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ABSTRACT: The injection of theranostic drug-laden hydro-
gels into subcutaneous tumors has proven to be a promising
strategy to achieve precise local tumor eradication. Humic
acid, a natural product of biochemical decomposition of
animal and plant residues, abundantly exists in soils, peats,
oceans, etc. In this study, a robust injectable thermoresponsive
agarose hydrogel incorporating sodium humate (SH) and
doxorubicin (DOX) was constructed as a unique agent for
tumor management based on the combined chemo-photo-
thermal therapeutic effect. SH, which strongly absorbs near-
infrared (NIR) light, can efficiently convert light energy into
thermal energy, induce local hyperthermia and subsequently
trigger sustained drug release from the complex of the SH/DOX@hydrogel through a typical gel−sol transition, resulting in
enhanced cellular uptake of therapeutic drugs. Moreover, intratumoral injection of the SH/DOX@hydrogel resulted in a
simultaneous chemo-photothermal therapeutic effect against solid tumors under NIR laser irradiation, which may collectively
prevent tumor recurrence. In addition, the SH/DOX@hydrogel exhibited ultralow systemic toxicity as demonstrated using an
animal model. This work provides a promising attempt to develop a low-cost, light-responsive hydrogel for precise tumor
therapy, which may also incorporate extra theranostic modules as an advanced platform for the treatment of cancer or other
critical diseases.
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■ INTRODUCTION

Cancer is currently the primary healthcare concern globally
and poses a serious threat to human health.1 Surgical excision
has been standardized for the conventional treatment of solid
tumors, which is usually accompanied by bleeding, potential
infections, and a high recurrence rate after surgery.2

Alternatively, prevalent modalities of chemotherapy and
radiotherapy suffer from low therapeutic efficacy, especially
for middle- and late-stage tumors, because of the incomplete
eradication of solid tumors.3 Moreover, undesirable complica-
tions and side effects may arise during these therapies because
of poor selectivity of chemotherapeutic drugs or radioactive
exposures.4 Therefore, therapeutic strategies with tumor
specificity, high efficacy, and minimal negative impacts are in
urgent demand for clinical practice.
Compared to systemic methods, such as intravenous (i.v.)

injection, localized therapeutic approaches are attractive for
tackling the aforementioned challenges, which may not only

control sustained drug release but also avoid the circulatory
system to reduce systematic toxicity to normal tissues.5,6

Considerable efforts have been devoted to designing polymer-
based chemotherapeutic platforms to allow localized drug
release into tumors, which may be triggered by the degradation
of polymers.7−10 Injectable hydrogels with highly organized
three-dimensional networks that mimic physiological tissue
environments have found increasing applications in the area of
regenerative medicine, such as delivery of therapeutic agents in
situ.11,12 Polymeric hydrogels with high water content,
flexibility, biodegradability and biocompatibility help retain
the pharmaceutical activity of drugs and facilitate drug release
in vivo.13−15 Previous reports have demonstrated the
encapsulation of chemotherapeutic drugs, functional proteins
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and nucleic acids into injectable hydrogels to suppress tumor
growth, prevent metastasis and decrease the cancer recurrence
rate.16−18 However, the release rate of these therapeutic agents
from hydrogels can hardly be controlled effectively, leading to
reduced treatment efficacy due to insufficient bioavailability of
drugs and inducing drug resistance of cancer cells.19 Therefore,
the development of functionalized hydrogel systems is a
rational strategy to achieve the controlled release of drugs
based on one-step local injection, thereby improving the
therapeutic effect and patient compliance in cancer therapy.
Light-responsive hydrogels are promising candidates for

controlled drug release due to their wide availability and
noninvasiveness of optical stimuli.20,21 The light-induced phase
transition of hydrogels is commonly reversible under temper-
ature variation, which is particularly convenient for repeated
drug delivery by simply tuning the light stimulus. For example,
the drug release rate can be adjusted by remotely controlling
multiple optical parameters, including laser wavelength, power
intensity, and exposure time. Many photothermal transducing
agents (PTAs), such as inorganic nanostructures of MoS2, gold
and copper chalcogenide,22−24 and organic nanocomposites of
polyaniline, polypyrrole, carbon nanotubes and graphene
analogs,25−28 have been used prevalently and have shown
impressive light-responsive characteristics due to their high
photothermal conversion efficiency. However, the majority of
these agents still lack optimal properties for clinical
applications due to poor biocompatibility, nondegradability,
or undesirable cytotoxicity.29,30 Moreover, many nanomaterials
are prone to aggregating when encapsulated in hydrogels,
which may cause light scattering and thus adversely reducing
their photothermal conversion efficiency.31 Therefore, the
development of novel hydrogel-friendly PTAs is crucial for
taking full advantage of hydrogel-based localized tumor
therapy.
Humic acid (HA), a natural organic carbon source derived

from the microbiological degradation of animal and plant
residues, has recently found interesting theranostic applications
in photothermal therapy (PTT) and photoacoustic imaging,
taking advantage of its remarkable ability for converting near-
infrared (NIR) light energy.32 HA accounts for nearly half of
the entire carbon resources on earth and has been extensively
utilized for environmental, agricultural, pharmaceutical and
energy applications.33−36 More importantly, HA poses minimal
biohazard for a wide variety of living organisms.32 HA also
exists in the form of small molecules with excellent dispersity,
which maintains photothermal conversion efficiency and
renders a consistent photothermal effect triggered by laser
irradiation. The major advantages of HA include abundance,
low cost, and high biocompatibility, making it a versatile
material for healthcare applications. However, HA cannot be
enriched spontaneously at tumor region through the enhanced
permeability and retention (EPR) effect due to the unmatched
size range. Therefore, the theranostic applications of HA may
be more feasible for local treatment by intratumoral injection.
Sodium humate (SH), a salt derivative of HA, exhibits much
higher solubility than HA while retaining similar photothermal
characteristics. However, to the best of our knowledge, there is
a lack of research on SH-encapsulated hydrogels for the
construction of NIR light-induced drug delivery platforms.
As an FDA-approved biocompatible polysaccharide, agarose

is a hydrocolloid of linear galactan purified from abundant agar
sources such as marine algae.37 Low-melting-point agarose
melts at 65.5 °C and gels when cooled below 25 °C.

