel may mimic
the natural structure of ECM in the bone, resulting in promoted osteo-
genic cell proliferation, differentiation, and mineralization.

3.5. In vivo biocompatibility and degradation of GNRs/nHA hybrid
hydrogel

The biocompatibility and degradation of GNRs/nHA hybrid hydrogel
were investigated by implanting subcutaneously at the back of BALB/c
mice. From visual observation, the hydrogel gradually degraded with
time (Fig. S2A). From H&E staining (Fig. S2B), some macrophages and
lymphocytes immigrated into the connective tissue around the hydrogel
in the first week. The existing inflammatory cells imply a slight in-
flammatory response. Subsequently, the number of macrophages and
lymphocytes gradually reduced at 2 and 4 weeks. Therefore, the GNRs/
nHA hybrid hydrogel is biodegradable and possesses acceptable
biocompatibility for further applications.
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Fig. 6. H&E staining of (A) tumors and (B) main organs of the different groups of mice after treatment for 2 weeks (scale bar 50 pm).

3.6. In vivo bone tumor therapy of GNRs/nHA hybrid hydrogel

The mice were randomly divided into four groups (control, surgery,
surgery + hydrogel, and surgery + hydrogel + PTT groups). Two
batches of mice study were constructed. One batch was used for obser-
vation of the bone repair after tumor therapy, and one batch was used
for the measurement of tumor volumes, body weight, and life span. In
the experiments, the bone tumor model was successfully built by im-
plantation of tumor fragments, which can be found in the micro-CT
reconstruction (Fig. S3A). The bone tumor has invaded the tibia of the
mice. The surgery process is presented in Figs. S3B-E. The removal of
the tumor tissue was tried, but some residual tumor was difficult to
eradicate. The GNRs/nHA hybrid hydrogel was then implanted for
photothermal treatment to destroy the residual tumor. The IR thermal
images of tumor-bearing mice were taken at different time points
exposed to 808-nm laser irradiation with a power density of 0.99 W/cm?
(Fig. 5A). From the overview side, the center temperature of the residual
bone tumor containing hybrid hydrogel quickly increased and was
maintained at ~53.8 °C, which is beneficial for destroying the residual
tumor tissues. Meanwhile, the surrounding region of the hydrogel was
~40 °C from the side view pictures due to the limited irradiation region
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of the laser and penetration depth of the heat. The mild heat tempera-
ture was safe to the normal tissues and may simulate MSCs in osteo-
genesis differentiation [37,38]. The results indicated that PTT was
capable of minimal invasiveness to the body and selective tumor
destruction without damaging the surrounding healthy tissues.
Tumor-bearing mice were kept for systemic evaluation of tumor
growth (Fig. 5B), body weight (Fig. 5C), and survival rate (Fig. 5D). In
the control group, the tumors in the mice grew very quickly and mice
mortality was 20% after 18 days of tumor invasion. In the surgery and
surgery + hydrogel groups, the tumors regrew on the basis of the live
residual tumor and no significant difference was noted in the tumor
volumes. In addition, their tumor growth was delayed to some extent by
surgery compared with that of the control group. In the surgery +
hydrogel + PTT group, the postoperative residual tumor tissues were
cured by PTT with no further recurrence. In bodyweight detection, 1
week may be a watershed. From this time point, the body masses of mice
in the control, surgery, and surgery + hydrogel groups decreased. On the
contrary, the mice in the surgery + hydrogel + PTT group grew well
with increased body weight. Fig. 5D shows the survival rate of the mice
in each group evaluated at 6 weeks. The control group first appeared
with mice mortality, and all gradually followed dead within 26 days.
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Fig. 7. (A) The micro-CT reconstruction in each group of mice after treatment for 2 weeks; (B) The bone volume (BV) parameter in each group of mice (*P < 0.05,
**P < 0.01); (C) H&E staining images of the tibia bone tumor interface in different groups (B bone, T tumor, M muscle; scale bar 50 pm).

The surgery and surgery + hydrogel groups showed a similar survival
rate, and their life span was prolonged for ~1 week with the removal of
the majority of the tumor. Fortunately, the mice in the surgery +
hydrogel + PTT group were alive during the observation period, and
their tibia bone defect repair was assessed on follow-up.

In another batch of in vivo experiments, the mice were sacrificed at 2
weeks postoperatively to analyze tumor invasion and bone. The mice
images in different groups are shown in Fig. S4. Their ex vivo tumors and
main organs were stained with H&E and the tibia tissues were used for
micro-CT reconstruction. As shown in Fig. 6A, the bone tumor cells in
the control, surgery, and surgery + hydrogel groups were densely ar-
ranged. Fortunately, no tumor existed in their legs after postoperative
surgery and PTT in the surgery + hydrogel + PTT group. From the
staining of main organs (Fig. 6B), no tumor metastasis was found in the
surgery + hydrogel + PTT group. However, small tumor nodules in the
lungs and some points of pulmonary bleeding were found in the other
three groups. The results suggest that the tumors quickly grew in these
groups and invaded the lungs through the circulatory system in a short
duration.

In the micro-CT observation (Fig. 7A), the tibia in the control group
was invaded inside by a tumor. Moreover, the tumor-induced bone
erosion in surgery and surgery + hydrogel groups. Although the surgery
can destroy tumor mass, the residual tumor was regrown with a high
rate of recurrence, leading to an aggressive bone defect. Fortunately, the
mice in the surgery + hydrogel + PTT group showed a better therapeutic
effect with the regenerated bone. The surrounding residual bone tumor
was destroyed by PTT, and the bone defect regeneration was promoted
by the hybrid hydrogel. Bone histomorphometrics in each group was
analyzed (Fig. 7B). The bone volume data in the surgery + hydrogel +
PTT group were significantly higher than those in other groups.
Furthermore, H&E staining was performed to observe tumor invasion
(Fig. 7C). Moreover, the tumor involved in the osteolysis in the control
groups was more obvious and aggressive. Tumor regrowth was inhibi-
ted, and the defective tibia was gradually repaired with the hybrid
GNRs/nHA hydrogel treatment. The repaired bone section was not in an
integrated form within 2 weeks, and the defective muscle region needed
a longer time to connect well. Overall, the hybrid GNRs/nHA hydrogel
possessed the dual function of effectively destroying the residual tumor
cells and healing the bone defect after osteosarcoma surgical resection.
Furthermore, this bifunctional hydrogel system gave an important
reference in tumor-induced bone defect repair.
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4. Conclusions

Considering the clinical needs, disease characteristics, and existing
problems, this study constructed a novel type of bifunctional hybrid
hydrogel. The hybrid hydrogel platform has advantages as below (1) the
introduction of GNRs was suitable for the photothermal treatment of
residual tumor cells after surgery to prevent tumor recurrence, and (2)
the nHA hybrid in the hydrogel helped repair bone defects invaded by
tumor. This composite hydrogel combines the dual functions of tumor
photothermal treatment and bone defect repair. This difunctional
hydrogel system platform was suitable not only for osteosarcoma, but
also for the treatment of complex diseases such as maxillofacial defects
caused by oral cancer, and bone metastases of malignant tumors. The
development and research of this new type of hybrid scaffolds will bring
new hope for malignant complex diseases and provide with new vitality
for the development of future medicine.
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