
Materials Today Bio 12 (2021) 100154
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Localized disruption of redox homeostasis boosting ferroptosis of tumor by
hydrogel delivery system

Xiaomin Su a,b,1, Yongbin Cao c,1, Yao Liu d, Boshu Ouyang e,g, Bo Ning a, Yang Wang a,
Huishu Guo a,**, Zhiqing Pang f,***, Shun Shen b,*

a Central Laboratory, First Affiliated Hospital, Institute (College) of Integrative Medicine, Dalian Medical University, Dalian, 116021, China
b Center for Medical Research and Innovation, Shanghai Pudong Hospital, Fudan University Pudong Medical Center, Shanghai, 201399, China
c Zhuhai Precision Medical Center, Zhuhai People's Hospital (Zhuhai Hospital Affiliated with Jinan University), Zhuhai, 519000, Guangdong, PR China
d The Institute for Translational Nanomedicine, Shanghai East Hospital, Tongji University School of Medicine, Shanghai, 200120, China
e Department of Integrative Medicine, Huashan Hospital, Fudan University, Shanghai, China
f School of Pharmacy & Key Laboratory of Smart Drug Delivery, Fudan University, Shanghai, 201203, China
g Institutes of Integrative Medicine, Fudan University, Shanghai, China
A R T I C L E I N F O

Keywords:
Ferroptosis
Redox homeostasis
Glutathione peroxidase
Alkyl radicals
Hydrogel
Abbreviations: LPO, lipid peroxides; ALG, sodium
diamidino-2-phenylindole; DLS, dynamic light scat
serum; R�, alkyl radicals; GSH, glutathione; HE, hem
oxygen species; NPs, nanodrugs; PTT, phototherma
dichlorofluorescin diacetate; DTNB, 5,50-Dithiobis-(
* Corresponding author.
** Corresponding author.
*** Corresponding author.

E-mail addresses: guohuishu1@126.com (H. Guo
1 These authors contributed equally to this work

https://doi.org/10.1016/j.mtbio.2021.100154
Received 23 August 2021; Received in revised form
Available online 2 November 2021
2590-0064/© 2021 Published by Elsevier Ltd. This
A B S T R A C T

Ferroptosis has received ever-increasing attention due to its unparalleled mechanism in eliminating resistant
tumor cells. Nevertheless, the accumulation of toxic lipid peroxides (LPOs) at the tumor site is limited by the level
of lipid oxidation. Herein, by leveraging versatile sodium alginate (ALG) hydrogel, a localized ferroptosis trigger
consisting of gambogic acid (GA), 2,20-azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride (AIPH), and Ink (a
photothermal agent), was constructed via simple intratumor injection. Upon 1064 nm laser irradiation, the stored
AIPH rapidly decomposed into alkyl radicals (R�), which aggravated LPOs in tumor cells. Meanwhile, GA could
inhibit heat shock protein 90 (HSP90) to reduce the heat resistance of tumor cells, and forcefully consume
glutathione (GSH) to weaken the antioxidant capacity of cells. Systematic in vitro and in vivo experiments have
demonstrated that synchronous consumption of GSH and increased reactive oxygen species (ROS) facilitated
reduced expression of glutathione peroxidase 4 (GPX4), which further contributed to disruption of intracellular
redox homeostasis and ultimately boosted ferroptosis. This all-in-one strategy has a highly effective tumor sup-
pression effect by depleting and generating fatal active compounds at tumor sites, which would pave a new route
for the controllable, accurate, and coordinated tumor treatments.
1. Introduction

Ferroptosis, marked by the accumulation of iron-dependent LPOs, is
another intriguing form of programmed cell necrosis discovered in recent
years [1–3]. Unlike traditional programmed cell death, ferroptosis is
expected to be a promising treatment for cancer due to the independence
of point apoptosis-related proteins [4,5]. Previous research has shown
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reportedly also promotes ferroptosis in cancer cells. Hence, various
strategies to inactivate GPX4, especially the use of GSH scavengers, such
as erastin [11,12], and L-buthionine sulfoximine [13–15], have attracted
widespread interest. Although these agents have shown potential in
ferroptosis-induced cancer therapy, their therapeutic efficiency still re-
mains to be enhanced because of the abundant supply of GSH from the
rapid proliferation of tumor tissue [16]. Therefore, decreasing the anti-
oxidant capacity of tumor cells together with triggering oxidative stress
to completely block redox homeostasis and aggravate LPOs accumulation
may be critical to the success of tumor ferroptosis therapy.

Redox homeostasis refers to the equilibrium between the production
and elimination of ROS, which plays a unique role in the process of
ferroptosis [17] and could protect cancer cells from oxidative stress and
promote cell proliferation and tumor growth. Therefore, upsetting the
redox balance is a promising strategy for cancer treatment. However,
previous studies have focused on reducing the antioxidant capacity [18,
19] or increased oxidative stress [20] unilaterally. The increase in
oxidative stress mainly depends on a singlet oxygen, hydroxyl radicals, or
peroxides produced by various strategies. However, cancer cells have
evolved a powerful antioxidant system, of which GSH is a characteristic
antioxidant, to counter oxidative stress. The main processes of GSH
consumption are the oxidation of GSH [21,22], hindrance of GSH com-
posites [23,24], and the increase of GSH outflow [25]. Intriguingly, GSH
consumption is related to ferroptosis. Consumption of GSH will cause
inactivation of GPX4, which could catalyze the degradation of hydrogen
peroxide and hydroperoxide and inhibit the generation of lipid ROS [26].
Numerous nanomaterials with GSH depletion abilities have been shown
to trigger ferroptosis, providing supplementary strategies for inducing
ferroptosis [27]. For example, Zhao and his collaborators used
electron-accepting micelles to deplete the reduced nicotinamide adenine
dinucleotide phosphate and impaired GSH and thioredoxin redox cycle
for ferroptosis-induced tumor eradication [28]. Cai and his coworkers
used targeted nanosheets with Fe (II) overload and GSH consumption to
induce ferroptosis through GSH consumption and abnormal iron meta-
bolism [29]. Nonetheless, a unilateral strategy is far from sufficient to
eliminate all tumor cells [30]. To completely break the redox balance for
more effective treatment of tumors, strategies to reduce the antioxidant
capacity of tumor cells need to be combined with other methods to
enhance oxidative stress and LPOs accumulation.

In recent years, the use of cytotoxic free radicals to eliminate tumors
has emerged as a treatment strategy. It is well known that the hypoxic
tumor microenvironment affects the production of ROS [31]. The com-
pound AIPH has good water solubility and can decompose into alkyl
radicals under heat even under anaerobic conditions [32–36]. For
instance, Huang et al. loaded AIPH into porous hollow iron-oxide
nanoparticles and induced its magnetothermal decomposition [37].
Alternatively, Li and collaborators reported a Bi2Se3 nanoparticles that
could melt lauric acid under photothermal conditions and promote the
release and decomposition of AIPH [36]. Further, in our previous
research, we reported that AIPH combined with low-temperature pho-
tothermal therapy (PTT) achieved antitumor therapy through lipid per-
oxidation [33]. We are aware of only a few reports concerning the
combination of free radicals and GA to destroy tumors through the fer-
roptosis pathway with depletion of GSH and aggravation of LPOs accu-
mulation [38].