Doxorubicin (DOX), an Food and Administration Agency-
(FDA) approved antitumor drug, serves as the gold standard
first-line chemotherapy for metastatic soft tissue sarcoma.38 On
the basis of this unique property of the temperature-responsive
phase transition of agarose, we report a composite system
named SH/DOX@hydrogel, which comprises SH and agarose
gel and is loaded with DOX for photothermal ablation and
chemotherapy of cancer (Figure 1). This injectable and phase-

changeable hydrogel can be used to modulate the release
kinetics of anticancer drugs under NIR light exposure. SH, a
PTA, can convert light energy into thermal energy to elevate
the local temperature of the hydrogel matrix. Subsequently, the
agarose hydrogel softens and undergoes reversible hydrolysis,
resulting in controllable drug permeation from the matrix into
the surrounding environment. This on-demand drug release
mechanism is critical for the management of drugs with
nonlinear pharmacokinetics to ensure that the peak amount of
drug is released within the therapeutic window. Meanwhile,
tumor ablation can be locally enhanced by light-induced
photothermal effects. The potential side effects of DOX and
SH are minimized by the retention of the hydrogel within the
tumor region without directly entering the circulatory system.
More importantly, the hydrogel may degrade into oligomers
after hydrolysis under laser irradiation, which can be excreted
through the urinary system. Overall, this study demonstrates
an anticancer application of a humic acid derivative combined
with a biocompatible hydrogel and a chemotherapeutic drug
for combined chemo-photothermal therapy of cancer in situ.

■ EXPERIMENTAL SECTION
Materials. Humic acid, sodium salt (sodium humate, SH), low-

melting-point agarose powder, dimethyl sulfoxide (DMSO), and 3-
(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT,
98%) were obtained from Shanghai Aladdin Bio-Chem Technology
(China). Phosphate buffered saline (PBS), penicillin/streptomycin
mixture, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), TrypLE Express enzyme, Calcein AM, 4′,6-diamidino-
2-Phenylindole (DAPI), and propidium iodide (PI) were obtained
from Thermo Fisher Scientific (USA). Doxorubicin hydrochloride
(DOX-HCl) was purchased from Hua Feng United Technology
Reagent (China). The One Step TUNEL Apoptosis Assay Kit was

Figure 1. Schematic illustration of the working mechanism of the SH/
DOX@hydrogel for tumor suppression based on the controlled
release of chemotherapeutics and local photothermal ablation
triggered by NIR laser irradiation.
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purchased from Beyotime Biotechnology (China). Deionized (DI)
water (18.2 MΩ·cm) was purified using Milli-Q Synthesis A10 water
purification system (Molsheim, France).
Preparation of SH/DOX@hydrogel. Briefly, 500 mg SH was

dissolved in 60 mL of DI water, centrifuged at 12 000 rpm for 30 min
to remove insoluble residues. The supernatant containing SH was
dialyzed in DI water for 3 days to remove small molecules. Then, the
purified SH solution was rapidly frozen in liquid nitrogen and dried
repeatedly to obtain black SH powders. To prepare the SH/DOX-
functionalized hydrogel, a heterogeneous mixture was first prepared
by dissolving 100 mg low-melting-point agarose, 10 mg of purified SH
powder and 5 mg of DOX in DI water (10 mL). The agarose mixture
was then melted in a microwave oven to form a homogeneous
solution. The SH/DOX@hydrogel was finally obtained after cooling
down the previous solution to room temperature. The content of each
component in the SH/DOX@hydrogel was constant for following
studies if not specifically indicated.
Characterization of SH and the SH/DOX@hydrogel. The

presence of SH and SH/DOX@hydrogels was visualized using a
Nikon D810 digital camera. The elements and microstructure of SH
were analyzed using energy-dispersive spectroscopy (EDS) spectrum
mapping and field-emission scanning electron microscopy (FESEM,
JSM-7800F, ZEISS, Germany). To analyze the microstructure of SH,
10 μL SH dispersion (500 μg mL−1 in ethanol) was added to the
sample holder dropwise, air-dried, and sputtered with platinum for 90
s. The X-ray diffraction (XRD) pattern of SH was acquired and
analyzed using an X-ray diffractometer (XRD-7000, Shimadzu,
Japan). The UV−vis-NIR absorption spectrum of SH was
characterized with a UV−vis spectrophotometer (UV-1800, Shimad-
zu, Japan). The dynamic rheological testing of SH/DOX@hydrogels
(prepared from 0.5%, 1% or 2% agarose) was performed at a
frequency of 1 Hz using a DHR-1 temperature-controlled rheometer
(TA Instruments, USA). The samples were placed in a 1 mm gap
between the 40 mm parallel plates and relaxed until there was zero
normal force. Dynamic temperature sweeps varied from 30 to 60 °C
with an increase rate of 3 °C min−1.
Photothermal Properties of SH and the SH/DOX@hydrogel.

