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Background: Head and neck squamous cell carcinoma (HNSCC) is one of the most common 

malignancies, with high rates of mortality and morbidity worldwide. Owing to the special ana-

tomical location of this tumor, an effective, minimally invasive treatment with low systemic 

toxicity is highly desirable. Hydrogels have shown great potential for tumor-targeting therapy, 

with excellent performance. However, there have been few reports on co-loading photosensitizers 

and chemotherapeutic drugs into hydrogels. In this study, we synthesized a nano doxorubicin-

indocyanine green matrix metalloproteinase (MMP)-responsive hydrogel (denoted as NDIMH), 

combining chemotherapy and phototherapy, to achieve superior antitumor efficacy.

Methods: First, NDIMH was synthesized and characterized by scanning electron microscopy 

and drug-release assays. Second, the photosensitivity properties and antitumor efficiency of this 

drug delivery system were studied in vivo and in vitro. Last, the imaging and biodistribution of 

NDIMH were monitored using the Maestro EX in vivo imaging system.

Results: The nanodrugs loaded into the smart hydrogel exhibited uniform size distribution, 

excellent size stability, and a sustained release in the presence of MMP-2. NDIMH showed 

ideal photosensitivity characteristics under light. NDIMH with 808 nm near-infrared (NIR) 

irradiation effectively inhibited the viability, invasion, and metastasis of SCC-15 in vitro. After 

intratumoral injection of NDIMH with 808 nm NIR illumination, the hydrogels exhibited favor-

able synergistic antitumor efficacy and acceptable biosafety. Additionally, fluorescence imaging 

showed that NDIMH could significantly improve the retention of nanodrugs at the tumor site.

Conclusion: The intratumoral injection of NDIMH with 808 nm NIR irradiation could be a 

promising chemophototherapy alternative for HNSCC.
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Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer 

worldwide, and has high rates of mortality and morbidity.1,2 Present treatment options 

include surgery, radiotherapy, conventional chemotherapy, and combination therapies. 

Owing to the specific location of anatomical structures (breathing and swallowing), 

surgical excision of tumor tissues in these regions could cause unnecessary damage to 

adjacent or underlying tissues. Furthermore, most of these tumors occur on superficial 

areas, and patients are frequently concerned about scarring after surgery.3 Radiation 

therapy may have long-term side effects on normal cells, leading to xerostomia, osteo-

radionecrosis, and so on.4 At present, chemotherapy often requires multiple doses to be 
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effective, which results in increasingly severe systemic toxic-

ity and drug resistance over the treatment course.5 Despite 

recent progress in screening, diagnosis, and management 

owing to new technologies and increased awareness, the 

overall survival rates of HNSCC have remained relatively 

stagnant over the past decades.6 Local and regional disease, 

whether from primary or secondary tumors, is the major factor 

contributing to the poor survival rates.7 Therefore, effective, 

minimally invasive treatments directed specifically to local 

disease sites with less systemic toxicity are highly desirable.

Injectable hydrogel-based drug delivery systems for local 

cancer therapy have attracted tremendous attention owing 

to their excellent performance and favorable characteristics 

such as easy formulation, targeted injection, biodegradabil-

ity, and sustained drug release.8–10 Chemotherapeutic drugs, 

biological agents, and other drugs are commonly intratu-

morally injected with hydrogels. Localized therapy with 

injectable hydrogels not only increases the concentration of 

chemotherapeutics at the target tumor site, thereby enhanc-

ing the efficacy of the treatment, but also avoids damage to 

normal tissues and diminishes systemic toxicity.8 To improve 

drug targeting delivery and bioavailability, smart hydrogels 

responding to different stimuli have been developed with 

spatial, temporal, and dosage control.9,10 Matrix metallopro-

teinases (MMPs), a family of extracellular enzymes involved 

in cancer initiation, progression, and metastasis, can degrade 

the natural extracellular matrix (ECM) and basement mem-

brane, opening up more space for tumor growth.11,12 Recently, 

smart MMP-responsive drug delivery systems have shown 

great potential in cancer diagnosis and therapy owing to the 

frequent overexpression of these enzymes in solid tumors.13 

However, results regarding injectable hydrogels for local-

ized co-delivery of anticancer drugs for combination cancer 

therapy are still limited.

Light-based therapies, including photodynamic therapy 

(PDT) and photothermal therapy (PTT), have been applied 

clinically for curative and palliative treatment of HNSCC 

because of their minimal invasiveness, good targeting, slight 

adverse reactions, and potential for repeated treatment.14–16 

Compared with ultraviolet/visible light, near-infrared (NIR) 