GA is one of the effective ingredients extracted from the Garcinia
cambogia tree and has been proven to have excellent and extensive
antitumor effects on breast cancer, lung cancer, and gastric cancer,
among others, in clinical practice [39–42]. The outstanding therapeutic
efficacy can be attributed to the broad-spectrum mechanism of GA that
involves, but is not confined to, induction of apoptosis, antiproliferation,
and suppression of the NF-κB signaling pathway [42–44]. Moreover, GA
has been shown to inhibit HSP90 expression and increase GSH depletion
in cancer cells [41,45]. Previous studies have demonstrated that GA
mainly targeted TrxR and inhibited the reduction of thioredoxin, which
ultimately resulted in ROS generation and the disruption of intracellular
2

redox homeostasis [44,46,47]. For example, Liang and a coworker re-
ported a HA–GA@Ce6 nanoparticle that could deplete intracellular GSH
to enhance photodynamic therapy [48]. Furthermore, Lan et al. prepared
a new carrier-free GA–Ce6–FA nanoparticles, which induced GA to
consume GSH to enhance chemophotodynamic therapy through drug
release triggered by a slightly acidic environment [46]. Therefore, GA,
whether alone or in combination, is a promising drug for the treatment of
tumors.

The study aim was to investigate a simple drug delivery system that
induces ferroptosis of tumor cells with the use of an injectable ALG
hydrogel to encapsulate GA, AIPH, and Ink (Scheme 1). ALG consists of
guluronic and mannuronic acid regions, which could quickly bind to
Ca2þ in vivo to form the structure of “egg box”. One of the main prop-
erties of ALG is the formation of an in-situ hydrogel [49–52]. Biocom-
patible and biodegradable ALG was used as a drug carrier to achieve
appropriate controlled release of the drugs in tumor tissues. Compared
with other gels, ALG has excellent properties, such as softness,
non-toxicity, high water content, and the structure similar to that of the
extracellular matrix [53], which has led to its wide use as a drug carrier
[50,54], in cell transplants [55,56], and in wound dressing [57,58].
Conventional Chinese Ink, with excellent photothermal performance and
superior biocompatibility, was selected as a photothermal agent [59,60].
The AIPH, GA, Ink, and ALG were simply mixed, and a minimally inva-
sive methodwas used to inject the mixture into the tumor. Upon 1064 nm
laser irradiation, the increased temperature in the tumor caused
decomposition of AIPH into R� and oxidation of cell membrane lipids. To
upset the redox balance, GA was used to consume GSH, which reduces
the antioxidant capacity of cells. In addition, GA has also been shown to
inhibit HSP90, diminish the heat tolerance of tumor cells, and strengthen
the antitumor effect [61–65]. The synergistic effect of GA and AIPH was
found to aggravate increased lipid oxidation in cell membranes and to
induce ferroptosis. Furthermore, the synchronous consumption of GSH
and increase in ROS also facilitated reduced expression of GPX4, which
further contributed to the disruption of intracellular redox homeostasis
and ultimately induced ferroptosis. With advantages over the
single-agent treatment approach, this design exhibits a synergistic effect
in the treatment process in vivo and in vitro and is potentially a break-
through in tumor therapy.

2. Materials and methods

2.1. Materials

GA of 97.0% purity over was supplied by Aladdin Corporation
(Aladdin, Shanghai, China). Hu-Ink was the product of Hu Kai wen Ink
Factory, China. GPX4 and HSP90 antibodies were the products of Abcam
(Shanghai, China). AIPH, sodium alginate, and Calcium chloride were
purchased from Aladdin Company (Shanghai, China). Cell counting kit-8
(CCK–8), Live and Dead Dye Kit, 40,6-Diamidino-2-phenylindole (DAPI)
were provided by Key Gen Bio-Tech (Nanjing, China). 2,2-Azobis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,7-dichlorofluorescin
diacetate (DCFH-DA) were obtained from Sigma-Aldrich. BCA protein
assay kit was provided by Multisciences (Nanjing, China). Dulbecco's
modified Eagle's medium were purchased from GE Healthcare Life Sci-
ence. The concentration of GSH in the cell was detected by 5,50-Dithiobis-
(2-nitrobenzoic acid) (DTNB) Macklin (Shanghai, China). Life Science
(Gibco, Pittsburgh, USA) provided fetal bovine serum and tryp-
sin�EDTA. Nude mice were provided by Shanghai SLAC Lab Animal Co.
Ltd. TUNEL assay apoptosis detection kit was purchased from absin
(Shanghai, China).

2.2. Construction and characterization of hydrogels

Firstly, the enrichment of Ink was diluted with distilled water to get
lower concentrations, which could be stored for further experiment.
Malvern Zetasizer ZS90 device was exploited to measured z-average



Scheme 1. Schematic diagram of the mechanism of GA–AIPH–Ink–ALG inducing ferroptosis.
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diameter and zeta potentials of Ink. ALG, Ink, AIPH, and GA were simply
mixed to obtain an injectable ALG–Ink–AIPH–GA cocktail. Owing to the
invariable concentration of Ca2þ in vivo, it is necessary to select the
appropriate concentration of ALG mixed solution. The property of ALG
hydrogel is related to concentration. To confirm the hydrogel perfor-
mance of ALG, Ink (1 mg/mL) and increasing concentrations of ALG (1, 5,
10, and 20 mg/mL) were mixed in a small beaker. Subsequently, the
mixture was injected into the solution containing 1.8 mmol/L Ca2þ. At
the same time, separate Ink or ALG–Ink mixed solution containing 5 mg/
mL ALG was contrasted by the same method, and pictures were taken at
different times. A scanning electron microscope (SEM) was used to
visually observe the appearance of ALG–Ink–AIPH–GA. The drug release
from the ALG–Ink–AIPH–GA hydrogel was detected by spectrophotom-
eter (PerkinElmer Lambda 750). 100 μL of ALG (5 mg/mL) mingled with
Ink (1 mg/mL) or AIPH (200 μg/mL) or GA (200 μg/mL) were breathed
into 4 mL Ca2þ solution, and they were wobbled on a constant temper-
ature shaker for 24 h at 37 �C. The UV–Vis–NIR spectrophotometer was
employed to detect the absorption spectrum of the supernatant and the
photographs were taken by mobile phone.