To evaluate the photothermal properties of SH, a quartz tube
containing 3 mL of SH aqueous dispersion at various concentrations
was subject to NIR laser irradiation (808 nm, 2 W cm−2) for 10 min.
During laser irradiation, local temperature and real-time thermal
images were dynamically monitored using an infrared imaging camera
(TiS55, Fluke). The in vitro performance of the as-prepared SH/
DOX@hydrogel was analyzed by continuous irradiation with the
same NIR laser for 10 min. The temperature change and
corresponding thermal images were monitored by the same infrared
imaging camera.
NIR Light-Controlled DOX Release in Vitro. One milliliter of

SH/DOX/agarose mixture was added into a quartz cuvette. Then,
SH/DOX formed at the bottom of the cuvette in situ via the
gelatinization technique described in section 2.2. Upon the formation
of the SH/DOX@hydrogel, 1 mL DI water was added into the quartz
tube. Then, the SH/DOX@hydrogel was subject to NIR laser
irradiation (808 nm, 2 W cm−2) for a designated period of time,
during which the released DOX was quantified using fluorescence
spectroscopy. Specifically, periodic laser irradiation was conducted for
50 min by 5 min of exposure (ON) followed by 5 min without any
illumination (OFF). Every 5 min, 200 μL of specimen was sampled
from the release medium and replenished with fresh medium at an
equivalent volume. The released DOX was calculated according to a
concentration-fluorescence standard curve using a microplate reader
(excitation, 485 nm; emission, 525 nm; SPARK 10M, TECAN). The
temperature elevation of the SH/DOX@hydrogel was continuously
recorded using an infrared thermal imaging camera.
Degradation Behavior. The swelling behavior and weight loss of

SH/DOX@hydrogel were investigated by immersing the dry SH/
DOX@hydrogel in PBS (pH 7.4 or 5.0) at 37 or 60 °C. The weight of
swelled hydrogels was monitored over time. Then, the swelling ratio
of hydrogel was calculated by dividing the weight of hydrated
hydrogel by that of dry hydrogel. To determine the weight loss, the

hydrogel was collected at predesignated time and subsequently freeze-
dried. The weight loss was quantified by comparing the weight of
freeze-dried hydrogel to the initial dry weight of hydrogel.

In Vitro Cellular Uptake. The cellular uptake efficiency of DOX
was analyzed using flow cytometry and confocal laser scanning
microscopy (CLSM). HeLa or 4T1 cells were cultured in 12-well
plates at a density of 1 × 105 cells per well. Twelve hours later, the
cells were incubated with 100 μL SH/DOX@hydrogel and
subsequently subjected to NIR laser irradiation (808 nm, 2 W·
cm−2) for 5 min. After further incubation for 0.5 or 2 h, the cells were
fixed with 4% paraformaldehyde for 20 min. To increase the
permeability of the cell membrane, the cells were treated with Triton
X-100 (0.1% in 1 × PBS, v/v) for 5 min. Subsequently, 400 μL of
BSA (1% in 1 × PBS, w/v) was used to block the cells for 30 min. For
fluorescence staining, the cells were treated with Alexa Fluor 633
phalloidin (20 nM) for 1 h and DAPI (1 μg mL−1) for 5 min to stain
the filamentous actin (F-actin) and nuclei, respectively, followed by
confocal microscopy imaging (LSM 800, Carl Zeiss, Germany).
Cellular uptake of DOX was further investigated using flow cytometry.
Briefly, the expanded 4T1 or HeLa cells were treated with 100 μL
SH/DOX@hydrogel and subject to NIR laser irradiation (808 nm, 2
W cm−2) for 5 min. After further incubation for 0.5 or 2 h, cells were
trypsinized, centrifuged, and resuspended in 1× PBS. The intensity of
the fluorescence emission of DOX from individual cells was recorded
using a flow cytometer (NovoCyte, ACEA Biosciences, US), and the
acquired data was analyzed using FlowJo v10.

In Vitro Biocompatibility and Hemocompatibility. To
evaluate the biocompatibility of SH and SH/DOX, L929 fibroblasts
or human umbilical vein endothelial cells (HUVECs) were cultured in
96-well plates (1 × 104 per well) overnight. The medium was then
replaced with 200 μL fresh culture medium containing SH (0.0625,
0.125, 0.25, 0.5, 1, 2 mg mL−1) or 50 μL SH@hydrogel (0.0625,
0.125, 0.25, 0.5, 1, 2 mg mL−1). After further culture for 24 h, the old
medium containing SH or SH@hydrogel was discarded, and the cells
were thoroughly rinsed with 1 × PBS. Then, 200 μL solution
containing 0.5 mg mL−1 MTT agent was added into each well. The
supernatant was removed after 4 h of incubation, and 200 μL of
DMSO was added into each well. The optical density (OD) of each
well was determined at 490 and 630 nm in a microplate reader
(SPARK 10M, TECAN). The cell viability in each well was calculated
based on the following equation:

=
−
−

cell viability (%)
OD sample OD sample
OD control OD control

100%490nm 630nm

490nm 630nm

(1)

A hemolysis assay was performed to evaluate the hemocompatibility
of SH and SH@hydrogels. Erythrocytes were first isolated from whole
mouse blood by centrifugation at 3000 rpm for 5 min and were
further purified with PBS. Afterward, 0.5 mL of erythrocytes (4%, v/
v) was mixed with 0.5 mL SH dispersed in 1 × PBS at various
concentrations (0.0625, 0.125, 0.25, 0.5, 1, and 2 mg mL−1).
Erythrocytes incubated in DI water and 1 × PBS worked as the
positive and negative controls, respectively. After 4 h of incubation at
37 °C, the mixture was centrifuged at 10 000 rpm for 10 min. The
supernatant was then collected, followed by measuring the optical
absorbance intensity at 570 nm. The hemolysis ratio was calculated in
accordance with the following equation:

=
−
−

hemolysis (%)
Abs Abs

Abs Abs
100%

sample negative

positive negative (2)

where Abssample, Abspositive, and Absnegative are the optical absorbance of
the sample, positive control, and negative control, respectively.

