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Osteosarcoma is a malignant bone cancer that usually occurs in children and

adolescents. Although chemotherapy, radiotherapy and other methods have

been used to treat osteosarcoma, these therapeutic regimens fail to cure this

disease completely. Herein, doxorubicin-encapsulated iron–gallic acid (FeGA-

DOX) nanoparticles (NPs) were fused with agarose hydrogels (AG) for

synergistic therapy of osteosarcoma. Under near-infrared laser irradiation,

the local temperature of FeGA-DOX NPs was increased. Therefore, tumour

cells were killed using photothermal therapy, and AG dissolved to release FeGA-

DOX into the cells. Doxorubicin generates hydrogen peroxide, which is then

converted to reactive oxygen species (ROS) via FeGA-DOX by the Fenton

reaction, inducing tumour cell apoptosis. ROS induced by chemodynamic

therapy compensates for the incomplete cure of osteosarcoma cells. The

AG-encapsulated NPs could mediate synergistic chemodynamic and

photothermal therapy with self-sufficient H2O2, providing a novel

therapeutic strategy for osteosarcoma.
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Introduction

Osteosarcoma is one of the most common cancers in children and adolescents that

mainly occurs in the metaphyseal region of long bones, especially the limbs and shoulders,

and often leads to metastasis (Ottaviani and Jaffe 2010; Czarnecka et al., 2020). The

clinical symptoms of osteosarcoma include swelling, severe pain and joint movement

limitation (Lopes-Júnior et al., 2018; Hameed, Horvai, and Jordan 2020). Multi-
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therapeutic methods have been utilised to treat osteosarcoma,

including chemotherapy, radiotherapy, surgery, targeted

therapies and other regimens (Gill and Gorlick 2021).

However, recurrence occurs during treatment because of an

incomplete cure (Meltzer and Helman 2021). Therefore, much

research has tried to take the advantage of nanoparticles (NPs) to

develop effective novel therapeutic methods for the treatment of

osteosarcoma (Lu et al., 2018; Du et al., 2021).

The tumour microenvironment is characterised by acidity,

high H2O2 and glutathione levels (H. Chen et al., 2022; D. Zhu,

et al., 2022; Lyu et al., 2021a). Chemodynamic therapy (CDT)

involves utilising transition metal-containing NPs to generate in

situ cell toxic reactive oxygen species (ROS) in cancer cells from

this intracellular overexpressed H2O2 (Tian et al., 2021; X. Wang

et al., 2020; M. Lyu, et al., 2020b; Q. Chen et al., 2019; Ranji-

Burachaloo et al., 2018; M. Lyu et al.). This chemical process is

called “Fenton reaction” or “Fenton-like reaction” (Ranji-

Burachaloo et al., 2018; Meng et al., 2020). The produced

ROS respond to the unique tumour microenvironment and

can induce cancer cell apoptosis with high cell toxicity (Yan

et al., 2021). For example, copper-based nanoplatforms, such as

Cu–cys, react with this intracellular H2O2 to produce hydroxyl

radicals (Ma et al., 2019; M.Wang et al., 2022). However, it is well

known that the Fe-induced Fenton reaction is efficient in

strongly acidic conditions, and the reaction efficiency is highly

related to acidity conditions. Additionally, because H2O2 is

overexpressed in tumour tissues compared with normal

tissues, the amount of H2O2 is still inadequate if taken as the

only source of ROS production to cure cancer and prevent

metastasis or recurrence (Dong et al., 2020; X. Lyu, et al., 2021).

Photothermal therapy (PTT), with the assistance of NPs, has

emerged as one of the novel treatment methods for cancers (M.

Lyu et al., 2021). Upon laser irradiation, NPs, named PTT agents,

absorb the energy of light and convert it to heat for local

hyperthermia therapy. Near-infrared (NIR) wavelength

ranging from 650 to 1,800 nm is transparent to the biological

tissues, and nano-agents with NIR window could trigger PTT in

deep tumours (Hong, Antaris, and Dai 2017; Pascal et al., 2021).