2.3. Photothermal effects measurements

To investigate the photothermal performance of the mixed solution,
different groups of H2O, ALG, Ink, GA, ALG–Ink, ALG–Ink–AIPH, and
ALG–Ink–AIPH–GAwere irradiated with a 1064 nm laser (0.5W/cm2) for
10 min. Near-infrared imager was applied to record temperature
changes. Subsequently, the photothermal performance of Ink at diverse
concentrations were monitored by the method mentioned above. Finally,
the photothermal stability of Ink and gel composites was also explored
through a near-infrared equipment.
3

2.4. Detection of free radicals

The formation of free radical was detected by the principle that ABTS
could capture free radical to form ABTSþ�. The AIPH (200 μg/mL,
0.2 mL) was mixed with ABTS liquid (2 mg/mL, 0.2 mL). The mixture
was avoided from laser illumination and subjected to reaction in 37 �C or
44 �C water bath for 2, 4, and 6 h, respectively. The absorbance of
ABTSþ� solution ranging from 400 to 900 nm was measured with a UV-
Vis spectrophotometer.

To detect the formation of ABTSþ� under laser irradiation, ABTS
aqueous solution (2 mg/mL, 0.2 mL) and ALG–Ink–AIPH–GA aqueous
solution (2 mg/mL, 0.2 mL) were mixed in a test tube, and the solution
was illuminated with a 1064 nm laser (0.5W/cm2) for different times.
The UV-Vis spectrophotometer was used to record the absorbance of the
liquor from 400 to 900 nm at diverse time points. The automatic
microplate spectrophotometer was employed to note the absorbance
curve of different groups of diluted solution at 736 nm with different
irradiation times.

2.5. Detection of free radicals in cells

The formation of free radicals was detected by DCFH-DA in cells.
HCT116 cells were hatched with different concentrations of AIPH
(60 μg/mL), Ink (25 μg/mL), ALG (1 mg/mL), GA (1 μg/mL), with or
without 1064 nm laser irradiation (0.5 W/cm2, 10 min), and incubated
for another 6 h. Then, the cells were cleansed with PBS two times, and
hatched with DCFH-DA (20 μM) for 25 min. Finally, the supernatant
solution was removed and the nuclei were labeled with DAPI for 10 min
in the dark. CLSM or flow cytometry was applied to observe the fluo-
rescence of DCF.
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2.6. In vitro synergistic cytotoxicity

To explore the synergistic therapeutic effect of AIPH-Ink-GA-ALG
hydrogel with or without NIR irradiation, CCK-8 kit was used. Firstly,
HCT116 cells were seeded in 96-well plates and cultured for 24 h. Af-
terwards, HCT116 cells treated with different groups and different con-
centrations for 12 h. The medium was removed and CCK-8 kit was added
into each well for another 1 h.

The death of HCT116 cells induced by different dosage forms was
qualitatively evaluated by Calcein-AM/PI co-staining. 1.5 � 105 cells
were inoculated in a confocal dish with a diameter of 20 mm. The cells
were incubated to make them adhere to the wall and were randomly
divided into different groups. Then different preparations (AIPH (60 μg/
mL), Ink (25 μg/mL), ALG (1 mg/mL), GA (1 μg/mL)) were added into
the dishes for 1 h. They were irradiated with or without a 1064 nm laser
for 10 min and cultured for another 12 h. The cells were stained with a
Calcein-AM/PI probe (4mmol/L at 37 �C for 15min) and observed with a
confocal microscope. ImageJ software was used for fluorescence semi-
quantification to compare the proportion of living and dead cells.

2.7. Lipidomic analysis

First, HCT116 cells were plated in a culture dish (105 cells/well) and
incubated with DMEM for 24 h. HCT116 cells were subjected to different
treatments (control, GA, ALG–Ink, ALG–Ink–AIPH–GA) with or without
1064 nm laser for 10 min and incubated for another 6 h. Cells were
collected for the following operations. 1. To the 2 mL EP tube containing
each cell, add 750 μL chloroform methanol (2:1) solution (- 20 �C), add
100 mg glass beads, vortex oscillation for 30 s, put the centrifuge tube
containing the sample in the 2 mL adapter of the instrument, immerse it
in liquid nitrogen for 5 min, take out the centrifuge tube, freeze and thaw
it at room temperature on the double-sided plate, put the centrifuge tube
in the 2 mL adapter again, install it in the grinder, and oscillate for 2 min
at 50 Hz; 2. Place on the ice for 40 min, add 190 μL H2O, vortex for 30 s,
3. Centrifuged at 12000 rpm for 5 min and take 300 μL of the precipitate,
4. Add 500 μL of Chloroform methanol mixed solution (pre-cooled at
-20 �C), 5. Centrifuged at 12000 rpm for 5 min and take 400 μL of the
precipitate. The sample was concentratedly dried in a vacuum drying
oven, 6. Dissolve samples with 200 μL isopropanol, and the supernatant
was filtered through 0.22 μm membrane to obtain the prepared samples
for LC-MS.

2.8. Immobilization of in-situ hydrogels

To assess the immobility of the hydrogels in vivo, nude mice were
injected subcutaneously with 60 μl of ICG or ALG–ICG (ICG 200 μg/mL,
ALG 5 mg/mL). The drug diffusion was observed with a fluorescence
imaging system. Meanwhile, two groups of nude mice were injected with
60 μl of Ink and ALG–Ink (Ink 200 μg/mL, ALG 5mg/mL) subcutaneously
to observe the diffusion of the drug in the body. After 48 h, photos of the
incision of the skin tissue were taken.

2.9. Photothermal effect in vivo

Different groups (PBS, Ink–ALG, AIPH–Ink–ALG, GA–ALG,
ALG–Ink–GA, Ink–AIPH–GA, ALG–Ink–AIPH–GA) were irradiated with a
1064 nm laser for 10 min (0.5W/cm2), and the thermal imaging system
was exploited to record temperature.

2.10. Detection of GSH

Firstly, HCT116 cells were plated in the 6-well plate (2 � 105) and
cultured for 24 h. The different groups were treated with equal concen-
tration for 1 h. Then, they were irradiated with a 1064 nm laser (0.5 W/
cm2) for 10 min and incubated for another 11 h. Secondly, the cells were
washed with pre-cold PBS and collected with a cell scraper.
4

Subsequently, the cells were lysed for 20 min with Triton-X-100 lysis
buffer and centrifuged for 10 min (1000G 4 �C). As a final point, the
supernatant (50 μL) was mixed with 200 μL DTNB (200 μM) for 30 min,
and the absorbance was measured by microplate analyzer at 412 nm.
GSH was evaluated in vivo with the same method.

2.11. Western blot

Briefly, HCT116 cells were inoculated on 6-well plates (1.5� 105) for
24 h. Then, different groups at an equivalent concentration ((AIPH
(60 μg/mL), Ink (25 μg/mL), ALG (1 mg/mL), GA (1 μg/mL)) were
treated with HCT116 cells. After incubation for 8 h, the cells were
washed three times with PBS, collected, and lysed. The lysates of the cells
were operated in accordance with the standard instructions. GAPDH was
used as a control.