In Vitro Cytotoxicity. 4T1 murine mammary carcinoma cells and
HeLa human epithelioid cervix carcinoma cells were selected for
studying in vitro cytotoxicity. To explore the localized light-induced
toxicity of the SH/DOX@hydrogel, 50 μL of the SH@hydrogel, and
50 μL of the SH/DOX@hydrogel were first prepared in a 96-well cell
culture plate based on the previously mentioned gelatinization
approach. 4T1 or HeLa cells (1 × 105 cells per well) were seeded

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.8b01147
ACS Biomater. Sci. Eng. 2018, 4, 4266−4277

4268

http://dx.doi.org/10.1021/acsbiomaterials.8b01147


into a 12-well plate and cultured for 24 h. Then, the as-prepared
hydrogel or free DOX (25 μg) was transferred into the wells loaded
with 4T1 or HeLa cells. The cells covered with the functional
hydrogel were subjected to various treatments (group 1: no
treatment; group 2: laser on; group 3: SH@hydrogel; group 4:
SH@hydrogel plus laser; group 5: DOX; group 6: DOX plus laser;
group 7: SH/DOX@hydrogel; group 8: SH/DOX@hydrogel plus
laser), followed by further incubation for another 4 h. NIR laser
irradiation was conducted for 5 min in groups 2, 4, 6, and 8. The gel
was then removed, and the cells were gently washed with 1× PBS.
After fluorescence staining with a live/dead viability/cytotoxicity kit,
the cells were observed using a fluorescence microscope (IX73,
Olympus, Japan). Cell viability was calculated using an MTT viability
assay. First, cells cultured in a 96-well plate (1 × 104 cells per well)
were subjected to the same treatments. Then, the old medium was
replaced with 200 μL MTT solution (0.5 mg·mL−1) in DMEM. After
4 h, the supernatant was aspirated and 200 μL DMSO was added in
each well. The culture was gently shaken for 15 min before the optical
absorbance was recorded using a microplate reader (SPARK 10 M,
TECAN) at 490 and 630 nm. Cell viability was determined based on
eq 1.
Apoptosis Assay. Apoptosis of 4T1 and HeLa cells induced by

hyperthermia were evaluated using a dead cell apoptosis kit
containing annexin V Alexa Fluor 488 and PI. First, cells were
cultured in a 96-well plate (1 × 104 cells per well). After 12 h of
culture, the cells were treated with 1 × PBS and SH@hydrogel (200
μL, 1 mg mL−1) with or without NIR laser irradiation. After 12 hours,
cells were trypsinized and resuspended in 1 × PBS. Finally, cells were
costained with Alexa Fluor 488 annexin V-FITC and PI for 15 min
following the protocol from the supplier before flow cytometry
analysis.
In Vivo Tumor Model. BALB/c mice (5 weeks, female, 18−20 g

each) were supplied by Chengdu Dossy Experimental Animals
(China). All animal works were approved by the Institutional Animal
Care and Use Committee (IACUC) of Southwest University and in

compliance with the National Guide for the Care and Use of
Laboratory Animals. To establish the in vivo tumor model, 1 × 106

4T1 cells suspended in 100 μL 1 × PBS were subcutaneously
inoculated into the flank region on the back of each BALB/c mouse
after anesthetization with isoflurane. Afterward, all mice were housed
in an animal facility until the tumor size reached approximately
80∼100 mm3. The tumor size was recorded timely after intratumoral
injection and the tumor volume was determined using eq 3.

=tumor volume (tumor length)(tumor width) 0.52 (3)

where the length and width represent the longest and the shortest
axes of the tumor, respectively.

Tumor Suppression in Vivo. To investigate the tumor
suppression effect in vivo, all mice were randomly divided into six
groups (n = 5 in each group) with various treatments: group 1
(saline), group 2 (DOX), group 3 (SH@hydrogel), group 4 (SH@
hydrogel plus NIR laser irradiation), group 5 (SH/DOX@hydrogel),
and group 6 (SH/DOX@hydrogel plus NIR laser irradiation). All
4T1 tumor-bearing mice were intratumorally injected with 50 μL of
reagent solution, followed by 1 h of gelatinization without any
disturbance. To investigate the photothermal response at tumor sites,
the mice were anaesthetized and subject to NIR laser irradiation (808
nm, 2 W cm−2) for 150 s, during which infrared thermographic maps
of mouse temperatures were captured using a thermal imaging camera
(Ti55, Fluke). To explore the antitumor effect, mice in groups 4 and 6
were subject to 10 min of NIR laser irradiation at the tumor site. After
treatments, the mouse tumor volumes and body weights were
recorded every other day. On day 14, the mice were euthanized, and
the tumors and major organs were excised, weighed and washed with
saline solution three times. These tissues were then fixed with 10%
formalin, followed by sectioning into 3−5 mm sections for
hematoxylin and eosin (H&E) staining. To analyze the tumor
apoptosis status, we conducted TUNEL (TdT-mediated dUTP-X
nick end labeling) staining using a TUNEL assay kit following the
standard protocol. The histological sections were pathologically

Figure 2. (a) Vis−NIR spectra of SH solutions at various concentrations; (b) fitting curve of absorbance intensity of SH solutions at 808 nm as a
function of SH concentration; (c) temperature elevation of SH solutions under NIR laser (808 nm, 2 W cm−2) irradiation for 10 min; (d) infrared
thermographic maps of the cuvettes containing SH solutions after NIR laser irradiation for ∼0−10 min; (e) temperature variation of an SH
solution (2 mg mL−1) under periodic laser irradiation (laser on: 10 min for each cycle); and (f) vis−NIR spectrum of an SH solution (1 mg mL−1)
before and after laser irradiation for four cycles.
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examined using a fluorescence microscope (Olympus, IX73, Japan).
The tumor growth inhibition (TGI) rate was calculated using the
following formula:

= −V V VTGI ( )/ 100%C T C (4)

where VC denotes the tumor volume in saline group, and VT denotes
the tumor volume after treatments. Potential inflammation in
response to intratumorally injected SH/DOX@hydrogel (50 μL for
each) was investigated by examining the inflammatory marker of
TNF-α in the peripheral blood harvested from the mouse eye sockets
(100 μL from each) at day 1, day 3, and day 7. The whole blood was
centrifuged at 3000 rpm for 10 min to collect the blood serum in the
supernatant, after which the level of TNF-α was determined using a
TNF-α ELISA Kit.
Statistical Analysis. Statistical analysis was based on one-way

analysis of variance (ANOVA) using OriginPro software (OriginLab,
MA, USA). The data are shown as the mean ± SD. A p-value less than
0.05 (*p < 0.05, n = 4) indicated statistically significant difference
between compared groups.