These nano-agents can be grouped into inorganic and organic

materials. Inorganic materials include novel materials such as

gold (Aioub, Panikkanvalappil, and El-Sayed 2017), palladium

(Zhang et al., 2018), carbon-based materials such as carbon tubes

(Liang et al., 2014) and C60 (Hu et al., 2017). Molecules and some

polymer NPs were categorised as organic materials (Liu et al.,

2020). However, the penetration depth of PTT is relatively

limited, and therefore the therapeutic effect sometimes fails to

meet the clinical requirement (Duo et al., 2022). Therefore, it is

essential to enhance the treatment outcome of PTT by combining

PTT with other therapeutic regimens.

Gallic acid (GA) is a natural polyphenolic compound that is

present in rhubarb, eucalyptus, dogwood and other plants (You

et al., 2010; Park 2017). Additionally, it possesses remarkable

SCHEME 1
Illustration of synthesis of FeGA-DOX + AG and the intracellular mechanism of FeGA-DOX + AG under CDT/PTT.
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biocompatibility and can be easily absorbed by the human body.

GA has been widely applied for antitumour or anticancer

treatments (Zeng et al., 2016). Iron element was widely

applied in tumour therapy (Cheng et al., 2021; Y. Zhu et al.,

2021; Y. Zhu et al., 2020; Y. Zhu et al., 2022; W. Wang et al.,

2021). Herein, we first synthesised uniform iron–GA (FeGA) and

constructed an agarose hydrogel (AG)-encapsulated iron–GA

decorated with doxorubicin (FeGA-DOX) nanoplatforms for the

treatment of osteosarcoma. FeGA-DOX and AG were injected

into the tumour in mice. The mechanism of tumour cell death

induced by FeGA-DOX + AG is shown in Scheme 1. At

irradiation of the NIR laser, the FeGA-DOX NPs absorb the

laser’s energy and induce hyperthermia leading to PTT in

tumour cells. Meanwhile, the AG was melted under heating,

followed by the release of encapsulated FeGA-DOX. The released

doxorubicin activates nicotinamide adenine dinucleotide

phosphate (NADPH) oxidases, producing abundant H2O2.

Together with overexpressed H2O2 in tumor site, FeGA reacts

with the produced H2O2 to generate abundant ROS under a mild

acidic tumour microenvironment for performing CDT by the

Fenton reaction, which induced tumour cell death. By this

method, the growth of osteosarcoma tumours in mice could

be efficiently suppressed without severe side effects. This study

presents a novel synergistic CDT and PTT strategy for

osteosarcoma treatment.

Results and discussion

The prepared FeGA-DOX + AG NPs with controlled release

in thermal response are shown in Scheme 1. We used the strong

coordination between GA polyphenol groups and ferrous ions

(Fe(II)) to prepare ultra-small metal polyphenol network FeGA

nanocomplexes, which were then encapsulated in hydrogels with

the chemotherapeutic drug DOX. Under transmission electron

microscopy, the prepared FeGA-DOX nanocomplexes had

uniform size distribution, with an average diameter of 2.5 nm

(Figure 1A). Scanning electron microscope (SEM) image showed

a complex pore structure of the hydrogel (Figure 1B).

Subsequently, we measured the rheological values of FeGA-

DOX + AG at different temperatures (Figure 1C). The

rheological behaviour analysis results showed that with an

increase in temperature, FeGA-DOX + AG gradually dissolved

and the storage modulus gradually decreased, which was

consistent with the characteristics of hydrogels. Figure 1D

depicts the absorption of FeGA-DOX. FeGA-DOX has a

FIGURE 1
(A) Transmission electron microscopy image of FeGA-DOX. (B) SEM image of FeGA-DOX + AG. (C) Rheological behaviour analysis of FeGA-
DOX + AG. (D) UV–vis absorption of FeGA-DOX. (E) The photothermal heating curve of FeGA-DOX at various concentrations. (F) The relative
catalytic activity of free Fe2+ and FeGA-DOX in water and serum.
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broad absorption spectrum of 600–800 nm, indicating that

FeGA-DOX has a high potential for photothermal conversion

in the NIR-I region. Therefore, dispersions of FeGA-DOX with

different concentrations were irradiated with an 808 nm laser for

10 min, and the photothermal heating curve was drawn to study

its photothermal conversion performance (Figure 1E). It should

be pointed out that after several heating-up and cooling-down

loop, FeGA-DOX maintained its photothermal stability

(Supplementary Figure S1). Most importantly, Figure 1F

shows that compared with the catalytic activity in the water,

the Fenton catalytic activity of free Fe2+ ions will be significantly

inhibited in serum. In contrast, FeGA-DOX has excellent and

stable Fenton-like catalytic activity in water and serum.