2.12. In vivo antitumor study

The mice were randomly divided into 6 groups (PBS, Ink–ALG–laser,
AIPH–Ink–ALG–laser, GA–ALG–Laser, GA–Ink–ALG–Laser,
GA–Ink–AIPH–ALG–Laser, GA–Ink–AIPH–ALG–Fer-1–Laser) when the
tumor volume reached 100 mm3 (n ¼ 5). The drug was injected intra-
tumorally on day 0 and irradiated with a1064 nm laser. After laser
irradiation (day 0), tumor volume and body weight of mice were recor-
ded every other day for 15 days. The second irradiation was performed
with a 24 h interval from the first irradiation. After 15 days, the tumor
and main organs were taken out for hematoxylin and eosin (H&E) and
TUNEL staining to evaluate the anti-tumor effect and biological safety.
Tumor growth inhibitory rate (IR) and tumor volume were separately
calculated with the below formulas.

V
�
mm3

�¼ 0:5�W2 � L

IR¼ðWblank �WtreatÞ =Wblank � 100%

2.13. Statistical analysis

Statistical differences between the two groups were assessed with the
unpaired student t-test. Multiple group comparisons were performed by
the Bonferroni test for two-way ANOVA. *P < 0.05, * *P < 0.01, * *
*P < 0.001 was considered statistically significant and ns represented no
significance. All data are expressed as mean � standard deviation.

3. Results and discussion

3.1. Characterization of the GA-AIPH-Ink-ALG hydrogel

ALG is a water-soluble polysaccharide that can be cross-linked with
the physiological concentration of Ca2þ to rapidly form hydrogels [66].
To explore the influence of ALG concentration on the formation of
hydrogels, various concentrations of ALG solution with a constant con-
centration of Ink were administered to the simulated physiological con-
centration of Ca2þ solution (1.8 mM) [52]. The Ink was used not only as a
photothermal reagent, but also as a visual indicator for observing
whether gelatin was formed. As shown in Fig. S1, gel formation depen-
ded on the increase of ALG concentration. When the concentration of
ALG was only 1 mg/mL, the mixture diffused rapidly at the bottom of the
cup due to its weak gelation. With the increase of ALG concentration to 5,
10 and 20 mg/mL, the ALG–Ink mixture quickly turned into the gel in the
Ca2þ solution. Within half an hour, the shape of the hydrogel barely
altered. By comparison, free Ink was injected into an aqueous solution
containing Ca2þ, and Ink rapidly dispersed throughout the solution
(Fig. 1A). Two hours later, the ALG–Ink gel could be easily picked up. It is
worth noting that when the concentration of ALG was >5 mg/mL, the
viscosity was too large and not conducive to injection. However,



Fig. 1. Characterization of GA–AIPH–Ink–ALG hydrogel. (A) Photographs of Ink and ALG-Ink fluid after being injected into the Ca2þ-containing solution at different
times (ALG 5 mg/mL). (B) SEM image of GA–AIPH–Ink–ALG, scale bar ¼ 100 nm. (C) The UV–Vis–NIR spectra of different solutions. (D) The appearance of drug
release changed at 0 h and 24 h. UV–Vis measured the release of GA (E), AIPH (F), and Ink (G) from ALG after 24-h of shock.
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5 mg/mL of ALG was added to the Ca2þ solution to form a hydrogel with
weaker mechanical intensity and variable morphology. Based on the
above results, ALG concentration of 5 mg/mL was selected for subse-
quent experiments.

The results of dynamic light scattering indicated that the hydrody-
namic diameter of the aqueous dispersion of the Ink was approximately
176.3 nm and the zeta potential was approximately �14.033 mV
(Fig. S2). This result was similar to that in a previous report [60]. Next,
SEM was employed to characterize the morphology of hydrogels. As
shown in Fig. 1B, a large number of Ink nanoparticles gathered on the
surface of the gel, indicating that the cross-linking between ALG and Ca2þ
5

could effectively fix Ink nanoparticles. We used UV–Vis to measure the
absorbance of AIPH, Ink, ALG, GA, and AIPH–Ink–GA–ALG. As shown in
Fig. 1C, Ink had a higher absorbance from 300 nm to 1200 nm, which
proved that Ink could be used as a photothermal agent. ALG had almost
no absorbance, AIPH and GA had strong absorption peaks at 360 nm and
370 nm, respectively, but the mixed solution had the absorption char-
acteristics of AIPH, GA, and Ink, which verified that AIPH, GA, and Ink
were encapsulated in ALG cross-linked with Ga2þ. Constant temperature
oscillation was employed to mimic the dynamics in vivo, as shown in
Fig. 1D, only a small amount of Ink was freed from the hydrogel after
24 h. To further investigate the release of the drug from hydrogel, a UV
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spectrophotometer was applied to investigate the absorption spectra of
GA, Ink, and AIPH in the supernatant of the released solution. At 0 h,
UV–Vis absorption hardly appeared owing to no drug discharge. After
24 h, the distinctive absorbance of GA, Ink, and AIPH emerged
(Fig. 1E–G), showing that small amounts of GA, Ink, and AIPH were
liberated from the ALG. However, the absorbance was much lower than
free-GA, Ink, and AIPH. The results demonstrated that the gel was an
untight structure, which was similar to the literature report [52].
Fig. 2. Photothermal conversion property and free radical release. (A) The tempera
irradiation (the initial mean temperature was 26.98 �C) and (B) corresponding photo
laser (0.5 W/cm2) irradiation (the initial mean temperature was 26.74 �C) and (D) re
Ink. (F) The generation of ABTSþ� in ABTS and AIPH at different temperatures and
GA–AIPH–Ink–ALG under 1064 nm (0.5 W/cm2) laser irradiation for different times. (
irradiation time.