■ RESULTS AND DISCUSSION

Preparation and Characterization of SH. Commercial
sodium humate was purified by repetitive centrifugation and
dialysis to eliminate insoluble impurities and small molecules,
respectively. Because humic acid has poor solubility in aqueous
conditions, sodium humate (SH) was selected as a substitute
in this study. After the freeze-drying process, purified black SH
powder exhibited a porous morphology and could be easily
redispersed in DI water, 1× PBS or DMEM culture medium.
Field-emission scanning electron microscopy (FESEM)
showed the angular block texture of SH with thin layers.
The resembling crystal lattice structure may be ascribed to the
weak and instable interactions between sodium humate
molecules during water evaporation (Figure S1a, b). Energy-
dispersive X-ray spectroscopy (EDX) element mapping
indicated the existence of C, N, O, and Na, which were

consistent with the elemental composition of SH (Figure S1c,
d). The FT-IR spectrum of SH further confirmed the existence
of characteristic chemical groups, such as −OH, −COOH, and
CH (Figure S2). The X-ray diffraction (XRD) patterns of
SH exhibited a strong (0 0 2) diffraction peak at −26 °C,
indicating π−π stacking of graphitic carbon (Figure S3).39 The
vis−NIR absorption spectra of SH aqueous dispersions at
various concentrations are shown in Figure 2a, b. A broad
optical absorbance was observed in the range between 600 and
900 nm, indicating the remarkable photothermal capability of
SH. This prominent optical absorption can be attributed to the
interaction between nearby electron donors (such as
polyhydroxylated aromatics and phenols) and electron accept-
ors (such as quinone).40,41 Moreover, the optical absorbance
intensity at 808 nm increased with increasing SH concen-
tration, indicating good aqueous dispersity.
The photothermal performance of SH was evaluated by

irradiating cuvettes containing aqueous SH dispersions of
various concentrations (0, 0.125, 0.25, 0.5, 1, and 2 mg
•mL−1) with an NIR laser (808 nm, 2 W cm−2). The
temperature elevation exhibited a concentration- and irradi-
ation time-dependent profile, indicating that SH could rapidly
convert light energy into thermal energy with high efficiency
(Figure 2c and Figure S4). Specifically, the temperature of the
SH solution at a concentration of 1 mg mL−1 increased up to
57.3 °C within 10 min of irradiation, which is a thermal shock
sufficiently high for denaturing intracellular proteins and
damaging genetic material in cells.42 The infrared thermal
images of SH solutions were also captured to monitor real-time
temperature changes during NIR laser irradiation, and the
results were consistent with the previous data (Figure 2d). The
photothermal efficiency of SH was found as 65.6% (Figure S5).
Notably, the photothermal efficiency of SH is higher than most
commonly used PTT agents, such as gold nanoshells
(13.0%),43 gold nanorods (21.0%),44 copper sulfide nano-

Figure 3. Characterization of the SH/DOX@hydrogel. (a) Schematic illustration of the setup used to investigate the NIR light-activated thermal
response and drug delivery; (b) visual light absorption spectra of the supernatant containing DOX; (c) photothermally initiated temperature
increase and DOX release under periodic NIR laser irradiation (thermographic images illustrate the corresponding temperature variation in 5
cycles); (d) DOX release rate with or without laser irradiation (n = 4, *p < 0.05 between two groups); (e) temperature variation during ON/OFF
NIR laser irradiation under increasing power density (1 W cm−2 for ∼0−40 min, 2 W cm−2 for ∼40−80 min, and 3 W cm−2 for ∼80−120 min);
and (f) oscillatory shear rheology (G′ and G′′) of the SH/DOX@hydrogel (1% agarose) under different temperatures.
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particles (16.3%)45 and molybdenum disulfide (24.4%).46 The
photothermal stability of SH was evaluated after four cycles of
repeated NIR laser irradiation. As illustrated in Figure 2e, f, the
variance of the peak temperature in each cycle was negligible,
and the optical absorbance remained identical before and after
laser irradiation, demonstrating the notable photothermal
stability of SH. The photothermal stability and conversion
efficiency are all critical features of SH as a PTA for
applications toward light-induced PTT.
Preparation and Characterization of the SH/DOX@

hydrogel. The SH/DOX@hydrogel was prepared by mixing
low-melting-point agarose with SH at approximately 60 °C,
followed by the introduction of a specific amount of DOX and
rapid cooling to room temperature. The SH/DOX@hydrogel
softened at approximately 40 °C and became molten at
approximately 50 °C. The SH/DOX@hydrogel exhibited a
black color, similar to its precursor solution (Figure S6). The
device setup for investigating the NIR-light-activated thermal
response and drug delivery is illustrated in Figure 3a. One
milliliter of liquid hydrogel was added into a 4 mL cuvette, and
the solidified gel subsequently formed at the bottom of the
cuvette. Then, the cuvette was continuously exposed to NIR
laser irradiation (808 nm, 2 W cm−2) for 50 min. The released
DOX was quantified using fluorescence spectrum of the
supernatant in each cuvette. As shown in Figure 3b, the

fluorescence emission intensity was positively correlated with
the irradiation time, indicating sustained drug release under
NIR laser irradiation. To further evaluate the NIR-triggered
drug release behavior and thermal response, we exposed the
SH/DOX@hydrogel to an NIR laser in 5 min intervals. We
observed that the temperature of the SH/DOX@hydrogel
rapidly increased to approximately 50 °C within 5 min of laser
irradiation (808 nm, 2 W cm−2), which was attributed to the
high photothermal conversion efficiency of SH (Figure 3c).
The variation of temperature was also monitored by periodi-
cally irradiating the hydrogel under various laser power
densities (1, 2, and 3 W cm−2). A very small peak temperature
variation was observed during four cycles of laser irradiation
under any specific laser power density, indicating the
photothermal stability of the SH/DOX@hydrogel. The peak
temperature increased with increasing laser power density,
implying an appealing potential for controlling the photo-
thermal effect by tuning the power of laser irradiation (Figure
3e). Moreover, drug release was notably accelerated under
irradiation compared to similar conditions without NIR light
(Figure 3c, Figure S7). Specifically, the drug release rate (rON
and rOFF, reported in μg min−1) during four consecutive ON/
OFF NIR light irradiation cycles was calculated in Figure 3d.
For all irradiation cycles, rON was much higher than rOFF,
indicating that NIR light effectively induced rapid drug release