Therefore, FeGA-DOX with good catalytic activity and

physiological environment stability has broad biological

application prospects.

The K7M2wt cells were incubated with FeGA, FeGA-DOX,

FeGA + AG and FeGA-DOX + AG to explore their dark toxicity.

Even if the dose of FeGA-DOX + AG reached 40 μg/ml, the cell

survival rate was 70.1% and no apparent cytotoxicity was found

(Figure 2A). Subsequently, the cell viability of FeGA + AG and

FeGA-DOX + AG was detected using the cell counting kit eight

FIGURE 2
(A)Cytotoxicity of FeGA, FeGA-DOX, FeGA + AG and FeGA-DOX + AG on the K7M2wt cells. (B)Cell viability of FeGA + AG and FeGA-DOX + AG
on the K7M2wt cells under laser irradiation. (C) CLSM images of intracellular H2O2 levels in the K7M2wt cells incubated with DOX and FeGA-DOX
(scale bar: 50 μm). (D) Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity measurements after co-incubation with FeGA-DOX
+ AG. (E) Cell viability of the K7M2wt cells after various treatments. (F) CLSM of ROS generation in various treatment groups (scale bar: 50 μm).

FIGURE 3
(A) IR images ofmice after treatments and (B) temperature at 20 min post-irradiation. p values in (B)were calculated by Tukey’s post-test (***p <
0.001).
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method in the presence of NIR laser irradiation to verify the

ability of FeGA-DOX + AG in vitro photothermal-enhanced

CDT. As shown in Figure 2B, after NIR laser irradiation with

FeGA-DOX + AG at a dose of 40 μg/ml, the cell survival rate was

reduced to 30.6%, which was reduced by half compared with that

of the group without laser irradiation in Figure 2A. Subsequently,

we used fluorescence microscopy to assess the intracellular H2O2

levels in the K7M2wt cells, according to confocal laser scanning

microscope images (Figure 2C). It can be seen that red

fluorescence is uniformly distributed in the cells in the DOX

group, indicating that DOX can produce a large amount of H2O2

in the cells. The determination results of NADPH oxidase activity

(Figure 2D) also suggested that DOX had NADPH oxidase

activity, which could consume NADPH molecules to form

superoxide radicals, producing H2O2. The cell survival rate of

each group in Figure 2E was also consistent with that of our

previous studies, which verified that FeGA-DOX + AG could

provide synergistic photothermal enhancement of CDT in vitro.

However, the red fluorescence intensity of the FeGA-DOX group

was significantly reduced, indicating that the increase in

intracellular H2O2 levels was conducive to the redox reaction

with FeGA to generate ROS. Therefore, we proposed that the

ROS level of the FeGA-DOX group would be higher than that of

the saline group, and the FeGA-DOX + AG group in Figure 2F

verified our assumption. Under laser irradiation, the ROS

fluorescence intensity of the FeGA-DOX + AG + NIR group

was significantly increased.

Given the excellent performance of FeGA-DOX + AG as

nano-agent in vitro, we used Balb/c mice to establish a K7M2wt

subcutaneous tumour model to continue to study its effect on

FIGURE 4
(A) Tumour volume and (B) body weight of K7M2wt tumour-bearing mice in the saline, NIR, FeGA-DOX + AG, FeGA + AG+NIR and FeGA-DOX
+ AG + NIR groups. (C) Representative images of TUNEL, Ki-67 and H&E antibody staining in all treatment groups (Scale bar: 50 μm). p values in (A)
were calculated by Tukey’s post-test (***p < 0.001).
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photothermal conversion in vivo (Figures 3A,B). It is not difficult

to understand from Figure 3B that with the increase in irradiation

time, the temperature in the tumour site of the mice in the FeGA-

DOX + AG group increased to 52.9°C. In comparison, the

temperature in the tumour site of mice in the control group

only increased by 2.8°C, which can be seen from the infrared

radiation images of mice (Figure 3A), indicating that FeGA-DOX

+ AG has superior photothermal conversion capacity in vivo.