irradiation can achieve maximum penetration depth and 

minimum autofluorescence in biological species.17 However, 

monotherapies may result in incomplete tumor killing and 

recurrence is often seen.5 The combination of chemotherapy 

and phototherapy has emerged as a promising strategy for 

cancer therapy, preclinically and clinically.5,18 Concurrent 

introduction of chemotherapeutics can enhance the efficacy 

of phototherapy by further damaging tumor cells, preventing 

regrowth. Additionally, anticancer drugs themselves may 

generate oxidative stress, producing hydroxyl radicals which, 

when combined with PDT, may be sufficient to induce cell 

cycle arrest and subsequent cytotoxic death of cancer cells.19

PDT is usually combined with PTT in nanoparticles. Both 

techniques require light absorption, whereas photosensitiz-

ers generate ROS under light, and photothermal conversion 

agents convert optical energy into heat to induce cancer cell 

death.20 Indocyanine green (ICG) is a US Food and Drug 

Administration (FDA)-approved dual-functional agent and 

has been applied in optically mediated diagnosis and pho-

totherapy. ICG, as a photosensitizer, can absorb NIR light, 

convert it into cytotoxic heat (PTT), and produce ROS, which 

can induce mitotic cell death in dividing cells (PDT) in tumor 

treatment.21,22 ICG has the unique side effect of sunlight toxic-

ity. Doxorubicin (DOX) is a broad-spectrum antineoplastic 

drug that shows excellent therapeutic efficacy. However, its 

use is limited by drug resistance and its side effects, which 

include cardiotoxicity, myelosuppression, alopecia, nausea, 

and vomiting.23,24 Nanosizing antitumor drugs can effectively 

improve their water solubility and stability, enhance drug uti-

lization and antitumor activity, reduce normal tissue toxicity, 

and solve the problem of multidrug resistance.25 Increasingly, 

studies are focusing on loading different chemotherapeutic 

drugs into hydrogels for better antitumor efficacy. However, 

there have been few reports on co-loading photosensitizers 

and chemotherapeutic drugs into hydrogels.8,26–28

In this study, we synthesized nano DOX-ICG MMP-

responsive hydrogel (denoted as NDIMH) for the treatment 

of SCC-15. It showed a sustained release of DOX and ICG 

nanoparticles (abbreviated as nano DOX and nano ICG) 

and could be effectively degraded in the tumor microenvi-

ronment. The photosensitivity properties of NDIMH were 

evaluated, and the effects of NDIMH with 808 nm NIR 

irradiation, combining the therapeutic modalities of chemo-

therapy and phototherapy, in SCC-15 were investigated. The 

in vivo synergistic antitumor efficiency and biosafety of the 

hydrogel treatment were studied by intratumoral injection of 

NDIMH with 808 nm NIR irradiation in nude mice bearing 

human SCC-15 xenografts. Furthermore, the fluorescence 

(FL) of NDIMH was monitored to determine its localization 

and metabolic distribution.

Materials
DOX hydrochloride (DOX⋅HCl) was purchased from Beijing 

Zhongshuo Pharmaceutical Technology Development Co. 
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Ltd. (Beijing, China). ICG, MTT, and H&E were obtained 

from Sigma-Aldrich (St Louis, MO, USA). MMP-2 was 

purchased from Sino Biological (Beijing, China). DMEM, 

FBS, trypsin EDTA, penicillin, and streptomycin were 

acquired from Hyclone (Logan, UT, USA). Reactive Oxygen 

Species Assay Kit and ROS Assay Kit were purchased from 

Beyotime (Shanghai, China). Other reagents were obtained 

from the Chemical Reagent Company (Beijing, China). SCC-

15 cells were purchased from the American Type Culture 

Collection (Manassas, VA, USA). The transwell system 

was purchased from Millipore (Billerica, MA, USA). HS-

MMP-SH (GCREG-PQGIWGQ-ERCG) was obtained from 

GenScript (Piscataway, NJ, USA).

Methods
Synthesis and characterization of nano 
DOX/ICG MMP-responsive hyaluronic 
acid hydrogel
Preparation and characterization of nano DOX and 
nano ICG
Nano DOX and nano ICG were prepared using solvent–

antisolvent method. First, 20 mg of free DOX⋅HCl and 16 µL 

triethylamine (TEA) were dissolved in 4 mL of dimethyl 

sulfoxide and then 40 mL of PBS (150 mM, pH 7.4) was 

added into the polymer solution with vigorous stirring. The 

nanoparticles were purified by dialysis against PBS (15 mM, 

pH 7.4) to remove the organic solvent. Finally, the solution 

was lyophilized to form nano DOX. The nano ICG was 

synthesized with the similar steps, except that it did not 

need TEA to neutralize. The size, surface potential, and size 

distribution of the nanodrugs were measured by dynamic 

light scattering (DLS; Malvern Zeta Sizer Nano Instrument 

ZS90, Malvern, UK) at room temperature. The morphologi-

cal and particle size examination of nanodrugs were obtained 

by transmission electron microscopy (TEM; TECNAI 20).

Synthesis of HA-Ac
Following the protocol of Lei et al,29 we synthesized hyaluronic 

acid-acrylate (HA-Ac) via a two-step method. Briefly, HA-

adipic dihydrazide (ADH) with amino group was prepared 

by a condensation reaction of acrylated HA (1.0 g, 60 Da) 

and ADH (18.0 g) at pH 4.75 with 1-ethyl-3-[3-dimethylami-

nopropyl] carbodiimide hydrochloride (2.0 g) overnight and 

purified through dialysis. Then, HA-ADH (1.0 g) was reacted 

with N-acryloxysuccinimide (0.75 g) in 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid buffer (pH 7.2) over-

night and purified through dialysis to form HA-Ac.

Loading of nano DOX and nano ICG into HA-Ac
Nano DOX and nano ICG were accurately weighed and 

mixed with 40 µL triethanolamine (TEOA) buffer, and then 

8 mg HA-Ac was mixed thoroughly with 160 µL TEOA 

buffer. The above two solutions were mixed, and 2 mg 

HS-MMP-SH cross-linking agent was added to them. The 

mixed solution was then placed in a 37°C thermostat for 

5–8 minutes to gelate. The morphology and distribution of 

nanodrugs of NDIMH (4 mg/mL nano DOX and 6 mg/mL 

nano ICG) were observed by scanning electron microscopy 

(SEM; JSM-701). We used the same method to produce the 

MMP-responsive hydrogel (MH, 4% HA-Ac), nano DOX 

MMP-responsive hydrogel (NDMH, 4 mg/mL nano DOX), 

and nano ICG MMP-responsive hydrogel (NIMH, 6 mg/mL 

nano ICG) for the sequential experiments.