Figure 4. Cellular uptake of DOX with or without NIR laser irradiation. (a) CLSM imaging and (b) flow cytometry analysis of cellular uptake of
DOX after 4T1 tumor cells were incubated with the SH/DOX@hydrogel under various conditions (scale bars: 5 μm).
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from the SH/DOX@hydrogel. The relatively higher rate of
drug release in earlier cycles of laser irradiation could be
attributed to the dissolution of DOX loaded on the surface or
external layer of hydrogel. However, drug release from the
interior of hydrogel became considerably slower during later
irradiation cycles. On the other hand, the hydrogel gelatinized
rapidly after switching off laser irradiation, thereby inhibiting
efficient release progress. Furthermore, drug release from SH/
DOX@hydrogel at pH 7.4 and 5.0 have been explored under
37 °C as well as 60 °C (Figure S8). We found that drug release
was generally faster in more acidic environment or under
higher temperature (∼60 °C) above physiological condition,
which could be due to the enhanced solubility of DOX at
lower pH condition, and hydrogel hydrolysis and softening
during hyperthermia.
To further elucidate the underlying mechanism of drug

release, we investigated the effect of the amount of
encapsulated SH and DOX and the agarose concentration on
gel formation (Figure S9). Cumulative drug release was found
to be positively correlated with the amount of loaded SH and
DOX in the hydrogel. As suggested by the concentration-
dependent photothermal performance in vitro (Figure 2a−d),
a higher loading concentration of SH contributed to stronger
photothermal conversion within the hydrogel, which enabled
faster drug release (Figure S9b). Furthermore, lower drug
release was observed in the groups with higher concentrations
of agarose in the hydrogel (e.g., 2%). We speculated that a

higher proportion of agarose content resulted in a more
densely cross-linked network, thereby hindering the hydrolysis
and degradation of the polymer matrix under laser irradiation.
Therefore, more DOX could be trapped within the highly
compact polymeric matrix, which could only be alleviated by
increasing the photothermal effect for disrupting the reversible
physical cross-links. To examine the thermoresponsive
behavior of the SH/DOX@hydrogel prepared from 1%
agarose, the variation in storage modulus (G′) and loss
modulus (G′′) was analyzed over a temperature range of 30 to
60 °C (Figure 3f). Both G′ and G′′ values decreased with
increasing temperature, indicating a typical reduction of cross-
linking density due to weakened noncovalent interactions
during the heating process. The G′ and G′′ curves intersected
at a temperature of approximately 60 °C, indicating the
temperature of the initiation of the gel−sol transition (1%
agarose). Furthermore, G′′ was found to be much higher than
G′ for the SH/DOX@hydrogel prepared with 0.5% agarose,
indicating an absolute liquid state of gel. For the 2% agarose
hydrogel in the same temperature range, G′′ was an order of
magnitude lower than G′, indicating a typical solid state after
gelatinization (Figure S10). Therefore, 1% agarose was
screened as the optimal concentration for hydrogel preparation
for subsequent studies of intratumoral injection and sustained
drug release. The hydrogel degradability was assessed based on
the swelling behavior and weight loss of SH/DOX@hydrogel
in PBS (pH 7.4 or 5.0). Enhanced hydrogel swelling was

Figure 5. In vitro biocompatibility and cytotoxicity assays. (a) Fluorescence microscopy images of 4T1 cells costained with Calcein AM and PI
after various treatments (yellow dashed line represents the area covered by the hydrogel, scale bars: 100 μm); viability of HUVECs and L929 cells
after treatment with (b) SH or (c) the SH@hydrogel (50 μL) for 24 h; and (d) viability of 4T1 or HeLa cells after treatment with the SH@
hydrogel (50 μL), free DOX (25 μg) or the SH/DOX@hydrogel (50 μL) subject to NIR laser irradiation for 5 min where applicable (n = 4, **p <
0.01 and *p < 0.05 between two groups).
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observed at higher incubation temperature (60 °C), which
further resulted in more rapid hydrogel degradation as
evidenced by the weight loss (Figure S11). We speculated
that local hyperthermia accelerated hydrolysis of the ester
linkage connecting segment, oligomers, and monomers.
However, hydrogel swelling and weight loss were found
insensitive to the change of pH condition.
In Vitro Cellular Uptake of DOX. 4T1 cell line was used

to investigate the intracellular uptake of DOX released from
SH/DOX@hydrogel (Figure 4). CLSM and flow cytometry
were concurrently conducted to evaluate the internalized drug
by tracking the green fluorescence of DOX. The fluorescence
signal intensity of DOX became stronger when the incubation
time increased from 0.5 to 2 h regardless of laser irradiation,
indicating a typical time-dependent cell uptake behavior.
Importantly, a stronger fluorescence intensity of DOX was
observed in the groups subjected to NIR laser irradiation
compared to the nonirradiated control groups (Figure 4a). The
results indicated that laser-induced hyperthermia accelerated
drug release from the SH/DOX@hydrogel and thus enhanced
cellular uptake under improved bioavailability of DOX in the
culture medium. In fact, mild local hyperthermia alone can also
contribute to the cellular uptake of DOX or other small-

molecule drugs, as previously reported.47,48 The flow
cytometry results were also consistent with the CLSM
observations, showing higher intracellular green fluorescence
intensity of the irradiated groups (Figure 4b). Similar findings
were also obtained using HeLa cells (Figure S12).