We tested FeGA-DOX + AG-mediated antitumour activity

in the K7M2wt tumour-bearing mice. A tumour model was

established by subcutaneously injecting 1 × 106 K7M2wt cells

into the right leg of Balb/c mice. When the volume of the primary

tumour reached 200 mm3, the mice were randomly divided into

five groups (five mice in each group): Group I: saline; Group II:

NIR; Group III: FeGA-DOX + AG; Group IV: FeGA + AG + NIR

and Group V: FeGA-DOX + AG + NIR. Tumour volume

increased rapidly in the saline and NIR treatment groups

within nearly 2 weeks of treatment, as shown in Figure 4A.

Group III has little tumour suppressive effect, whereas the

tumour suppressive effect of Group IV is almost moderate.

This is because, after laser irradiation, FeGA is released from

the hydrogel, which is more likely to react with H2O2 in the

tumour microenvironment to generate ROS to destroy

mitochondria, thus improving the chemotherapy sensitivity

FIGURE 5
Blood biochemistry analysis of healthy Balb/c mice andmice administrated with FeGA-DOX on days 1, 7 and 14. (A) Aspartate aminotransferase
(AST), alanine aminotransferase (ALT) and alkaline phosphatase (ALP). (B) Blood urea nitrogen (BUN); (C) red blood cell (RBC); (D) platelets (PLT); (E)
haemoglobin (HGB); (F) mean corpuscular haemoglobin concentration (MCHC); (G) white blood cell (WBC); (H) mean corpuscular haemoglobin
(MCH); (I) mean corpuscular volume (MCV).
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and tumour killing ability. Hence, in the most effective treatment

group, the growth curve of tumour volume in Group V was

almost completely inhibited during treatment. Most importantly,

no significant changes in the body weight of the treatedmice were

observed in five groups, which suggest no significant systemic

toxicity in all treatment methods (Figure 4B). This result

exhibited promising potential for future medical applications

of this nanomaterial. Finally, the tumour tissues in all groups

were sectioned, follows by being stained. The hematoxylin-eosin

(H&E) staining results (Figure 4C) showed severe histological

damage in tumour sections of Groups IV and V, especially in

Group V, with significant cell necrosis. In contrast, no apparent

damage was observed in tumour sections of the Group I, Group II

and Group III, consistent with the tumour growth curve and

TdT-mediated dUTP nick end labelling (TUNEL) apoptosis

evaluation results. Ki-67 staining showed that the proliferation

of tumour cells in Group IV was significantly inhibited. In

contrast, the proliferation of tumour cells in Group V was

inhibited entirely, which further proved that our FeGA-DOX

+ AG had an excellent therapeutic effect.

Additionally, the FeGA-DOX treatment did not cause systemic

toxicity risk and system damage in mice, as shown in Figure 5. After

treatment, the liver, kidney and blood routine indexes of mice were

normal. In vivo experiments showed that our unique combination

therapy achieved high biosafety, increased the ROS content in

tumours and enhanced the antitumour activity.

Conclusion

In this study, we developed a novel strategy using injectable AG for

performing local CDT/PTT with FeGA-DOX NPs to enable

osteosarcoma tumour suppression in mice. Upon NIR laser

irradiation, the FeGA-DOX NPs emit much heat to induce cell

apoptosis by hyperthermia. Meanwhile, a local temperature rise

could promote the intratumoural release of FeGA-DOX. It is well

known that doxorubicin can promote the generation of H2O2, which

can be converted to ROS via a Fenton reaction under acidic conditions

by FeGA. Thus, the synergistic effect of CDT/PTTwas realised with the

assistance of FeGA-DOX + AG treatment. The strategy overcame the

limitation of single CDT or PTT and showed outstanding therapeutic

outcomes on osteosarcoma tumour-bearing mice with satisfactory

biocompatibility results. Hence, this novel approach can integrate the

advantage of CDT/PTT by this H2O2 self-sufficient AG-encapsulated

FeGA-DOX, exhibiting potential in clinical applications.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the

Institutional Animal Care and Use Committee (IACUC) of

the Animal Experiment Center of Wuhan University.