6

3.2. Photothermal effects and extracellular free-radical detection

Ink has strong absorbance in the second near-infrared (NIR-II), which
inspired us to explore the photothermal properties of different groups
[60]. As presented in Fig. 2A, with the concentration of Ink increasing,
the temperature of the solution also increased in a dose-dependent
manner, indicating that the photothermal performance depended on
the concentration of the Ink. For instance, the temperature of Ink at a
concentration of 25 μg/mL increased from 26.90 �C to 44.80 �C after
10 min of 1064 nm laser irradiation. To achieve low-temperature PTT,
ture curves of Ink at various concentrations under 1064 nm laser (0.5 W/cm2)
thermal images. (C) The temperature change of different groups with 1064 nm
presentative photothermal images. (E) Cycle stability of GA–AIPH–Ink–ALG and
times. (G) The absorption of ABTSþ� produced from the reaction of ABTS and
F) The absorbance of different groups at 736 nm with a prolonged 1064 nm laser
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we ultimately selected the concentration of Ink as 25 μg/mL for subse-
quent research. The temperature changes were detected by infrared
thermal imaging device (Fig. 2B). The photothermal effect of Ink and its
hydrogel mixed solution were also explored (Fig. 2C and D). For a con-
stant concentration of Ink (25 μg/mL), the temperature of Ink, ALG–Ink,
ALG–Ink–AIPH and ALG–GA–AIPH–Ink groups increased notably, and
the temperature rise was substantially the same, attaining approximately
44 �C, whereas a negligible temperature rise was detected for the sepa-
rate GA, H2O, AIPH, and ALG components under the same laser irradi-
ation conditions. Furthermore, photothermal stability was also evaluated
by recording the temperature curve of the Ink and GA–AIPH–Ink–ALG
solution. As displayed in Fig. 2E, no obvious damping was observed
during the unabridged procedure, emphasizing the superior photo-
thermal stability of Ink and GA–AIPH–Ink–ALG solution. In addition, it
showed that GA, AIPH, and ALG did not affect photothermal stability.
The above results confirmed that Ink could be used as an effective pho-
tothermal agent for NIR–II–triggered AIPH decomposition.

The decomposition capability of AIPH was explored by measuring the
UV–Vis spectrum of ABTSþ�. As a probe, ABTS could react with alkyl
radicals to produce green ABTSþ�, which has a typical UV absorption
peak in the range of 400–900 nm. The relationship between the forma-
tion of ABTSþ� and temperature was explored when ABTS and AIPHwere
incubated for the identical time. As presented in Fig. 2F, when ABTS and
AIPH react at the same temperatures, the generation of ABTSþ� was
closely related to time. However, under equal incubation times, the
concentration of ABTSþ� at 44 �C was notably higher than that at 37 �C,
demonstrating that the disintegration rate of AIPH was quicker at
elevated temperatures. Furthermore, the ABTSþ� production capability
was investigated by incubating ABTS with GA–AIPH–Ink–ALG under
1064 nm laser irradiation for different times (Fig. 2G). The absorbance of
ABTSþ� increased with prolongation of the laser irradiation time. ABTSþ�

had a characteristic absorption peak at 736 nm. The absorption peak of
ABTSþ� at 736 nm was time dependent, which demonstrated that the
release of R� increased with prolonged irradiation time (Fig. 2G). A
microplate reader was used to measure the absorbance at 736 nm of
AIPH–Ink and GA–AIPH–Ink–ALG irradiated at different times. As shown
in Fig. 2H. When the irradiation time was <10 min, the absorbance of
AIPH–Ink and AIPH–Ink–GA–ALG increased with the prolongation of the
irradiation time, whereas when the irradiation time was >10 min, the
absorbance slightly changed, indicating that the release of AIPH peaked
when irradiated for 10 min. Moreover, the absorbance of the AIPH group
showed almost no increase, indicating that the decomposition of AIPH
was due to the photothermal conversion of Ink upon 1064 nm laser
irradiation.

3.3. In vitro antitumor effect

To explore the antitumor effect in vitro, CCK-8 assays were utilized to
investigate cell vitality. Firstly, HCT116 cells were incubated with dis-
similar concentrations of AIPH, Ink, or ALG. As shown in Fig. S3A, there
was almost no obvious cytotoxicity to HCT116 cells after 24 h even
though the concentrations of AIPH, Ink, and ALG reached 200 μg/mL,
400 μg/mL, and 2 mg/mL correspondingly, indicating that AIPH, Ink,
and ALG have excellent biocompatibility. While when GA was incubated
with HCT116 cells, the cell viability uninterruptedly declined with
increasing GA concentration, showing that GA had obvious cytotoxicity.
Furthermore, we evaluated the cytotoxicity of different groups to
HCT116 cells in the presence or absence of 1064 nm laser irradiation. As
Fig. S3B shows, free AIPH did not cause significant cytotoxicity. In the
Ink group, when the concentration reached 25 μg/mL, the cell survival
rate was 71.60% after 10 min of the 1064 nm laser irradiation (Fig. S3C),
showing that low-temperature PTT alone had only a feeble antitumor
effect. Successively, the synergistic therapeutic effect of AIPH–Ink with
or without 1064 nm laser irradiation was assessed. As displayed in
Fig. 3A, the cell viability continued to decrease with the increasing
concentration of AIPH under laser irradiation. When the concentration of
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AIPH increased to 200 μg/mL, cell viability decreased to 25.60%, and no
evident cytotoxicity was observed without laser, indicating that cell
cytotoxicity was caused by the thermal disintegration of AIPH into alkyl
radicals. This result was consistent with our previous research results.
AIPH was decomposed into cytotoxic R� by laser irradiation in the
presence of the photothermal agent and induced apoptosis through lipid
oxidation [33]. Another study used AIPH-loaded mesoporous silica on
the surface of two-dimensional Nb2C MXene nanosheets to induce tumor
cell apoptosis through thermally decomposed AIPH in the hypoxic tumor
microenvironment [32]. Next, to corroborate the synergy effect between
GA and Ink, GA with or without laser was examined. As shown in Fig. 3B
and C, there was no obvious difference between the GA–Laser and GA
groups. Nevertheless, the cell viability of the GA–Ink–Laser group (Ink
concentration of 25 μg/mL) decreased continuously with increasing GA
concentration. When the concentration of GA reached 2 μg/mL, the
corresponding cell viability decreased to 14.9%. In addition, the half
maximal inhibitory concentration (IC50) of GA–Ink–Laser (0.83 μg/mL)
in HCT116 cells was lower than that of the GA–Laser (0.93 μg/mL) group.
The above results implied that the synergistic effect of GA and Ink
augmented the antitumor effect. Previous studies have shown that GA
and HSP90 had specific binding sites that could inhibit the expression of
HSP90 [61,62]. Therefore, we speculated that the synergy effect was
related to the expression of HSP90. The western blot experiment showed
the expression of HSP90 in cells. As illustrated in Fig. 3I, S4, the
expression of HSP90 in the Ink–Laser and AIPH–Ink–Laser groups
improved notably compared with the control group, indicating that
laser-induced low-temperature photothermal increased the expression of
HSP90. However, the level of HSP90 in the GA–Ink–Laser group
decreased significantly, indicating that GA could inhibit HSP90. More-
over, compared with the AIPH–Ink–Laser group, the GA–AIPH–Ink–Laser
and GA–AIPH–Ink–ALG–Laser groups revealed decreased levels of
HSP90, which further verified that GA could bind HSP90. Finally, the
synergistic antitumor effects of AIPH, Ink, and GAwere also investigated.
As illustrated in (Fig. 3D and E), the GA–AIPH–Ink–ALG and
GA–AIPH–Ink group with laser irradiation both exhibited predominant
cytotoxicity under the same conditions. Notably, for free GA with laser
irradiation, when the concentration was up to 1 μg/mL, the cell viability
reached 50.10%. For the GA–AIPH–Ink–ALG and GA–AIPH–Ink groups
with laser irradiation, the cell viability was lower compared to GA–Laser
group. Furthermore, in the IC50 graph (Fig. 3F), the cytotoxicity
increased with lower concentrations of the GA–AIPH–Ink–ALG–laser
(0.39 μg/mL) and GA–AIPH–Ink–laser (0.49 μg/mL) groups relative to
those of the GA–Laser group (0.93 μg/mL). As expected, the synergistic
therapeutic effects of free radicals and GA was most effective at trig-
gering tumor cell death. To further corroborate the ability to inhibit
tumor cells, live and dead staining assays were performed to intuitively
observe the living and dead cells by confocal fluorescence imaging. As
presented in Fig. 3G and H, no obvious red fluorescence could be
detected for the cells treated with 1064 nm laser alone or in the
AIPH–Laser and AIPH–Ink groups, suggesting that the Laser, AIPH–Laser,
and AIPH–Ink groups had enervated ability to kill HCT116 cells. The cells
incubated with GA, GA–Ink, AIPH–Ink exposed to a 1064 nm laser, a
portion of dead cells was observed, and the proportions of dead cells were
12.80%, 43.23%, and 24.32%, respectively. When the HCT116 cells were
treated with GA–AIPH–Ink–ALG or GA–AIPH–Ink with a 1064 nm laser,
almost all of the red fluorescence was observed, showing that
GA–AIPH–Ink–ALG and GA–AIPH–Ink with 1064 nm laser had excellent
antitumor effects, and the cell death rates were 93.38% and 97.64%,
respectively. These results indicated that GA combined with AIPH, Ink,
and PTT had synergistic antitumor effects in vitro.

