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ABSTRACT: In this study, a novel composite hydrogel that contains spinach extract (SE), gold nanorods (AuNRs), and
poly(ethylene glycol) double acrylates (PEGDA) is prepared through a one-step in situ photopolymerization under noninvasive
660 nm laser irradiation for localized antitumor activity. SE plays a role as a photoinitiator for initiating the formation of the
PEGDA hydrogel and as an excellent photosensitizer for generating cytotoxic singlet oxygen (1O2) with oxygen to kill tumor
cells. AuNRs can be used as a photoabsorbing agent to generate heat from optical energy. Moreover, the introduction of AuNRs
is conducive to the formation of the hydrogel and accelerates the rate of 1O2 generation. The composite hydrogel shell, which has
good biocompatibility on tumor cells, can prevent the photosensitizer from migrating to normal tissue and maintains a high
concentration on lesions, thereby enhancing the curative effect. The combination of NIR light-triggered mild photothermal
heating of AuNRs, the photodynamic treatment using SE, and localized gelation by photopolymerization exhibits a synergistic
effect for the destruction of cancer cells.
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■ INTRODUCTION

Photothermal therapy (PTT) and photodynamic therapy
(PDT) are both excellent minimally invasive therapeutic
treatments compared to other cancer therapies, such as surgery,
chemotherapy, and radiotherapy, and both PTT and PDT have
been widely used for cancer treatment.1−4 PDT is based on the
selective uptake of a photosensitizer by tumor tissue and
irradiation with laser light; subsequently, cytotoxic species,
primarily singlet oxygen (1O2), are generated and result in
apoptosis or necrosis for therapeutic purposes.4,5 To date,
natural phytochromes, such as chlorophyll,6 carotenoid,7 and
hypocrellin,8 which are important photosensitizers, have been
intensively investigated due to their high efficiency in PDT
treatment and for the development of new types of photo-
sensitizers. These chlorophyll derivatives in spinach extracts
were capable of inducing cell death in HuH-7 cells,
predominantly via apoptotic and necrotic processes,6,9 which
highlights their potential roles for PDT. However, the use of
spinach extract as the photoinitiator for initiating the
polymerization of acrylate on tumor cells has not been
reported.
Recently, a wide range of nanomaterials with strong optical

absorption in the near-infrared (NIR) region, such as gold
nanorods,2 nanoshells,10 and carbon nanotubes,11 have been

developed as photothermal agents for PTT treatments. AuNRs
can strongly absorb and scatter in the NIR to IR region
depending on their aspect ratios (length divided by width) and
convert optical energy into thermal energy. AuNR-assisted
photothermal treatment can be targeted with heat in each
individual cell of lesions, thereby improving the controllability
of hyperthermia and the selective killing of tumor cells.12 In
addition, AuNRs can also be applied in biological sensors,13

near-infrared imaging,14 and gene carriers.15

In this study, we constructed a composite hydrogel that
contained spinach extract, AuNRs, and PEGDA via in situ
photopolymerization under 660 nm laser irradiation. PEGDA is
introduced because it can be photo-cross-linked to form a
hydrogel under mild conditions and is biocompatible with
cells.16−19 SE is used as both the photoinitiator for the
polymerization of PEGDA and the photosensitizer for
antitumor properties under light excitation. Furthermore,
AuNRs can generate hyperthermia for PTT. As illustrated in
Scheme 1, after cells in the lesion site are cultured with the
precursor and subjected to laser irradiation, the cells are killed
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by the 1O2 released from the SE and oxygen and by the local
increase in temperature. Furthermore, the composite hydrogel
can improve the degree of enrichment of the photosensitizer in
lesions to enhance the curative effect through forming a
hydrogel shell on the tumor cells. Therefore, this multifunc-
tional composite hydrogel may have potential applications in
cancer therapy for the synergistic combination of PTT, PDT,
and localized gelation.