Author contributions

JZ contributed to the conception of the study; JZ, HY, GJ,

HW, HT, and LL performed the experiment; JZ, HY

contributed significantly to analysis and manuscript

preparation; HY and HT performed the data analyses and

wrote the manuscript; GJ and HW helped perform the

analysis with constructive discussions.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and

do not necessarily represent those of their affiliated organizations, or

those of the publisher, the editors and the reviewers. Any product that

may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fchem.

2022.1045612/full#supplementary-material

References

Aioub, M., Panikkanvalappil, S. R., and El-Sayed, M. A. (2017). Platinum-coated
gold nanorods: Efficient reactive oxygen scavengers that prevent oxidative damage
toward healthy, untreated cells during plasmonic photothermal therapy. ACS Nano
11 (1), 579–586. doi:10.1021/acsnano.6b06651

Chen, H., Zhu, D., Guo, L. A., and Li, G. (2022). Effective combination of
isoniazid and core-shell magnetic nanoradiotherapy against gastrointestinal
tumor cell types. Int. J. Nanomedicine 10, 1005–1014. Electronic. doi:10.2147/
IJN.S342008

Frontiers in Chemistry frontiersin.org07

Ying et al. 10.3389/fchem.2022.1045612

https://www.frontiersin.org/articles/10.3389/fchem.2022.1045612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.1045612/full#supplementary-material
https://doi.org/10.1021/acsnano.6b06651
https://doi.org/10.2147/IJN.S342008
https://doi.org/10.2147/IJN.S342008
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1045612


Chen, Q., Luo, Y., Du, W., Liu, Z., Zhang, S., Yang, J., et al. (2019). Clearable
theranostic platform with a pH-independent chemodynamic therapy enhancement
strategy for synergetic photothermal tumor therapy. ACS Appl. Mat. Interfaces 11
(20), 18133–18144. doi:10.1021/acsami.9b02905

Cheng, J., Zhu, Y., Xing, X., Xiao, J., Chen, H., Zhang, H., et al. (2021).
Manganese-deposited iron oxide promotes tumor-responsive ferroptosis that
synergizes the apoptosis of cisplatin. Theranostics 11 (11), 5418–5429.
Electronic. doi:10.7150/thno.53346

Czarnecka, A. M., Synoradzki, K., Firlej, W., Bartnik, E., Pawel, S., Fiedorowicz,
M., et al. (2020). Molecular biology of osteosarcoma. Cancers 12 (8), 2130. doi:10.
3390/cancers12082130

Dong, S., Chen, Y., Yu, L., Lin, K., and Wang, X. (2020). Magnetic
hyperthermia–synergistic H2O2 self-sufficient catalytic suppression of
osteosarcoma with enhanced bone-regeneration bioactivity by 3D-printing
composite scaffolds. Adv. Funct. Mat. 30 (4), 1907071. doi:10.1002/adfm.
20190707110.1002/adfm.201907071

Du, C., Zhou, M., Jia, F., Ruan, L., Lu, H., Zhang, J., et al. (2021). D-arginine-
loaded metal-organic frameworks nanoparticles sensitize osteosarcoma to
radiotherapy. Biomaterials 269, 120642. doi:10.1016/j.biomaterials.2020.120642

Duo, Y., Meng, S., Zhu, D., Li, Z., Zheng, Z., and Tang, B. Z. (2022). AIEgen-based
bionic nanozymes for the interventional photodynamic therapy-based treatment of
orthotopic colon cancer. ACS Appl. Mat. Interfaces 14 (23), 26394–26403. doi:10.
1021/acsami.2c04210

Gill, J., and Gorlick, R. (2021). Advancing therapy for osteosarcoma. Nat. Rev.
Clin. Oncol. 18 (10), 609–624. doi:10.1038/s41571-021-00519-8