Tumor cells
SCC-15 cells were utilized for cell studies. Cells were cul-

tured in DMEM containing 10% FBS, 1% penicillin, and 

1% streptomycin at 37°C in a 5% CO
2
 atmosphere.

Cytotoxicity of MH
The cytotoxicity of MH (4% HA-Ac) was assessed using an 

MTT assay with a control group. SCC-15 cells were planted 

into 96-well plates (5,000 per well) and cultured in 100 µL 

complete DMEM overnight (37°C, 5% CO
2
). Then, the cul-

ture media was removed and the MH precursor solutions were 

added into the wells, followed by addition of 100 µL fresh 

culture medium. After further incubation, the cytotoxicity 

was evaluated at 24, 48, and 72 hours.

In vivo/ex vivo gel degradation
MHs (4% HA-Ac) were incubated in PBS in the presence 

and absence of MMP-2 (1.0 µg/mL at 37°C). PBS contain-

ing MMP-2 was used as the degradation media, while PBS 

only was used as a control. The whole solution was replaced 

every day. At specific time points (0, 2, 4, 8, and 16 days), 

the remaining gel was accurately weighed.

BALB/c rats with tumors (18–20 g) were used for 

the in vivo test, and the rats without tumors were used as 

a control. In brief, 0.2 mL of MH aqueous solution (4% 

HA-Ac) was subcutaneously injected into the dorsal area of 

the right anterior limb beside the tumor. At given time points 

(0, 7, 14, and 21 days), rats were sacrificed for photographic 

imaging of in situ hydrogel formation, and the dissected gels 

were weighed.
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In vitro NDIMH release assay
NDIMH (4 mg/mL nano DOX and 6 mg/mL nano ICG) 

was immersed into 1 mL of PBS with or without MMP-2 

(1.0 µg/mL) and transferred into a dialysis bag, which was 

placed in a tube containing 20 mL of the same medium in a 

37°C water bath. At predetermined time intervals, 1 mL of 

release medium was withdrawn from the tube and replaced 

by 1 mL of fresh medium. Release of nano DOX/nano ICG 

was measured by determining the absorption of the samples at 

485 and 795 nm (Epoch™ Multi-Volume Spectrophotometer 

System; BioTek, Winooski, VT, USA), respectively.

Temperature measurements during laser 
irradiation
Five hundred-microliter samples of free ICG, free nano ICG, 

NIMH, and NDIMH were transferred into wells of a 24-well 

plate. Nude mice bearing SCC-15 tumors were intratumorally 

injected with 100 µL of free ICG, free nano ICG, NIMH, 

and NDIMH. The concentration of ICG in each group was 

6 mg/mL, and PBS was used as a control both in vivo and 

in vitro. The wells and tumors were irradiated using an NIR 

laser for 10 and 6 minutes, respectively (808 nm, 1.0 W/cm2). 

Infrared thermographic maps were obtained using an infrared 

imaging camera (TiS20; Fluke, Everett, WA, USA).

Intracellular ROS test
Intracellular ROS generation was determined using a Reac-

tive Oxygen Species Assay Kit (Beyotime), and 2′,7′-dichlo-

rodihydrofluorescein diacetate (DCFH-DA) was employed 

as a chemical probe for detection. SCC-15 cells (5,000/well) 

were planted in Lab-Tek chambered cover glass systems 

(eight wells) in 200 µL of medium and treated with the dif-

ferent samples – MH (50 µL, 4% HA-Ac), NIMH (50 µL, 

6 mg/mL nano ICG), NIMH (50 µL, 6 mg/mL nano ICG)+ 

NIR laser (808 nm, 0.5 W/cm2, 8 minutes), and NDIMH 

(50 µL, 6 mg/mL nano ICG and 4 mg/mL nano DOX)+ 

NIR laser (808 nm, 0.5 W/cm2, 8 minutes) – after 24 hours 

of culture. After 4 hours of treatment, DCFH-DA was added 

to stain the ROS. FL microscopy was used to detect the gen-

eration of intracellular ROS (λ ex =488 nm, λ em =525 nm).

In vitro cellular uptake of the nanoparticles
SCC-15 cells were seeded in Lab-Tek chambered cover 

glass systems (eight wells) at a density of 5,000 cells/well 

in 200 µL of complete DMEM and incubated at 37°C in a 

5% CO
2
 atmosphere overnight. Then, the cells were cultured 

with 50 µL of PBS, free DOX (4 mg/mL), free nano DOX 

(4 mg/mL), and NDIMH (4 mg/mL nano DOX and 6 mg/mL 

nano ICG)+ NIR laser (808 nm, 0.5 W/cm2, 8 minutes) 

for 4 hours at 37°C. After incubation, the cells were washed 

three times with PBS, and the cellular uptake per group was 

visualized via confocal laser scanning microscopy (CLSM; 

TCS-SP5; Leica, Wetzlar, Germany).