■ EXPERIMENTAL SECTION
Materials and Characterization. Fresh spinach leaves were

purchased from a local market (Hefei, Anhui, P. R. China). PEGDA
(Mn: 575 g/mol), chloroauric acid (HAuCl4), sodium borohydride
(NaBH4), cetyltrimethylammonium bromide (CTAB), silver nitrate
(AgNO3), and dimethyl sulfoxide (DMSO) were obtained from
Aladdin Reagent Database Inc. (Shanghai, PR China). 3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
Dulbecco’s Modified Eagle’s Medium (DMEM), Hoechst 33342, and
propidium iodide (PI) were purchased from the Sangon Company,
Ltd. (Shanghai, PR China). 1,3-Diphenylisobenzofuran (DPBF) was
purchased from Acros Organics (Geel, Belglum, NJ). All reagents were
of analytical grade and were used without further purification.
UV−vis-NIR absorption spectra of the samples were recorded using

a UV-3900 spectrophotometer (Hitachi, Japan) over the range of
200−1000 nm. FTIR spectra were recorded using a NEXUS-870
spectrophotometer (Thermo Fisher, USA, frequency range from 4000
to 500 cm−1) with the KBr pellet method. TEM images were obtained
using a JEM 2100 instrument. Zeta potential was measured on a
ZetaSizer Nano ZS90 (Malvern Instrument, Worcs, UK). The OD
values of the MTT assay were obtained using a RT-2100C
spectrophotometric microplate reader (Rayto, Shenzhen, and PR
China). Fluorescence images were recorded using a DMI3000B
inverted fluorescence microscope (Leica, Germany).
Preparation of Spinach Extract and AuNRs. Fresh spinach

leaves were cleaned and dried at room temperature. The dried spinach
leaves were mixed with absolute ethanol, quartz sand, and CaCO3

powder, and this mixture was ground for 10 min using a mortar and
pestle and then filtered. The spinach extract was obtained by drying
under vacuum at low temperature and reserved.
AuNRs were grown using the seed-mediated growth method.20

Briefly, the seed solution was prepared via the reduction of HAuCl4,
which consisted of adding a freshly prepared aqueous solution of
NaBH4 (0.6 mL, 0.01 M) to an aqueous mixture composed of HAuCl4
(0.25 mL, 0.01 M) and CTAB (9.75 mL, 0.1 M). The growth solution
was prepared by first mixing HAuCl4 (3 mL, 0.01 M), AgNO3 (0.6
mL, 0.01 M), and CTAB (60 mL, 0.1 M), and then adding a freshly
prepared aqueous ascorbic acid solution (0.48 mL, 0.1 M). The
solution changed from yellow to colorless, which was followed by the
addition of an aqueous HCl solution (1.2 mL, 1.0 M). After the
resulting solution was mixed by inversion, the seed solution (144 μL)
was added to the growth solution. The reaction mixture was subjected
to gentle inversion for 10 s and then left undisturbed for at least 6 h.
AuNRs were centrifuged (8000 rpm × 6 min) and washed with warm
water three times to remove excess CTAB and water before further
use.

Preparation of AuNRs/Spinach Extract/PEGDA Hydrogel.
The AuNRs/spinach extract/PEGDA hydrogel was prepared via a
one-step photopolymerization using spinach extract as the photo-
initiator under noninvasive laser (660 nm, 0.2 W/cm2) irradiation.
Precursor-1 was prepared by mixing the spinach extract (50 mg),
AuNRs (5 mg), and PEGDA (10 mL, 1.12 g·mL−1), followed by
oscillating for one night in darkness. Then, 0.5 mL of prepared
precursor-1 was placed into a glass vial, which was followed by laser
irradiation for a certain amount of time to convert it into the
composite hydrogel (denoted CH-1). To determine the influence of
the AuNRs on the gelation and generation of singlet oxygen, a
precursor without AuNRs (denoted precursor-2) and the correspond-
ing hydrogel (denoted CH-2) were prepared in the same way. The as-
obtained CHs were washed three times with anhydrous ethanol to
remove the unreacted monomers before further use. The distance
between the precursor and the light source was maintained at 10 cm.