Hameed, M., Horvai, A. E., and Jordan, R. C. K. (2020). Soft tissue special issue:
Gnathic fibro-osseous lesions and osteosarcoma. Head. Neck Pathol. 14 (1), 70–82.
doi:10.1007/s12105-019-01094-2

Hong, G., Antaris, A. L., and Dai, H. (2017). Near-infrared fluorophores for
biomedical imaging. Nat. Biomed. Eng. 1 (1), 0010. doi:10.1038/s41551-016-0010

Hu, Z., Wang, C., Zhao, F., Xu, X., Wang, S., Long, Y., et al. (2017). Fabrication of
a graphene/C60 nanohybrid via γ-cyclodextrin host–guest chemistry for
photodynamic and photothermal therapy. Nanoscale 9 (25), 8825–8833. doi:10.
1039/C7NR02922E

Liang, C., Diao, S., Wang, C., Gong, H., Liu, T., Hong, G., et al. (2014). Tumor
metastasis inhibition by imaging-guided photothermal therapy with single-walled
carbon nanotubes. Adv. Mat. 26 (32), 5646–5652. doi:10.1002/adma.201401825

Liu, Y., Wang, H., Li, S., Chen, C., Xu, L., Huang, P., et al. (2020). In situ
supramolecular polymerization-enhanced self-assembly of polymer vesicles for
highly efficient photothermal therapy. Nat. Commun. 11 (1), 1724. doi:10.1038/
s41467-020-15427-1

Lopes-Júnior, L. C., Pereira-da-Silva, G., Veronez, L. C., Santos, J. C., Alonso, J. B.,
and Lima, R. A. G. (2018). The effect of clown intervention on self-report and
biomarker measures of stress and fatigue in pediatric osteosarcoma inpatients: A
pilot study. Integr. Cancer Ther. 17 (3), 928–940. doi:10.1177/1534735418781725

Lu, Y., Li, L., Lin, Z., Li, M., Hu, X., Zhang, Y., et al. (2018). Enhancing
osteosarcoma killing and CT imaging using ultrahigh drug loading and NIR-
responsive bismuth Sulfide@Mesoporous silica nanoparticles. Adv. Healthc. Mater.
7 (19), 1800602. doi:10.1002/adhm.201800602

Lyu, M., Chen, M., Liu, L., Zhu, D., Wu, X., Yang, L., et al. (2021). A platelet-
mimicking theranostic platform for cancer interstitial brachytherapy. Theranostics
11 (15), 7589–7599. doi:10.7150/thno.61259

Lyu, M., Zhu, D., Duo, Y., Li, Y., and Quan, H. (2020a). Bimetallic nanodots for
tri-modal CT/MRI/PA imaging and hypoxia-resistant thermoradiotherapy in the
NIR-II biological windows. Biomaterials 233, 119656. doi:10.1016/j.biomaterials.
2019.119656

Lyu, M., Zhu, D., Kong, X., Yang, Y., Ding, S., Zhou, Y., et al. (2020b).
Glutathione-depleting nanoenzyme and glucose oxidase combination for
hypoxia modulation and radiotherapy enhancement. Adv. Healthc. Mat. 9 (11),
e1901819. doi:10.1002/adhm.201901819

Lyu, X., Liu, X., Zhou, C., Duan, S., Xu, P., Jia, D., et al. (2021). Active, yet littlemobility:
Asymmetric decomposition of H2O2 is not sufficient in propelling catalytic
micromotors. J. Am. Chem. Soc. 143 (31), 12154–12164. doi:10.1021/jacs.1c04501

Ma, B., Wang, S., Liu, F., Zhang, S., Duan, J., Zhao, L., et al. (2019). Self-assembled
copper–amino acid nanoparticles for in situ glutathione “AND” H2O2 sequentially

triggered chemodynamic therapy. J. Am. Chem. Soc. 141 (2), 849–857. doi:10.1021/
jacs.8b08714

Meltzer, P. S., and Helman, L. J. (2021). New horizons in the treatment of
osteosarcoma. N. Engl. J. Med. Overseas. Ed. 385 (22), 2066–2076. doi:10.1056/
NEJMra2103423

Meng, X., Zhang, X., Liu, M., Cai, B., He, N., and Wang, Z. (2020). Fenton
reaction-based nanomedicine in cancer chemodynamic and synergistic therapy.
Appl. Mater. Today 21, 100864. doi:10.1016/j.apmt.2020.100864

Ottaviani, G., and Jaffe, N. (2010). “The epidemiology of osteosarcoma,” in
Pediatric and adolescent osteosarcoma. Editors N. Jaffe, O. S. Bruland, and S. Bielack
(Boston, MA: Springer US).