Cellular cytotoxicity analysis of NDIMH
Cells were seeded onto 96-well plates at a density of 2×103/

well and cultured in 100 µL of DMEM overnight at 37°C in 

5% CO
2
. Then, the culture medium was removed and 20 µL of 

the hydrogel precursor solutions, including MH (control, 4% 

HA-Ac), NDMH (4 mg/mL nano DOX), NIMH (6 mg/mL 

nano ICG), NDIMH (4 mg/mL nano DOX and 6 mg/mL nano 

ICG), and NDIMH (4 mg/mL nano DOX and 6 mg/mL nano 

ICG)+ MMP-2 (1.0 µg/mL), added to the wells. After the 

hydrogels were formed at 37°C, 100 µL fresh culture medium 

was added into the wells. The groups containing nano ICG 

were treated with laser (808 nm, 0.5 W/cm2, 8 minutes). After 

a further 48-hour incubation, the cells were subjected to MTT 

assays and the cytotoxicity was evaluated.

In vitro scratch assay
A scratch assay was performed to evaluate the mobility of 

the SCC-15 cells. Cells were seeded onto 24-well plates 

(5×103 per well). After 24 hours of culture, each well was 

manually scratched with the tip of a pipette. The NDIMH 

precursor solutions (4 mg/mL nano DOX and 6 mg/mL 

nano ICG) were added to the wells. After the hydrogels 

were formed at 37°C, fresh culture medium with or without 

MMP-2 (1.0 μg/mL) was added into the wells and the cells 

were treated with laser (808 nm, 0.5 W/cm2, 8 minutes). The 

scratch area was photographed at given time points (0 and 

24 hours), and the relative migration distances between two 

cell edges were analyzed using the ImageJ software (NIH).

In vitro invasion assay
A transwell system (24 wells, 8.0 µm pore size) was used for 

the in vitro invasion assay. The upper chamber was coated 

with 30 µL Matrigel, and 1×105 cells suspended in 300 µL 

serum-free medium were added. The NDIMH precursor solu-

tions (4 mg/mL nano DOX and 6 mg/mL nano ICG) were 

added to the wells. After the hydrogels were formed at 37°C, 

fresh culture medium in the presence and absence of MMP-2 

(1.0 μg/mL) was added into the upper chamber followed by 

treatment with laser (808 nm, 0.5 W/cm2, 8 minutes). Then, 

500 µL DMEM containing 20% FBS was placed into the 

lower chamber. After incubation for 24 hours, the insert was 

transferred to a fresh 24-well plate and the non-invading cells 

were scraped with a wet cotton swab. After rinsing with PBS 

three times, the lower surface was stained with 0.2% crystal 
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violet for 20 minutes. The stained cells were counted, and 

the results were statistically analyzed.

Animals and tumor model
BALB/c nude mice (4–6 weeks old, weight 18–20 g) were 

purchased from Vital River Laboratory Animal Technology Co. 

Ltd. (Beijing, China). All animal procedures were performed 

in compliance with the Guidance Suggestions for the Care and 

Use of Laboratory Animals and approved by the Institutional 

Animal Care and Use Committee of Beijing Vital River Labo-

ratory Animal Technology Co. Ltd. To set up the xenograft 

model, 5×106 SCC-15 cells suspended in 100 µL of high-protein 

Matrigel (BD Biosciences, San Jose, CA, USA) were planted 

by subcutaneous injection into the upper right dorsal area of 

the mice. Tumor volume was calculated using the following 

formula: tumor volume =(tumor length)×(tumor width)2/2.

In vivo antitumor test
The antitumor effects of NDIMH were investigated in nude 

mice bearing SCC-15 tumors (150–200 mm3 in volume). 

Tumor-bearing mice were divided into four groups and 

were intratumorally injected with 50 µL normal saline (NS), 

NDMH (4 mg/mL nano DOX), NIMH (6 mg/mL nano 

ICG), and NDIMH (4 mg/mL nano DOX and 6 mg/mL 

nano ICG), respectively. The groups injected with nano ICG 

were also treated with laser (808 nm, 0.5 W/cm2, 8 minutes) 

once per week. Tumor volumes and the general condition of 

mice were recorded twice weekly, and mice were sacrificed 

on day 21 after the treatments. Tumors and major organs 

were harvested for further analysis.

Histological assay
Tumors and main organs (brain, heart, liver, spleen, lungs, and 

kidneys) collected from the mice were fixed in 4% paraformal-

dehyde. To further evaluate the antitumor efficacy, paraffin-

embedded tumor sections were stained for TUNEL apoptosis 

assay (Roche, Beijing, China) and immunohistochemistry assay 

of Ki67 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

according to the manufacturer’s protocols. The cell apoptosis 

and proliferation of tumors were observed by optical microscopy. 

In addition, to assess biosafety, tissue sections of major organs 

were stained with H&E to observe histopathological changes.

In vivo/ex vivo imaging and biodistribution
When the tumors reached 150–200 mm3 in volume, the mice 

were randomly divided into three groups. Mice in each group 

were intratumorally injected with 50 µL free DOX/free ICG 

mixed aqueous solution or 50 µL NDIMH precursor solution 

(both containing 4 mg/mL DOX and 6 mg/mL ICG). The 

distribution of DOX and ICG was imaged at 10 minutes, 1 hour, 

3 hours, 6 hours, 24 hours, 72 hours, and 168 hours after injec-

tion using the Maestro EX in vivo imaging system (Maestro 

2.0; Cambridge Research & Instrumentation, Woburn, MA, 

USA). The DOX signal was obtained with a 480 nm excita-

tion wavelength and a 580 nm filter, while that of ICG was 

obtained with an 805 nm excitation wavelength and an 835 nm 

filter. The mice were euthanized 168 hours after injection, and 

tumors and major organs (brain, heart, liver, spleen, lungs, and 

kidneys) were collected for imaging.