Measurement of Singlet Oxygen Generation. 1,3-Diphenyli-
sobenzofuran (DPBF) was used as a probe to measure the generation
of singlet oxygen. DPBF reacts with 1O2 irreversibly, causing a
decrease in the intensity of the DPBF absorption band at 410 nm.21 In
the typical experiment, 2 equiv of DPBF (20 mL, 9.0 × 10−5 M) was
mixed with 1 mL of precursor-1 and precursor-2, respectively. Then,
the mixed solutions were irradiated using a 660 nm laser, and the
absorption intensities at 410 nm were recorded at predefined time
points (ranging from 0 to 30 s) using a UV-3900 spectrophotometer.
The experiments were independently repeated at least three times.

Cytotoxicity Assay and Uptake Studies. Cell viability was
determined using a MTT assay with HeLa cells.22 The precursors were
filtered to remove contaminants and pathogenic bacteria with a PVDF
syringe filter, followed by diluting with Dulbecco’s Modified Eagle
Medium (DMEM) to a certain levels. HeLa cells were seeded at a
density of 5 × 103 cells per well into 96-well plates and incubated for
24 h (37 °C, 5% CO2). After removing the culture medium, 100 μL of
fresh culture medium that contained the precursor (with different
concentrations and the volume ratio of precursor to medium ranging
from 1 to 0.01) was added to each well. The phototoxicities of the
precursors were investigated with 660 nm irradiation for 10 min. After
incubation for 24 h, the medium was replaced with 20 μL of MTT
solution (5 mg·mL−1) and further cultured for 4 h. Purple formazan
crystals are formed, based on the reductive cleavage of MTT (a yellow
tetrazole) by mitochondrial succinate dehydrogenases of living cells.
By dissolving formazan in DMSO after the upper solvent is discarded,
the absorbance at 490 nm can be measured using a spectrophoto-
metric microplate reader. Blank and control groups were established to
calibrate the cellular survival rate. Only the culture media were added
in the blank group, whereas cells and culture media without samples
were added in the control group. The measured optical density (OD)
values of the blank, control, and experimental groups were coded as
ODbla, ODcon, and ODexp. Cellular survival rates were calculated by
using the following eq 1:

=
−
−

×Survival Rate
OD OD

OD OD
100%exp bla

con bla (1)

HeLa cells (5.0 × 104/well) were cultured in 6-well plates at 37 °C
for 24 h in medium and then used in the uptake experiments.23 After
complete adhesion, the cells were washed twice with serum-free
medium. The cells were then treated with fresh serum-free medium

Scheme 1. Illustration of the Formation Process and the Antitumor Mechanism of the Composite Hydrogel Shell
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that contained FITC-dextran (1 mg/mL) and the precursors at 37 °C
for 1 h, washed with PBS buffer to remove the excess precursor and
FITC-dextran, and observed under a fluorescence microscope using an
excitation wavelength of 488 nm.
For fluorescence microscopy imaging, HeLa cells were seeded at a

density of 5 × 104 cells per well in 6-well plates and incubated for 24 h
(37 °C, 5% CO2). After preparation, 3 mL of fresh DMEM medium
that contained 1 mL of precursor-1 or precursor-2 was added. Then,
the plate was incubated for 6 h and exposed to 660 nm laser light for
10 min. After irradiation, the HeLa cells were stained with 0.5 mL of
Hoechst 33342 (1 μg·mL−1) or 0.5 mL of PI (1 μg·mL−1) for 15 min
under darkness. The viable cells or necrotic cells can be identified by
intact nuclei dyed with Hoechst 33342 or PI dyed. Dual fluorescence-
stained cultures were washed and observed under an inverted
fluorescence microscope. The cells were observed and imaged using
an inverted fluorescence microscope. All experiments were performed
in triplicate.