Park, W. H. (2017). Gallic acid induces HeLa cell death via increasing GSH
depletion rather than ROS levels. Oncol. Rep. 37 (2), 1277–1283. doi:10.3892/or.
2016.5335

Pascal, S., David, S., Andraud, Ch, and Maury, O. (2021). Near-infrared
dyes for two-photon absorption in the short-wavelength infrared: Strategies
towards optical power limiting. Chem. Soc. Rev. 50 (11), 6613–6658. doi:10.
1039/D0CS01221A

Ranji-Burachaloo, H., Gurr, P. A., Dunstan, D. E., and Qiao, G. G. (2018). Cancer
treatment through nanoparticle-facilitated Fenton reaction. ACS Nano 12 (12),
11819–11837. doi:10.1021/acsnano.8b07635

Tian, Q., Xue, F., Wang, Y., Cheng, Y., Lu, A., Yang, S., et al. (2021). Recent
advances in enhanced chemodynamic therapy strategies. Nano Today 39, 101162.
doi:10.1016/j.nantod.2021.101162

Wang, M., Chang, M., Li, C., Chen, Q., Hou, Z., Xing, B., et al. (2022). Tumor-
microenvironment-activated reactive oxygen species amplifier for enzymatic
cascade cancer starvation/chemodynamic/immunotherapy. Adv. Mater. 34 (4),
2106010. doi:10.1002/adma.202106010

Wang, W., Zhu, Y., Zhu, X., Zhao, Y., Xue, Z., Xiong, C., et al. (2021).
Biocompatible ruthenium single-atom catalyst for cascade enzyme-mimicking
therapy. ACS Appl. Mat. Interfaces 13 (38), 45269–45278. doi:10.1021/acsami.
1c12706

Wang, X., Zhong, X., Liu, Z., and Cheng, L. (2020). Recent progress of
chemodynamic therapy-induced combination cancer therapy. Nano Today 35,
100946. doi:10.1016/j.nantod.2020.100946

Yan, Q., Lian, C., Huang, K., Liang, L., Yu, H., Yin, P., et al. (2021). Constructing
an acidic microenvironment by MoS2 in heterogeneous Fenton reaction for
pollutant control. Angew. Chem. Int. Ed. 60 (31), 17155–17163. doi:10.1002/
anie.202105736

You, B. R., Moon, H. J., Han, Y. H., and Park,W. H. (2010). Gallic acid inhibits the
growth of HeLa cervical cancer cells via apoptosis and/or necrosis. Food Chem.
Toxicol. 48 (5), 1334–1340. doi:10.1016/j.fct.2010.02.034

Zeng, J., Cheng, M., Wang, Y., Wen, L., Chen, L., Li, Z., et al. (2016). pH-
Responsive Fe(III)–Gallic acid nanoparticles for in vivo photoacoustic-imaging-
guided photothermal therapy. Adv. Healthc. Mat. 5 (7), 772–780. doi:10.1002/
adhm.201500898

Zhang, Y., Sha, R., Zhang, L., Zhang, W., Jin, P., Xu, W., et al. (2018). Harnessing
copper-palladium alloy tetrapod nanoparticle-induced pro-survival autophagy for
optimized photothermal therapy of drug-resistant cancer. Nat. Commun. 9 (1),
4236. doi:10.1038/s41467-018-06529-y

Zhu, D., Chen, H., Huang, C., Li, G., Wang, X., Jiang, W., et al. (2022). H2O2 self-
producing single-atom nanozyme hydrogels as light-controlled oxidative stress
amplifier for enhanced synergistic therapy by transforming “cold” tumors. Adv.
Funct. Mat. 32, 2110268. doi:10.1002/adfm.202110268