Statistical analysis
All results are shown as mean ± SD. Statistical analyses 

were performed using GraphPad Prism 7. Student’s t-test 

was used to evaluate the significance of differences between 

two groups, and one-way ANOVA was used for differences 

among multiple groups. All quoted P-values are two-tailed, 

and P,0.05 was considered significant.

Results
Characterization of MH
A representative picture of the smart hydrogel is given in 

Figure 1A, and the internal structure, imaged by SEM, is 

presented in Figure 1B. The smart hydrogel clearly exhibited 

a highly macroporous structure, which was beneficial for the 

loading of drugs (the average pore size was ~50 µm).

Excellent biocompatibility and appropriate degradation 

behavior are very important for biomedical applications of 

smart hydrogels. The cellular cytotoxicity of the MH was 

evaluated by an MTT assay against the SCC-15 cell line. 

As shown in Figure 1C, SCC-15 cells exposed to the gels 

showed no difference in terms of proliferation compared 

with the control group at 24, 48, and 72 hours, confirming 

the biosafety of the smart hydrogels.

Next, the degradation of the MH was investigated in vivo/

ex vivo, as shown in Figure 1D and E. MHs were placed into 

the experimental vials, and PBS with or without MMP-2 was 

added. The smart hydrogel incubated with MMP-2 almost 

disappeared within 16 days, whereas the control group 

remained almost unchanged after 16 days of incubation 

(Figure 1C). These results indicate that the mass loss of the 

smart hydrogel in the presence of MMP-2 was caused by 

fast degradation of polypeptide chains and surface erosion.30 

In vivo gel degradation was also observed in BALB/c nude 

mice bearing SCC-15 tumors after peritumoral and subcu-

taneous injection of the hydrogels, with normal tissues used 

as a control. It was found that the gels degraded gradually 

in the region of the tumors and completely disappeared after 

3 weeks. However, the gels in normal tissue degraded much 
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Figure 1 Characterization of MH.
Notes: (A) General morphological map of MH. (B) SEM image of MH (scale bar represents 100 µm, magnification ×500). (C) Cytotoxicity test of MH (mean ± SD, n=6). 
(D) The degradation of MH in vitro (mean ± SD, n=3, ***P,0.001). (E) The degradation of MH in vivo (red arrows point to the tumor tissues; gels that remained are circled).
Abbreviations: MH, MMP-responsive hydrogel; MMP, matrix metalloproteinase; SEM, scanning electron microscopy.
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(Figure 1D). The above results demonstrate that MH is rap-

idly degraded in the tumor microenvironment, and confirm 

its fast response, high sensitivity, and good stability.

Morphology and characterization 
of NDIMH
The morphology, size distribution, and zeta potential of 

the nanodrugs were characterized using TEM and DLS. 

As shown in Figure 2A–D, nano DOX/nano ICG was 

generally spherical in shape with excellent monodispersity 

and was well distributed in the pores of hydrogels. The 

average sizes of nano DOX and nano ICG were measured 

at 81 and 109 nm, respectively, by DLS (Figure 2E and F), 

while their average surface charges were 1.71 and 3.22 mV, 

respectively (data not shown).

To further evaluate the release of NDIMH, we drew release 

profiles of the two kinds of nanoparticles (Figure 2G and H). 
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Compared with the control group, nano DOX showed a faster 

release rate and higher concentration in MMP-2 solution. 

Specifically, as shown in Figure 2G, NDIMH released 50% 

nano DOX after 1 day, 70% after 7 days, and almost 90% 

after 14 days. The release profile of nano ICG showed simi-

lar trends, indicating the excellent co-encapsulation of nano 

DOX/nano ICG in the smart hydrogels. Overall, NDIMH 

exhibited favorable MMP sensitivity and ideal drug release 

potential.

NDIMH exhibited ideal light-sensitive 
characteristics
We assessed the potential phototherapeutic properties of 

NDIMH through a photothermal efficiency test, intracellular 

Figure 2 (Continued)
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ROS detection, and an assay of cellular uptake of nanodrugs. 

First, we used an infrared thermal imaging camera to moni-

tor temperature changes with laser irradiation to evaluate 

the photothermal properties of NDIMH in vitro. As shown 

in Figure 3A and C, after 10 minutes of laser irradiation 

(1.0 W/cm2), the maximum temperatures of PBS, free ICG, 

and free nano ICG were 36.7°C, 49.3°C, and 55.5°C, respec-

tively. Compared with free ICG, free nano ICG showed a 

Figure 2 The morphology and characterization of NDIMH.
Notes: (A) Representative photographs of DOX and ICG nanoparticles dispersed in PBS at ambient temperature (red represents DOX nanoparticles, and green represents 
ICG nanoparticles). (B) TEM image of nanoparticles (scale bar represents 1 µm, magnification ×8,000). (C) General morphological map of NDIMH. (D) SEM image of NDIMH 
(scale bar represents 100 µm, magnification ×250). (E) The size distribution of DOX nanoparticles. (F) The size distribution of ICG nanoparticles. (G) The nano DOX release 
profile of NDIMH at varied time points. (H) The nano ICG release profile of NDIMH at varied time points.
Abbreviations: DOX, doxorubicin; ICG, indocyanine green; MMP, matrix metalloproteinase; NDIMH, nano DOX-ICG MMP-responsive hydrogel; SEM, scanning electron 
microscopy; TEM, transmission electron microscopy.