3.4. Mechanism of GA–AIPH–Ink–ALG-induced ferroptosis in vivo

To investigate the synergistic antitumor mechanism of GA–AIPH–
Ink–ALG, we analyzed how GA–AIPH–Ink–ALG induces cell death. Pre-
vious studies have shown that GSH was highly expressed in tumors to



Fig. 3. Synergistic treatment of GA–AIPH–Ink–ALG in vitro. (A) Corresponding cell viability after being treated with an increasing concentration of AIPH and constant
concentration of Ink. (B) Cell activity after dealing with elevated concentration of GA. (C) Cell viability after treatment with different concentrations of GA and stable
concentration of Ink. (D) Cell viability after treatment with different concentrations of GA and constant concentration of Ink and AIPH. (E) Cell viability after treatment
with different concentrations of GA and Changeless concentration of Ink, AIPH, and ALG (all of the above groups were divided into with and without 1064-nm laser
(0.5 W/cm2) irradiation groups) (F) IC50 of different groups. (G) Confocal images of HCT116 cells co-stained Calcein -AM (green) and PI (red) after incubation with
different groups (scale bars ¼ 50 μm) and (H) corresponding semi-quantitative analysis of (G). (I) Western blot expression of HSP90 after incubation with HCT116 cells
in different groups.

X. Su et al. Materials Today Bio 12 (2021) 100154
achieve rapid tumor proliferation and redox balance. Therefore, the
consumption of GSH could break the redox balance and achieve a better
therapeutic effect [7,67]. In addition, rapid consumption of GSH could
inhibit the GPX4 expression, which was a cofactor, and inhibited the
conversion of toxic LPO to nontoxic hydroxyl compounds (LOH), thus
resulting in ferroptosis [5]. We hypothesized that GA–AIPH–Ink–ALG
hydrogels induce cell death by way of ferroptosis. To verify our conjec-
ture, HCT116 cells were treated with Ferrostatin-1 (Fer-1) (Ferrostatin 1
inhibits iron-dependent cancer cell death by blocking cystine transport
and glutathione production) and deferoxamine mesylate (DFO) (DFO is
8

an iron sequestrant that captures free iron and prevents it from partici-
pating in chemical reactions) (Fig. 4A S5), and it was found that Fer-1
significantly reversed GA–AIPH–Ink–ALG-induced cell death in a
concentration-dependent manner. When the concentration of Fer-1
reached 20 μM, the cell viability reached 75.86%, showing that
GA–AIPH–Ink–ALG-induced cell death was associated with ferroptosis.
However, DFO did not achieve the same effect, suggesting that
GA–AIPH–Ink–ALG induced cell death through the System–XC pathway
[68,69] rather than through the Fenton response (Fe2þ þ H2O2→Fe3þ þ
OH� þ ⋅HO) [70,71]. Subsequently, the intracellular GSH level was



Fig. 4. Analysis of ferroptosis in vitro (A) Cell viability of HCT116 cells after being treated with an elevated concentration of Fer-1 and constant concentrations of GA,
AIPH, Ink, and ALG under 1064 nm laser irradiation. (B) Quantitation of GSH levels in HCT116 cells with different treatments (n ¼ 4). (C) ROS generation of
HCT116 cells with various treatments detected by CLSM. (D) Flow cytometer analysis of ROS generation under different conditions (DCFH-DA as the detection probe)
(1: control 2: Ink–Laser 3: AIPH–Laser 4: GA–Laser 5: AIPH–Ink 6: AIPH–Ink–Laser 7: GA–Ink–Laser 8: GA–AIPH–Ink–Laser 9: GA–AIPH–Ink–ALG 10:
GA–AIPH–Ink–ALG–Laser). (E)The expression of GPX4 in HCT116 cells treated with different formulations.
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further detected after diverse treatments by DTNB (Fig. 4B). As expected,
compared with the control group, the expression of GSH did not decrease
significantly in AIPH with or without laser irradiation. Contrasted with
the Ink and AIPH–Ink groups, the Ink–Laser and AIPH–Ink–Laser groups
showed a slight decrease, whereas the relative intracellular GSH level of
the GA groups obviously decreased and the GA–AIPH–Ink–laser group
had the best GSH depletion ability. These results demonstrated that GA
9

combined with AIPH weakened the antioxidant capacity of cells, leading
to enhanced ROS to achieve synergistic antitumor therapy.