Zhu, Y., Jin, D., Liu, M., Dai, Y., Li, L., Zheng, X., et al. (2022). Oxygen self-supply
engineering-ferritin for the relief of hypoxia in tumors and the enhancement of
photodynamic therapy efficacy. Small 18 (15), 2200116. doi:10.1002/smll.
202200116

Zhu, Y., Shi, H., Li, T., Yu, J., Guo, Z., Cheng, J., et al. (2020). A dual functional
nanoreactor for synergistic starvation and photodynamic therapy. ACS Appl. Mat.
Interfaces 12 (16), 18309–18318. doi:10.1021/acsami.0c01039

Zhu, Y., Wang, W., Cheng, J., Qu, Y., Dai, Y., Liu, M., et al. (2021). Stimuli-
Responsive manganese single-atom nanozyme for tumor therapy via integrated
cascade reactions. Angew. Chem. Int. Ed. 60 (17), 9480–9488. doi:10.1002/anie.
202017152

Frontiers in Chemistry frontiersin.org08

Ying et al. 10.3389/fchem.2022.1045612

https://doi.org/10.1021/acsami.9b02905
https://doi.org/10.7150/thno.53346
https://doi.org/10.3390/cancers12082130
https://doi.org/10.3390/cancers12082130
https://doi.org/10.1002/adfm.20190707110.1002/adfm.201907071
https://doi.org/10.1002/adfm.20190707110.1002/adfm.201907071
https://doi.org/10.1016/j.biomaterials.2020.120642
https://doi.org/10.1021/acsami.2c04210
https://doi.org/10.1021/acsami.2c04210
https://doi.org/10.1038/s41571-021-00519-8
https://doi.org/10.1007/s12105-019-01094-2
https://doi.org/10.1038/s41551-016-0010
https://doi.org/10.1039/C7NR02922E
https://doi.org/10.1039/C7NR02922E
https://doi.org/10.1002/adma.201401825
https://doi.org/10.1038/s41467-020-15427-1
https://doi.org/10.1038/s41467-020-15427-1
https://doi.org/10.1177/1534735418781725
https://doi.org/10.1002/adhm.201800602
https://doi.org/10.7150/thno.61259
https://doi.org/10.1016/j.biomaterials.2019.119656
https://doi.org/10.1016/j.biomaterials.2019.119656
https://doi.org/10.1002/adhm.201901819
https://doi.org/10.1021/jacs.1c04501
https://doi.org/10.1021/jacs.8b08714
https://doi.org/10.1021/jacs.8b08714
https://doi.org/10.1056/NEJMra2103423
https://doi.org/10.1056/NEJMra2103423
https://doi.org/10.1016/j.apmt.2020.100864
https://doi.org/10.3892/or.2016.5335
https://doi.org/10.3892/or.2016.5335
https://doi.org/10.1039/D0CS01221A
https://doi.org/10.1039/D0CS01221A
https://doi.org/10.1021/acsnano.8b07635
https://doi.org/10.1016/j.nantod.2021.101162
https://doi.org/10.1002/adma.202106010
https://doi.org/10.1021/acsami.1c12706
https://doi.org/10.1021/acsami.1c12706
https://doi.org/10.1016/j.nantod.2020.100946
https://doi.org/10.1002/anie.202105736
https://doi.org/10.1002/anie.202105736
https://doi.org/10.1016/j.fct.2010.02.034
https://doi.org/10.1002/adhm.201500898
https://doi.org/10.1002/adhm.201500898
https://doi.org/10.1038/s41467-018-06529-y
https://doi.org/10.1002/adfm.202110268
https://doi.org/10.1002/smll.202200116
https://doi.org/10.1002/smll.202200116
https://doi.org/10.1021/acsami.0c01039
https://doi.org/10.1002/anie.202017152
https://doi.org/10.1002/anie.202017152
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1045612

	Injectable agarose hydrogels and doxorubicin-encapsulated iron-gallic acid nanoparticles for chemodynamic-photothermal syne ...
	Introduction
	Results and discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