■ RESULTS AND DISCUSSION

AuNRs were prepared using a seed-mediated surfactant-
directed approach. The TEM image and UV−vis-NIR
absorption spectrum of the AuNRs are presented in Figure
1A and B, respectively. It can be clearly observed that the

AuNRs possess a fairly uniform in rod shape with diameters of
∼10 nm and lengths of ∼50 nm. The digital photograph of the
AuNRs in the inset of Figure 1A shows a reddish-brown
aqueous dispersion. The as-prepared AuNRs had an ensemble
longitudinal surface plasmon resonance wavelength (SPRW) of
890 nm, as shown in the UV−vis-NIR absorption spectrum
(Figure 1B), indicating that the AuNRs have the ability to
absorb NIR light.
Furthermore, a time-dependent increase in the temperature

of the AuNR aqueous solution (0.5 nM) under irradiation by
an 850 nm laser is shown in Figure 1C. The curve in Figure 1C
exhibits a two-stage temperature variation: a rapid temperature
increase (∼0.48 °C/min) during the first 10 min, followed by a
slow temperature increase (∼0.061 °C/min) from 10 to 40
min. This result further confirms that AuNRs have a good
photothermal effect, as described in ref 13.
To investigate the existence of multiple interactions in the

precursors, UV−vis absorption spectra (Supporting Informa-
tion Figure S1) and zeta potentials (SI Figure S2) were
measured. The red shift and the change in peak width shown in
SI Figure S1 demonstrate the existence of interactions between
the CO or CC groups of PEGDA and SE, such as

Figure 1. (A) TEM image and (B) UV−vis-NIR absorption spectrum of AuNRs formed by the reduction of Au3+ ions using ascorbic acid. The inset
in (A) shows a dispersion of the AuNRs. (C) Temperature variations in the AuNR aqueous solution (0.5 nM) under 850 nm laser irradiation for
different lengths of time.

Figure 2. Digital photographs of the formation process for (A) CH-1 and (B) CH-2; (C) schematic diagram for the cross-linking reaction of
PEGDA; TEM images of (D) CH-1 and (E) CH-2.
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hydrogen bonding and van der Waals forces. The zeta potential
of the AuNRs reached +35.20 ± 4.79 mV (SI Figure S2), which
indicates that the AuNRs were coated with the CTAB and carry
a positive electrical charge. Additionally, PEGDA possesses a
negative electrical charge;24 thus, there are electrostatic
interactions and hydrophobic interaction between PEGDA
and the AuNRs. The existence of multiple interactions will be
conducive to the stabilities of the precursors.
As shown in Figure 2A and B, both precursor-1 and

precursor-2 can be converted into the hydrogel with remarkable
color changes. Additionally, the amounts of time required for
the complete gelation of precursor-1 and precursor-2 are
approximately 28 and 40 min, respectively, with 660 nm laser

irradiation (the gelation time is measured according to the time
taken by the precursor to become viscous and the viscous
solution no longer descended in the tilted tube position22),
demonstrating that AuNRs are indeed helpful in accelerating
the formation of the composite hydrogel. The theoretical
explanation may be that AuNRs with good electrical
conductivity can accelerate the electronic exchange to form a
CC double bond to obtain electrons more rapidly, which
benefits the polymerization of CC double bonds at both
ends of the PEGDA chain. From Figure 2C, we know that the
PEGDA monomer can form a three-dimensional network
structure through the opening of the CC double bonds at
both ends of the PEGDA chain, which provides additional

Figure 3. (A) FTIR spectra of (a) precursor-1, (b) precursor-2, (c) CH-1, and (d) CH-2; (B) UV−vis-NIR absorption spectra of (a) precursor-1,
(b) precursor-2; inset: UV−vis-NIR absorption spectra of (a) precursor-1, (b) precursor-2, (c) precursor-1+DPBF, and (d) precursor-2+DPBF,
diluted 100-fold with ethanol.