In Vitro Cytotoxicity of the SH/DOX@hydrogel.
Material biocompatibility is a prerequisite for biomedical
applications. We used normal somatic cells, including L929
fibroblasts and HUVECs, to evaluate the biocompatibility of
SH and the SH@hydrogel. Cells treated for 24 h were assessed
by an MTT assay. Cell viability was maintained above 90%
even when the reagent concentration was as high as 2 mg mL−1

for both SH and the SH@hydrogel, indicating their good
biocompatibility with these cell lines (Figure 5b, c). To
investigate the photothermal cell ablation effect using the SH/
DOX@hydrogel, treated 4T1 cells were costained with PI and
Calcein AM. The green fluorescence showed viable cells, while
red fluorescence showed dead cells (Figure 5a). Only a green
fluorescence signal was observed in the untreated control, NIR
laser irradiation, SH@hydrogel (laser off) and SH/DOX@
hydrogel (laser off) groups, indicating negligible cell death in
these four groups. Notably, the SH@hydrogel and the SH/
DOX@hydrogel subject to NIR laser irradiation could induce

Figure 6. In vivo antitumor effect of the SH/DOX@hydrogel. (a) Thermographic imaging (dashed circles denote the solid tumor region) and (b)
corresponding temperature variation of mice under laser irradiation; (c) change of mouse body weight over time after various treatments; (d)
images of the excised tumors on the 14th day after various treatments; (e) change of normalized tumor volume over time (n = 5, **p < 0.01
between two groups); (f) the average weight of excised tumors on the 14th day after various treatments (n = 5, *p < 0.05 between the SH/DOX@
hydrogel + laser group and any other group); and histopathological analysis of excised tumors by (g) H&E staining and (h) TUNEL staining on
the 14th day after various treatments (scale bars: 200 μm).
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effective tumor ablation, as shown by a strong red fluorescence
signal in the PI channel. Furthermore, the red fluorescence of
the cells treated with the SH/DOX@hydrogel expanded
significantly into the area without NIR laser illumination,
which was due to the chemotoxicity of DOX released from the
hydrogel under hyperthermia. Similar results were also found
in HeLa cells treated under the same conditions (Figure S13).
The cytotoxicity of the SH/DOX@hydrogel on HeLa or 4T1
cells was further analyzed using an MTT assay (Figure 5d).
There was no noticeable toxicity in the blank control, laser
irradiation and SH@hydrogel groups (laser off). Mild toxicity
was observed in the groups of SH/DOX@hydrogel (laser off)
and free DOX, attributed to the toxicity effect of chemo-
therapeutic drug. In remarkable contrast, a significant photo-
thermal tumor ablation effect was observed in the SH@
hydrogel group under NIR laser irradiation, which was in
agreement with the previously mentioned fluorescence
microscopy observations. Flow cytometry analysis further
revealed substantial cell apoptosis induced by local hyper-
thermia (Figure S14). More importantly, more than 80% of
4T1 and HeLa cells were eradicated in the SH/DOX@
hydrogel group (laser on), indicating an enhanced tumor
ablation effect under combined chemo-photothermal ther-
apeutics in vitro.
Chemo-photothermal Therapy of Solid Tumors in

Vivo. Encouraged by the biocompatibility and antitumor
activity demonstrated by the SH/DOX@hydrogel in vitro, we
further investigated its phototherapeutic effect in vivo using
subcutaneous 4T1 tumor-bearing BALB/c mice. The photo-
thermal effect of the SH/DOX@hydrogel on the tumor region
was first studied by thermographic imaging using a thermal
imaging camera. The local temperature at tumor site treated
with saline slightly increased to 33.8 °C when subjected to
laser irradiation for 150 s (Figure 6a, b). In contrast, a dramatic
temperature increase to 53.5 and 56.3 °C was observed in the
SH@hydrogel and the SH/DOX@hydrogel groups under the
same conditions, respectively. These results suggest that the
SH/DOX@hydrogel efficiently converts the absorbed NIR
light energy into local hyperthermia in vivo. The change in
tumor volume (Figure 6e) in each group was monitored for 14
days to evaluate the antitumor efficacy after treatment. In the
group administered the SH/DOX@hydrogel and subjected to
NIR laser irradiation for 10 min, the tumor size decreased
gradually over time, indicating remarkable tumor inhibition
under combined chemo-photothermal therapeutics. No tumor
recurrence was observed within 14 days, and the TGI rate was
calculated to be as high as 97.5%. In contrast, a single
treatment modality with PTT mediated by the SH@hydrogel
resulted in a weaker antitumor effect. The tumor size steadily
increased during PTT, although the tumor growth rate was
much lower than those in the saline control or the
nonirradiated SH@hydrogel groups. In other words, the
results indicated that DOX-mediated chemotherapy played a
critical role in the combined antitumor treatment. However,
intratumoral injection of free DOX exhibited a very limited
tumor suppression effect, which could be due to rapid drug
clearance through the circulatory system. Furthermore,
spontaneous drug diffusion from the SH/DOX@hydrogel
without photothermal activation did not provide sufficient
bioavailability of DOX at the tumor site, demonstrating even
more inferior antitumor efficacy than administering free DOX.
Overall, these comparative studies suggest that NIR laser
irradiation could effectively control the sustained release of

chemotherapeutics from the SH-loaded hydrogels. Compared
to the local delivery of free drugs, this method represents an
advantageous strategy to enhance the antineoplastic efficacy in
tumoral tissues in vivo.
At day 14, tumors were excised from euthanized mice for