The redox capacity and oxidation level in the cell always maintain a
dynamic balance. The decrease in the oxidation reduction level will upset
this balance and may result in an increase in the oxidation level [48]. The
intracellular ROS level was detected by DCFH–DA, which can be oxidized
by free radicals to produce strong green fluorescence. As displayed in
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Fig. 4C, no obvious green fluorescence was observed in the Laser,
AIPH–Laser, and AIPH–Ink groups, whereas the AIPH–Ink and GA–Ink
groups with 1064 nm laser irradiation had a weak green-fluorescence
signal, exposing that the two groups could produce trace amounts of
ROS. Interestingly, after treatment with GA–AIPH–Ink–ALG or
GA–AIPH–Ink under 1064 nm laser irradiation, the cells exhibited
brighter green fluorescence due to the consumed GSH and decomposed
AIPH. Moreover, this result also showed that ALG had good biocompat-
ibility and did not affect the production of ROS. To further quantitatively
analyze free radicals, HCT116 cells were treated with different formu-
lations and the cells were stained with DCFH-DA and analyzed by flow
cytometry. As displayed in Fig. 4D, when conjoined GAwith AIPH, nearly
ten times stronger fluorescence intensity compared to the control group
was discovered, demonstrating the generation of large number of ROS.
It's worth noting that according to the flow cytometer results. Compared
with the AIPH–Ink–Laser group, the GA–Ink–Laser group revealed a
slightly better fluorescence intensity, which may be attributed to the
consumption intracellular GSH by GA [46]. The consumption of GSH, on
the one hand, was beneficial to the generation of ROS in cells. On the
other hand, it could inactivate GPX4, both of which weaken the antiox-
idant barrier. GPX4 was a coenzyme that could degrade toxic LPO to
nontoxic LOH in the presence of GSH. Thus, as the key protein of fer-
roptosis, GPX4 played a crucial role in the process of ferroptosis. After the
cells were treated with different formulations, the expression of GPX4 in
the cells was explored by western blot. As exhibited in Fig. 4E, S6
GA–AIPH–Ink–Laser and GA –AIPH–Ink–ALG–Laser treatment signifi-
cantly reduced the expression of GPX4, indicating that the synergy of GA
and AIPH was achieved through GPX4. Consequently, our results
confirmed that GA–AIPH–Ink–ALG could be realized to boost ferroptosis
by consuming GSH and accumulating ROS.

3.5. Lipidomic analysis

As is well known, free radicals tend to react with biomolecules con-
taining lipid, protein, and inherited information ingredients [72]. As a
vital part of cytomembranes, lipids play a significant part in maintaining
cell activity, providing energy, and participating in information exchange
[73]. The key to ferroptosis is the accumulation of LPOs in the cell
membrane [74]. Thus, liquid chromatography–mass spectrometry
(LC-MS) was used to detect changes in the lipid composition of cells after
treatment with different formulations. After data preprocessing, the
lipids obtained by annotation were classified into 10 categories accord-
ing to lipid chains and groups (Fig. 5A). Principal Component Analysis
(PCA) (Fig. 5B) was applied to detect the degree of aggregation and
dispersion of observable samples, which showed that the control group
and GA–Laser group were mainly concentrated in the positive direction,
whereas the GA–Ink–Laser and GA–AIPH–Ink–Laser groups were pri-
marily gathered in the opposite direction. Orthogonal projections to
latent structures discriminant analysis were performed, and the results
also showed that different groups gathered in different quadrants, which
was consistent with the PCA result (Fig. S7). Thereafter, the agglomer-
ated hierarchical cluster analysis processed the cells after treatment in
different groups, and the thermogram showed upregulation and down-
regulation of related lipid expression (Fig. 5C). Furthermore, the number
of different metabolites in different groups and the upregulation (red) or
downregulation (blue) of metabolite expression was exhibited in Fig. 5D.
A Venn diagram visually shows the similarity and overlap of different
metabolite compositions in different comparison groups (Fig. S8).
Studies have shown that polyunsaturated fatty acids (PUFAs) are the
chief targets of many free radicals [5,26,75,76]. Therefore, the changes
of cellular PUFAs after treatment with different formulas were compared.

Phosphatidylethanolamines (PEs) and phosphatidylcholines (PCs) are
more susceptible to oxidation. The results showed that several oxidized
PEs and PCs, such as PE (14:1e_21:0), PE (16:1e–21:0), PE (35:1e), PE
(37:4e), PE (37:5e), PE (39:5e), PC (16:1_14:1), PC (16:1_16:1), PC
(16:2e_18:0), PC (16:2e_20; 3), PC (18:0_18:1) and PC (32:4)
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correspondingly increased (Fig. 5F–G, Fig. S9A–B). In addition, after
GA–AIPH–Ink–Laser treatment of HCT116 cells, lipid oxidation levels in
some types of PS and LPC also increased, indicating that lipid oxidation
occurred in the cell membrane (Fig. S9C and S10A–B). Finally, differ-
ential lipid association analysis was used to study the consistency of
changing trends between lipids (Fig. 5D). The results showed that the
change trend of certain lipids was the same, showing a positive
correlation.

3.6. Fixation ability of hydrogel in vivo

As is well known, intratumor injection of drugs would gradually
spread to the interstitial space, causing inescapable secondary action
toward the normal tissue neighboring the tumor. In this work, ALG could
quickly bind with Ca2þ in vivo to form an in-situ hydrogel, which could
fix the drug inside the tumor and achieve slow release. To explore the
immutability of the in-situ hydrogels, indocyanine green (ICG) was used
to observe whether or not the drug had spread into the tissue. Nude mice
were subcutaneously injected with 60 μl of ICG and ALG–ICG (ICG
200 μg/mL, ALG 5 mg/mL). In vivo imaging was then performed at
diverse time points to detect drug dispersion. As shown in Fig. S11A, free
ICG spread to the surrounding tissues at 1 h, whereas the ALG–ICG group
could be fixed for 48 h, which proved that hydrogel had an outstanding
fixation effect. Consequently, ALG could be used as a carrier for slow
release, which potentially could improve drug efficacy. To further
demonstrate the feasibility of hydrogel-impregnated drugs, individual
Ink or ALG–Ink was injected (Ink 200 μg/mL, ALG 5 mg/mL) and their
diffusion was observed. As displayed in Fig. S11B, there was no obvious
diffusion of Ink and ALG–Ink at 0 h. At 48 h, Ink had obviously diffused
into the surrounding area due to the lack of hydrogel fixation. The sub-
cutaneous incision was performed to observe the drug diffusion. It was
observed that the ALG–Ink group stayed at the injection site, whereas
only a small amount of the Ink group stayed at the injection site. These
results indicated that the ALG hydrogel had a good fixation effect and
prevented rapid drug seepage into surrounding tissues.

3.7. Photothermal effects and antitumor effect in vivo

To explore the photothermal performance of the hydrogel in vivo, a
near-infrared thermal imager was used to record the temperature. As
depicted in Fig. 6A and B, the phosphate-buffered saline (PBS), the
GA–AIPH–ALG and GA–ALG groups had only a slight temperature in-
crease owing to the lack of photothermal agent. Compared with the PBS
group, the GA–ALG and GA–AIPH–ALG groups had a better temperature-
raising effect, which may be due to the thermal insulation effect of ALG
after cross-linking with Ca2þ in vivo to form the hydrogel. In the
GA–AIPH–Ink–ALG–Laser groups, the temperature rose to 44.7 �C after
irradiation time for 10 min. The high temperature decomposed the AIPH
to R�.