Figure 4. Photobleaching of DPBF (9.0 × 10−5 M) via the generation of 1O2 in the presence of (A) nothing, (B) precursor-1, and (C) precursor-2.
(D) Time-dependent decrease in the absorbance at 410 nm via the oxidation of DPBF (9.0 × 10−5 M) with (a) nothing, (b) precursor-1, and (c)
precursor-2 under irradiation by a 660 nm laser. Error bars were based on the standard deviation (SD) of triplicate samples.25
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support for forming the hydrogel in theory. Furthermore, the
TEM image (arrows in Figure 2D) revealed that the AuNRs
were indeed wrapped in PEGDA and exhibited better
dispersion stability through electrostatic interactions and
hydrophobic interactions, whereas the PEGDA hydrogel is
unobtrusive in Figure 2E.
Additionally, FITR spectra of precursor-1, precursor-2, CH-

1, and CH-2 (Figure 3A) were also recorded to demonstrate
that the reaction occurred. The double bond (CC) signals at
approximately 1637 cm−1 due to the introduction of PEGDA
can be clearly observed in the spectra of the precursors, whereas
the signal is less apparent in the spectra of CHs. However, the
peak due to the CO stretching vibration is present in all of
the FITR spectra and a blue shift (10 cm−1) was observed from
the precursor (1724 cm−1) to the hydrogel (1734 cm−1). This
result provides direct evidence that PEGDA is almost entirely
cross-linked and that a composite hydrogel was successfully
fabricated through a one-step photopolymerization under NIR
irradiation. Additionally, we also know that the existence of
AuNRs has basically no major impact on the FTIR spectra.
As shown in Figure 3B, the UV−vis-NIR absorption spectra

of precursor-1 and precursor-2 exhibit absorption at 660 nm
(curves a and b) and 890 nm (broad peak only in curve a) due
to the presence of SE and AuNRs, respectively. After dilution
by a factor of 100 (curves a and b in the inset of Figure 3B), the
precursors exhibited strong absorption at 243 nm due to the π
→ π* transition absorption of the CC double bond. These
results confirm the presence of the AuNRs and SE in the
precursor and that SE is able to be excited by using 660 nm
light, which can further subsequently initiate the polymerization
of PEGDA.
Although the SE absorbs at 410 nm and its absorption

intensity could decrease as a consequence of photobleaching,
the absorbance of DPBF at 410 nm is so strong that the
absorption of SE can be ignored, as shown in the inset of Figure
3B. The extent of singlet oxygen generation is the critical step
in PDT. We subsequently compared the abilities of the
precursors to generate singlet oxygen. No obvious change in
the absorbance of DPBF could be observed under irradiation in
the presence of nothing (Figure 4A and curve a in Figure 4D),
whereas the decrease in the absorbance of DPBF is clear after
irradiation for 30 s when precursor-1 or precursor-2 is present
(Figure 4B and C). Furthermore, the DPBF with AuNRs in
precursor-1 exhibited faster degradation than that without
AuNRs through a comparison of curve b with curve c in Figure
4D. The results indicate that spinach extract can act as a
photodynamic agent to generate 1O2 and that AuNRs have a
positive effect on accelerating the generation of 1O2. Therefore,
the rate of singlet oxygen production may be controlled by
adjusting the content of AuNRs to achieve a better antitumor
effect. Additionally, temperature increase curves of the
precursors under irradiation by an 850 nm laser (SI Figure
S3) were also measured to demonstrate the remarkable
photothermal effect resulting from the AuNRs, showing a
possibility for combining PTT and PDT for the destruction of
cancer cells.
The standard MTT assay was conducted to determine the

relative viability of HeLa cells in the presence of the precursors.
HeLa cells were incubated with different concentrations of the
precursors, and the relative survival rates are shown in Figure 5.
As expected, the cell survival rates of the precursors exhibited a
downward trend when the concentrations of the precursors
were changed from 0.01 to 1 mL/mL, without irradiation. A

possible reason for this result is that both trace amounts of
CTAB from the AuNRs and the hydrophobic group of PEGDA
may have weak toxicities. However, even with the concen-
tration of precursor-1 up to 1 mL/mL, the relative cell survival
rates in the dark still reach 76.13%. After 10 min of rapid
irradiation, the viabilities of the HeLa cells sharply decrease for
the precursors. This concentration-dependent behavior reveals
that (1) both precursors have low cytotoxicities and are
biocompatible; (2) this system has the ability to kill cancer cells
in a short period of time and the presence of AuNRs can
accelerate cell death, for potential applications in the treatment
of cancer; and (3) the anticancer effect can be controlled by
regulating the concentration of the precursor.
Precursors labeled by FITC-dextran and observed via