further analysis (Figure 6d). The average tumor weight in the
SH/DOX@hydrogel group subjected to laser irradiation was
the lowest among all groups (Figure 6f), which was consistent
with the tumor volume results (Figure 6e). Tumor sections
were processed with H&E and TUNEL staining to examine
the treatment effects at the tissue level (Figure 6g, h). Cell
necrosis or apoptosis was not observed in the tumor sections in
the groups without laser treatment, and all of the cells retained
distinguishable cell membranes and nuclear structures. In
contrast, the level of tumor cell denaturation and necrosis,
together with fibrosis, increased significantly in the SH@
hydrogel and SH/DOX@hydrogel groups under NIR laser
irradiation. In particular, prominent karyorrhexis, pyknosis and
karyolysis occurred in the SH/DOX@hydrogel group under
laser irradiation, indicating severe tumor cell destruction.
Histological analysis provided further evidence of the
remarkable tumor eradication effect under combined chemo-
photothermal treatments mediated by the SH/DOX@hydro-
gel.
In vivo systemic toxicity of the SH/DOX@hydrogel was

evaluated by hemocompatibility analysis, monitoring the
mouse body weight and histopathological analysis of major
organs. The hemocompatibility test demonstrated minimal
hemolysis of erythrocytes after incubation with SH, the SH@
hydrogel or the SH/DOX@hydrogel (hemolytic percentages
all below 5%), suggesting that the application of this
therapeutic hydrogel would not cause serious hemolysis or
blood coagulation during treatment (Figure S15). As shown in
Figure 6c, there was no evident loss of body weight in the mice
treated with the SH/DOX@hydrogel under the applied
therapeutic dosage. Furthermore, no observable pathological
abnormalities or lesions could be found in major organs of
heart, liver, spleen, lung and kidney among all of the groups at
the 14th day postinjection (Figure 7). Routine hematology
examination was performed on fresh blood collected from mice
after various treatments (Figure S16). The data indicated
insignificant differences in terms of the listed hematological

Figure 7. Histological analysis of major organs by H&E staining on
the 14th day (scale bars: 200 μm).
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parameters between the treated and control groups, which
were generally within the reference ranges of healthy mice. To
further evaluate the potential immunogenicity induced by SH/
DOX@hydrogel, the level of TNF-α in mouse peripheral
blood was determined using an ELISA assay (Figure S17). The
level of TNF-α showed insignificant variation within 7 days in
the mouse model after intratumoral administration compared
to the control group, showing the negligible immunogenicity
due to SH/DOX@hydrogel. These results indicated that SH/
DOX@hydrogel-mediated tumor therapy caused minimal
systemic toxicity or adverse side effects to the normal tissues.
In this study, a therapeutic hydrogel was synthesized from

low melting point agarose incorporated with a natural humic
acid salt (SH). Humic substances are heterogeneous mixtures
originating from the decay or biological activities of living
organisms and are composed of C, H, O, N, and S atoms,
which are essential elements for the human body. Depending
on their source and extraction methods, the molecular weight
of humic substances may vary from several hundred to several
thousand with sizes ranging from 1 nm to hundreds of
nanometers.49 The tunable size could favor the precise
regulation of pharmacokinetics, biodistribution and intra-
tumoral bioavailability for applications in cancer therapy.50

More importantly, the application of humic materials is quite
attractive considering their extremely low cost. Agarose, a
natural polysaccharide derived from seaweed, is a biologically
benign structural component used for healthcare applications.
Therefore, the synthesized SH@hydrogel composite is a
biocompatible and sustainable functional drug carrier that
could potentially be used for therapeutics. Hydrogels have an
encapsulation efficiency of up to 100%; therefore, the drug
loading capacity is not limited, which is an advantage for the
encapsulation of nanotherapeutics. Furthermore, the thermal
response of the SH@hydrogel can be adjusted by varying the
weight ratio of agarose during gel preparation, allowing the
convenient regulation of drug release kinetics.
The SH@hydrogel undergoes a phase transition to a gel

state after injection into tumoral tissue under physiological
body temperature that is below the transitional point. As the
SH@hydrogel is irradiated by an NIR laser, local hyperthermia
is generated because of the strong photothermal conversion
property of SH. During this process, the hydrogel is heated and
then softens because of the hydrolysis of the cross-linked
matrix, resulting in rapid drug release. Thus, the NIR laser may
act as a switch to accelerate drug release and promote
chemotherapy. More importantly, the drug release rate is
tunable by controlling both internal and external stimuli. The
increase in the laser power density or irradiation time may lead
to intense hydrolysis of the ester linkages into segments,
oligomers, monomers and ultimately, carbon dioxide and
water.51 Therefore, degradation of the hydrogel is anticipated
upon treatment. Since the hydrogel is usually injected into the
center of a solid tumor, the ablation effect occurs from the
interior to the exterior of the tumor, which dramatically
minimizes the undesirable destruction of the surrounding
normal tissues. Compared with free DOX or the SH@
hydrogel, the DOX-laden SH/DOX@hydrogel results in
increased tumor eradication efficacy against 4T1 solid tumors
based on synchronous PTT and chemotherapy effects
activated by NIR light. Therefore, the SH@hydrogel with
biodegradability and low toxicity is a promising material and
inexpensive platform for multimodal tumor therapy.

■ CONCLUSIONS
In summary, we have developed an injectable agarose hydrogel
incorporated with natural SH and DOX that can be injected
intratumorally. SH with a high photothermal conversion
efficiency can induce the phase transition of an agarose
hydrogel under NIR laser irradiation, leading to controllable,
light-triggered drug release and local hyperthermia for a
combined chemo-photothermal therapy. The drug release rate
can be controlled by varying the material properties (e.g.,
concentrations of agarose, SH, and DOX) and external stimuli
(e.g., laser power density and irradiation time). In vitro cell
studies demonstrated that NIR laser-induced hyperthermia
facilitates sustained release of DOX and thereby enhanced
cellular uptake of the antitumor drug from the SH/DOX@
hydrogel. Animal studies based on 4T1 tumor-bearing mice
have further demonstrated the remarkable tumor inhibition
effect of this drug-loaded hydrogel system in vivo, which also
exhibited good hemocompatibility and minimal systemic
toxicity to major organs. Overall, this injectable SH/DOX-
incorporated agarose hydrogel represents a promising strategy
to achieve local chemo-photothermal therapy of tumors.
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