Figure 3 (Continued)
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greater temperature increase. A possible reason was that the 

nanodrugs had a much smaller size and therefore were heated 

more evenly. Interestingly, NIMH and NDIMH had much 

greater temperature responses than free nano ICG, increasing 

to 63.2°C and 65.6°C, respectively, under laser irradiation 

(Figure 3C). This might have been because the excitation 

thermal radiation was entrapped in the hydrogels, result-

ing in higher thermal efficiency and lower heat dissipation 

than in aqueous solutions after laser irradiation. There were 

no statistical differences between the NIMH and NDIMH 

groups, demonstrating that nano DOX had no influence on 

the photothermal properties of NDIMH. Moreover, similar 

results were obtained in vivo (Figure 3B and D), indicating 

that NDIMH possesses good photothermal efficiency.

Second, in order to detect ROS generation, we exam-

ined the amount of intracellular ROS by confocal laser 

FL microscopy via FL intensity. Photosensitizers used in 

PDT can be activated by an appropriate wavelength of light 

and transfer the absorbed photon energy to the surround-

ing molecular oxygen to generate ROS, resulting in cell 

Figure 3 Evaluation of the photosensitivity properties of NDIMH.
Notes: (A) Maximum temperature profiles of PBS, free ICG, free nano ICG, NIMH, and NDIMH under NIR laser irradiation in vitro. (B) Maximum temperature profiles 
of the irradiated area of nude mice bearing tumors injected with PBS, free ICG, free nano ICG, NIMH, and NDIMH in vivo. (C) Infrared thermographic maps of a 24-well 
plate after 10 minutes of irradiation. (D) Infrared thermographic maps of mice after intratumoral injection at 6 minutes after laser irradiation. (E) The ROS generation 
of different formulations (scale bar represents 25 µm, magnification ×630). (F) The cellular uptake of DOX in SCC-15 (scale bar represents 25 µm, magnification ×500). 
(G) The quantitative analysis of ROS generation (mean ± SD, n=3). (H) The quantitative analysis of cellular uptake of DOX (mean ± SD, n=3, ***P,0.001).
Abbreviations: DOX, doxorubicin; ICG, indocyanine green; NDIMH, nano DOX-ICG matrix metalloproteinase-responsive hydrogel; NDMH, nano DOX matrix 
metalloproteinase-responsive hydrogel; NIMH, nano ICG matrix metalloproteinase-responsive hydrogel; NIR, near infrared.
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death, vessel damage, and immune activation.16 As shown 

in Figure 3E and G, the FL intensity of ROS was faint or 

absent in the NIMH group. By contrast, significant FL was 

observed in the NIMH with 808 nm laser irradiation group. 

This suggested that the NIR irritation was a prerequisite for 

singlet oxygen production. However, there was no difference 

in FL intensity between the NDIMH + laser group and the 

NIMH + laser group, suggesting that nano DOX loading had 

no influence on ROS generation. Thus, NDIMH with 808 nm 

laser irradiation exhibited favorable photodynamic proper-

ties, indicating that it could act as a provider of cytotoxic 

ROS to kill tumor cells.

Finally, to prove that nanoparticles can further promote 

cellular uptake through the change of their surface charac-

teristics and size, we used CLSM to compare the cellular 

uptake of free DOX and free nano DOX in SCC-15 cells. As 

expected, a brighter red FL signal of DOX was present in free 

nano DOX group than in free DOX group (Figure 3F and H). 

It had been reported that light can affect the characteristics 

of cells.31,32 Besides, we also used CLSM to compare the FL 

intensities of NDMH and NDIMH + laser to confirm whether 

light can promote cellular uptake of nano DOX. As shown 

in Figure 3F, a weak red FL intensity of nano DOX was 

observed in the cells incubated with NDMH; while a stronger 

red FL intensity was detected in the cells of the NDIMH + 

laser group, which demonstrated that laser irradiation could 

accelerate nano DOX intracellular uptake.

NDIMH can effectively inhibit viability, 
invasion, and metastasis of SCC-15 
tumor cells
Proliferation, metastasis, and invasion are three major fea-

tures of tumor cells.33 To investigate the antitumor therapeutic 

effects of NDIMH in vitro, we cultured SCC-15 cells with 

different samples and evaluated the treatment efficiency by 

MTT assay. As shown in Figure 4A, the hydrogel containing 

either nano ICG or nano DOX exhibited a significantly higher 

inhibitory rate against SCC-15 cells compared with empty 

hydrogels. Moreover, NDIMH + laser exhibited a markedly 

enhanced tumor inhibitory effect compared with NDMH or 

NIMH + laser, indicating a synergistic antitumor efficacy 

in vitro. Notably, NDIMH + laser with MMP-2 showed the 

highest cytotoxicity against SCC-15 cells. This suggests that 

NDIMH + laser in the tumor cell environment could show 

strong proliferation inhibition of SCC-15 cells.

To confirm whether NDIMH could inhibit the metastasis of 

SCC-15 cells, we evaluated the effect of NDIMH on the motility 

of SCC-15 cells using an in vitro scratch assay. As shown in 

Figure 4B and C, the group incubated with NDIMH + laser 

presented the widest migration inhibitory distance between 

the two cell edges. By contrast, the group incubated with 

NDIMH + laser + MMP-2 showed no significant difference 

compared with the control group. A possible reason was that 

although NDIMH + laser could inhibit the metastasis of tumor 

cells, MMPs could degrade natural ECM and basement mem-

brane, promoting the metastasis of tumor cells.13 We drew simi-

lar conclusions from the in vitro invasion assay, which suggested 

that NDIMH + laser could impair the invasive ability of SCC-15 

cells in vitro but could not inhibit the invasion of SCC-15 cells 

in vitro in the tumor microenvironment (Figure 4D and E).