fluorescence microscopy with a 488 nm excitation wavelength
were used to demonstrate their internalization within HeLa
cells. As shown in Figure 6A, there is almost no fluorescence
within the cells, other than the scattered points around the
cells. After incubation with FITC-dextran-labeled precursor-1
or precursor-2 for 1 h, the cells were washed three times with
PBS buffer. With laser excitation, intense green fluorescence is
clearly visible in the entire cell (Figure 6B and C). Such a fact
shows that precursors with FITC-dextran labeling were
successfully internalized into the cell interior. A possible
explanation for this result could be that there are interactions
(hydrogen bonding, van der Waals forces, hydrophobic
interactions, etc.) between PEG chains and sugar chains26

and phospholipid molecules27 on the cell membrane, such that
PEGDA can induce the destabilization of the lipid bilayer
membrane and then act as a transmembrane carrier to increase
the internalization of AuNRs and spinach extract in the cells.
Fluorescence imaging was used to demonstrate the in vitro

antitumor activities of precursor-1 and precursor-2. Hoechst
33342 can freely pass through cell membranes and stain nuclear
DNA blue. Intact membranes are impermeable to PI, which is
therefore only able to enter necrotic cells and late-phase
apoptotic cells to stain nuclear DNA red.28,29 Fluorescence
images of HeLa cells under different conditions are shown in
Figure 7. After culturing for 6 h with precursor-1 or precursor-2
without irradiation, cell death was not observed, as there are a
black (essentially no red) and blue merged image appeared in
Figure 7A and B, respectively. When the HeLa cells cultured
with precursors were subjected to light irradiation for 10 min,

Figure 5. In vitro phototoxicities of the precursors at different
concentrations with the volume ratio of precursor and medium
ranging from 1 to 0.01 mL/mL, with or without irradiation (660 nm
laser at a power density of 0.2 W/cm2 for 10 min). Error bars were
based on the SD of triplicate samples.
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strong red fluorescence images and purple merged images in
Figure 7C and D can be observed, showing that HeLa cells are
effectively killed by the 1O2 generated from SE and oxygen
during polymerization, which is consistent with the MTT
results. Additionally, a hydrogel shell (red arrows) that formed
on the cells could also be observed after photopolymerization,
as shown in Figure 7C and D.

■ CONCLUSION
A composite hydrogel that contained AuNRs, spinach extract,
and PEGDA was prepared through one-step in situ photo-
polymerization under 660 nm laser irradiation, for photo-
thermally enhanced PDT. AuNRs exhibit an outstanding
photothermal effect for increasing the local temperature in
lesions, and they can accelerate the formation of hydrogels and
the generation of 1O2 due to the introduction of SE. This

system with good biocompatibility has remarkable photo-
toxicity under laser irradiation along with the entry of SE into
cells. In addition, the localized composite hydrogel could be
loaded with other antineoplastic agents, and the hydrogel shell
on the cells could prevent their migration into normal tissue,
thus maintaining a high drug concentration at the tumor cells,
which enhances the antitumor curative effect. This approach,
the combination of PTT, PDT, and localized gelation,
demonstrates a synergistic effect in cancer therapy and holds
potential for future applications in biomedicine.

■ ASSOCIATED CONTENT

*S Supporting Information
UV−vis absorption spectra, zeta potentials, and temperature
rising curves of the precursors under 850 nm laser irradiation

Figure 6. Fluorescence microscopy images showing the localization of FITC-dextran labeling: (A) nothing, (B) precursor-1, and (C) precursor-2
with HeLa cells. The scale bars are 100 μm.

Figure 7. Fluorescence images of HeLa cells incubated with (A) precursor-1 or (B) precursor-2 without irradiation, and incubated with (C)
precursor-1 or (D) precursor-2 with exposure to 660 nm irradiation for 10 min. Each series can be classified by the cell nucleus dyed in blue by
Hoechst 33342, red by PI, and the merged images of both above, respectively. The scale bar is 200 μm.
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for different lengths of time. This material is available free of
charge via the Internet at http://pubs.acs.org.
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