NDIMH presented good synergistic 
antitumor efficiency and acceptable 
biosafety
A single strategy could not eliminate tumors completely, 

and the combined therapies have shown great potential for 

cancer therapy.34,35 To assess the synergistic antitumor effi-

ciency of NDIMH + laser irradiation (808 nm, 0.5 W/cm2, 

8 minutes, once per week), we measured the tumor volumes 

of each group at given time points. As shown in Figure 5A 

and B, the tumor volumes of the control groups treated with 

PBS increased rapidly. By contrast, the group treated with 

NDMH or NIMH + laser presented much higher inhibition 

of tumor growth compared with the control group. Notably, 

the group administrated with NDIMH + laser displayed the 

greatest antitumor effect, and the tumor growth was com-

pletely suppressed within 21 days. The tumor weights were in 

accordance with the tumor volumes, as shown in Figure 5C.

To further evaluate the antitumor efficacy after treatment 

with different formulations, the apoptosis of tumor cells was 

measured by TUNEL assay. As seen in Figure 5E, fewer tumor 

cells stained brown were observed in control group while 

larger number of tumor cells stained brown were observed in 

NDIMH + laser group, which demonstrated the highest apop-

tosis ratio of tumor cells.36 What is more, we also used immu-

nohistochemistry for the cell tumor marker Ki67 to evaluate 

the antitumor effect of different formulations (Figure 5F). 

Ki67, a nuclear marker, exists in actively proliferating cells 

of various tumors. High Ki67 levels are usually associated 

with poor prognosis.36 In our study, we found the NDIMH +  

laser group had less stained tumor cells than NDMH and 

NIMH + laser groups, which indicated better prognosis. 

These immunohistochemical results confirmed the highest 

tumor suppression efficiency of NDIMH + laser irradiation.

Side effects caused by antitumor treatments are a great 

concern in clinical applications, and weight loss is usually 
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Figure 4 The functions of NDIMH in proliferation, motion, and invasion of SCC-15 tumor cells in vitro.
Notes: (A) Effects of different formulations on SCC-15 cells viability at 48 hours (mean ± SD, n=6, *P,0.05, **P,0.01, ***P,0.001). (B) Effects of NDIMH + laser treated 
with/without MMP-2 on SCC-15 cells motion at 24 hours (scale bar: 100 µm). (C) The quantitative analysis of wound healing assay (mean ± SD, n=3, ***P,0.001). (D) Effects 
of NDIMH + laser treated with/without MMP-2 on the invasion of SCC-15 cells (scale bar: 100 µm). (E) The quantitative analysis of transwell assay (mean ± SD, n=3, 
***P,0.001).
Abbreviations: MH, MMP-responsive hydrogel; MMP, matrix metalloproteinase; NDIMH, nano doxorubicin-indocyanine green MMP-responsive hydrogel; NDMH, nano 
doxorubicin MMP-responsive hydrogel; NIMH, nano indocyanine green MMP-responsive hydrogel.

regarded as an indicator of systemic toxicity.37 Hence, 

we measured the body weights of mice undergoing dif-

ferent treatments during the whole experimental period 

(Figure 5D). These data showed no obvious body weight 

loss in any of the treated groups. At the end of the tests, 

the major organs were harvested and H&E stained for 

histopathological analysis. Since nano DOX and nano ICG 

were released from the smart hydrogels slowly, low systemic 

toxicity of the treatments was expected. As shown in 

Figure 5G, no abnormalities were observed in the main organs.  
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These results indicated the good tolerance and biosafety of 

all treatment formulations.

In vivo imaging and biodistribution 
of NDIMH
Since DOX and ICG have different excitation and emission 

wavelengths, we were able to detect the FL of nano DOX 

and nano ICG of NDIMH using an in vivo/ex vivo imaging 

system at specific time points.

As shown in Figure 6A, the nano DOX mainly accumu-

lated within the injection site, and the FL areas increased 

gradually within 24 hours in both groups. After 24 hours, 

the FL signals of the free group decreased quickly and had 

almost vanished by 168 hours. By contrast, the NDIMH group 

showed no obvious reduction in FL intensity, and the signal 

could be detected at the tumor site 168 hours postinjection. 

The nano ICG FL intensity of NDIMH displayed a similar 

tendency to the free group (Figure 6B).

Figure 5 (Continued)
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Figure 5 Antitumor effects and biosafety evaluation of NDIMH in vivo.
Notes: (A) SCC-15 tumor growth curves of different groups after intratumoral injection up to 21 days (mean ± SD, n=3, **P,0.01, ***P,0.001). (B) SCC-15 tumor mass histogram 
of different groups 21 days after treatments (mean ± SD, n=3, *P,0.05, **P,0.01, ***P,0.001). (C) The photograph of excised tumors 21 days after treatments. (D) The body weight 
changes of the mice during treatments (mean ± SD, n=3). (E) TUNEL apoptosis assay of tumor sections 21 days after treatments. Cells stained brown indicated apoptotic cells 
(scale bar represents 50 µm, magnification ×40). (F) Immunohistochemical staining for Ki67 expression of tumor sections 21 days after treatments. Cells stained brown indicated 
proliferating cells (scale bar represents 50 µm, magnification ×40). (G) Histological sections of the main organs (brain, heart, liver, spleen, lungs, and kidneys) were stained by H&E.
Abbreviations: NDIMH, nano doxorubicin-indocyanine green matrix metalloproteinase-responsive hydrogel; NDMH, nano doxorubicin matrix metalloproteinase-
responsive hydrogel; NIMH, nano indocyanine green matrix metalloproteinase-responsive hydrogel; NS, normal saline.

Figure 6 (Continued)

Afterward, the mice were sacrificed and tumors and major 

organs were collected for ex vivo imaging analysis 168 hours 

after injection. Both nano DOX and nano ICG were found 

to be distributed in tumors and organs in the NDIMH group, 

with much higher FL accumulation than in the free group 

(Figure 6C and D), suggesting that NDIMH has excellent 

sustained drug-release properties.

Notably, in the NDIMH group, the FL signal of nano 

ICG was stronger than that of nano DOX at each time point, 

demonstrating that ICG possesses an excellent property of 
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FL imaging which is the reason for its wide use in cancer 

imaging and diagnosis.38,39

Discussion
In this study, we combined cancer targeting, nanotechnology, 

chemophototherapy, and FL imaging to successfully design 

a new drug delivery system, NDIMH, for sustained release 

of nano DOX and nano ICG in the tumor microenvironment. 

The antitumor efficiency was confirmed in  vivo/in  vitro 

through physiochemical tests, biological activity tests, and 

general pharmacological tests. To our knowledge, this is the 

first time that nano DOX and nano ICG have been loaded into 

an MMP-responsive HA hydrogel for the chemophototherapy 

of HNSCC (China patent: 201810815535.2).

Cancer therapy is a long-duration and complicated pro-

cess, and a single strategy is not usually adequate to eliminate 

tumors completely.34,35 Chemophototherapy has emerged as a 

promising treatment option for solid tumors.18 Some studies 

have shown that a combination of DOX-based chemotherapy 

and ICG-based phototherapy can enhance antitumor efficacy 

and minimize systemic toxicity.40–43 DOX is a broad-spectrum 

antitumor antibiotic that can inhibit the synthesis of RNA and 

DNA. We utilized its autofluorescence for real-time monitor-

ing of its biodistribution in vivo after administration. ICG is 

a cyanine compound that displays excellent FL under NIR 

irradiation.22 Interestingly, we found that ICG could promote 

the cellular uptake of DOX. This may be attributed to a 

change in cell membrane characteristics after light exposure.31

Figure 6 In vivo FL imaging and biodistribution of DOX/ICG in mice bearing SCC-15 tumors after intratumoral injection of free DOX + ICG or NDIMH.
Notes: (A) Time-lapse DOX FL of the whole body of mice. (B)Time-lapse ICG FL of the whole body of mice. (C) DOX FL intensity of major organs and tumors after 21 days 
of administration. (D) ICG FL intensity of major organs and tumors after 21 days of administration.
Abbreviations: DOX, doxorubicin; FL, fluorescence; ICG, indocyanine green; NDIMH, nano DOX-ICG matrix metalloproteinase-responsive hydrogel.
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Drug delivery systems based on nanotechnology have 

increasingly attracted attention. Nanosizing a formulation can 

increase the drug dissolution rate and thereby promote drug 

absorption and bioavailability.44 The size and surface charges 

of nanoparticles are essential parameters that determine their 

pharmacokinetics and biodistribution.44,45 Generally, the size 

range of 30–200 nm is preferable, being large enough to 

avoid leakage into capillaries, but also small enough to avoid 

mononuclear phagocyte system clearance.46 In addition, the 

surface charge of nanoparticles can affect their uptake by 

tumor cells. Previous studies have shown that positively 

charged formulations have a higher rate of cell uptake com-

pared with neutral or negatively charged nanoparticles.47 

In our study, we synthesized nano DOX and nano ICG 

using solvent–antisolvent method, and the parameters of 

the nanoparticles coincided with these standards. What is 

more, the nano DOX exhibited higher cellular uptake and 

nano ICG displayed stronger photothermal properties than 

the regular ones. Despite the potential advantages, there are 

limited numbers of nanomedical products for tumor-targeted 

therapies on the market, such as Oncaspar, Doxil/Caelyx, 

Daunoxome, DepoCyt, Myocet, and Abraxane.48–53

Hydrogels are three-dimensional networks of cross-linked 

hydrophilic polymer chains. Localized therapy with injectable 

hydrogels can provide a sustained and controlled drug release 

while minimizing systemic adverse effects.54,55 Achieving 

controlled release of the loaded drugs into tumor site and 

making different kinds of drugs exert synergistic antitumor 

effects is a big challenge. Given the high expression rate of 

MMPs in tumor tissues,11,12 we synthesized NDIMH which 

could release nano DOX and nano ICG continuously in the 

presence of MMPs. In release assay in vitro, NDIMH showed 

sensitivity and ideal drug release potential. From the FL 

imaging in vivo, it was found that nano DOX and nano ICG 

of NDIMH had a sustained release and greatly enhanced the 

retention of nanodrugs at the tumor site. Besides, NDIMH 

with 808 nm NIR irradiation displayed synergistic antitumor 

efficiency in in vivo/in vitro tumor inhibition test.

Conclusion
Thus, we developed a new drug delivery system and showed 

that the intratumoral injection of NDIMH combined with 

808 nm NIR irradiation could be a promising chemophoto-

therapy alternative for HNSCC.
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