Encouraged by the remarkable in vitro cytotoxicity experimental re-
sults, we continued to investigate the antitumor effect in vivo. When the
tumors grew to 80–100 cm3, the nude mice were casually separated into
6 groups. The GA–AIPH–ALG–Laser and GA–AIPH–Ink–ALG groups were
not included. Because the GA–AIPH–ALG–Laser and GA–AIPH–Ink–ALG
groups lack photothermal agents and laser irradiation, respectively, AIPH
could not be degraded. Therefore, GA was show to have the main anti-
tumor effect in these two groups, which was the same as that in the
GA–ALG–Laser group. On day 0, the mice were injected intratumorally
and irradiated with a 1064 nm laser for 10 min. The second irradiation
was performed after an interval of 24 h. Then, the tumor volume and
weight of the mice were recorded every other day for 15 days. The tu-
mors were taken out and photographed, weighed after 15 days (Fig. 6E
and F). As exhibited in Fig. 6C, the Ink–ALG–Laser group had a slightly
better tumor inhibition effect than that of the PBS group and the tumor
suppression rate reached 25.97%. This result is attributed to the fact that
low-temperature PTT could delay tumor growth but was insufficient to



Fig. 5. Lipidomic analysis. (A) Lipid classification of HCT116 cells. (B) PCA analysis of different groups by LC-MS after incubation with various formulations. (C)
Hierarchical cluster analysis showing the relative lipid metabolism levels of cells after different treatments. Columns stand for samples and rows stand for lipids. (D)
Number of differences in lipid metabolism between different groups. (E) Correlation diagram of different metabolites between different groups. (F–G) Lipids were
selected as biomarkers, and the sub-lipid components of two major distinction lipids (PE and PC) were statistically analyzed. (A: control, B: GA–Laser, C: GA–Ink–Laser,
D: GA–AIPH–Ink–Laser).
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Fig. 6. Photothermal effects and antitumor effect in vivo. (A) Thermal images and (B) temperature curve of the tumor site after 1064 nm laser irradiation for 10 min
(0.5 W/cm2). (C) Tumor-volume changes during treatment period (n ¼ 5). (D) Mean body weight of mice after treatment in different groups during 15 days. The tumor
tissue is photographed (E) and weighed (F) after 15 days of different treatments. (G) Inhibition rates of tumor growth with various treatments. (H) Hematoxylin and
eosin (H&E) and TUNEL staining of tumor slicing (scale bar of H&E ¼ 50 μm; scale bar of TUNEL ¼ 20 μm).
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eliminate tumors [33,59,64]. Moreover, the AIPH–Ink–ALG–Laser and
GA–ALG–Laser groups only generated a moderate antitumor effect.
Tumor suppression rates reached 44.16% and 55.84%, respectively
(Fig. 6G). Notably, with use of GA to deplete tumoral GSH, the
GA–AIPH–Ink–ALG–Laser synergistic treatment dramatically inhibited
tumor growth and even led to tumor ablation with only two treatments,
and the tumor suppression rates reached 90.12%, indicating the superior
synergistic effect of GA and AIPH. We further assessed the pathological
images of the tumor tissue by H&E and TUNEL staining. As illustrated in
Fig. 6H, there were no obvious cells dead in the PBS group and only
partial cell death in the Ink–ALG–Laser and GA–Ink–ALG–Laser groups.
However, the number of dead cells was the highest in the
12
GA–AIPH–Ink–ALG–laser group, indicating that the GA–AIPH–Ink–ALG
hydrogel could efficiently treat HCT116 cells by consuming GSH and
increasing ROS in vivo. Moreover, compared with the PBS group, the
GA–AIPH–Ink–ALG group showed obvious nuclear pyknosis and the
loose-cell arrangement. The body weight of mice in all groups did not
show apparent weight loss, reflecting no markedly systemic toxicity
during the treatment of the hydrogel (Fig. 6D). Furthermore, histological
analysis was also implemented to assess biological safety. As shown in
Fig. S12, there were no obvious pathological changes in the heart, liver,
spleen, lung, and kidney. Considering all of these results, we concluded
that GA–AIPH–Ink–ALG had the most effective potential synergistic
antitumor effects in all groups.
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3.8. Evaluation GA–AIPH–Ink–ALG in vivo induction of cell death by
ferroptosis

To determine if the anticancer effect of GA–AIPH–Ink–ALG in vivo
was induced by ferroptosis, Fer-1 was used to co-inject into the tumor. As
shown in Fig. 7A, the PBS group showed rapid tumor growth, and the
GA–AIPH–Ink–ALG group showed an excellent tumor inhibition effect.
Fig. 7. Mechanical evaluation of GA–AIPH–Ink–ALG–induced ferroptosis in vivo. (A)
tissue were collected and photographed after 15 days of different treatments. (D) GSH
of tumor sections after various treatments (Scale bar of H&E ¼ 50 μm; scale bar of TU
different groups.
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However, concurrent injection of the ferroptosis inhibitor Fer-1 group
showed rapid recovery of tumor growth ability, showing that Fer-1
inhibited cell death. After therapy, H&E and TUNEL staining were used
to evaluate tumor morphology and cell death. As proved in Fig. 7E, the
GA–AIPH–Ink–ALG group showed a large area of cell necrosis, proving
that GA–AIPH–Ink–ALG could inhibit the propagation of HCT116 cells.
Nevertheless, the necrosis of the GA–AIPH–Ink–ALG–Fer-1 group was
Tumor volume and (B) body-weight changes during 15 days (n ¼ 5). (C) Tumor
levels of HCT116 with different treatments in vivo. (E) H&E and TUNEL staining
NEL ¼ 20 μm). (F) Relative ROS generation of HCT116 cells after treatment with
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significantly reduced, indicating that cell death was inhibited after co-
injection of Fer-1. The TUNNEL experiment showed the same experi-
mental outcomes. After 15 days of therapy, the tumors were removed
from the mice, photographed, and weighed (Fig. 7C and Fig. S13). The
body weight of mice in all groups did not exhibit a distinct decline,
suggesting no obvious systemic toxicity during treatment (Fig. 7B). To
further investigate the ability of GA to consume GSH, GSH levels in the
tumor were measured. As shown in Fig. 7D, the level of GSH was slightly
decreased in the Ink–ALG and GA–ALG with 1064 nm laser groups but
significantly decreased in the GA–AIPH–Ink–Laser group compared with
that in the PBS group, which was consistent with the in vitro result. The
GSH level was lower in the AIPH–Ink–ALG–Laser group than in the
GA–ALG–Laser group. This result may be attributable to free-radical-
induced cellular oxidative stress, which reduces intracellular antioxi-
dant capacity. When too much oxidative stress leads to abnormal regu-
lation and inability to recuperate, it may also cause disorder and damage
[77–79]. This result showed that GA could interrupt the redox balance.
To further evaluate the production of ROS in the tumor, DHE staining
was performed. As displayed in Fig. 7F, no obvious red fluorescence was
detected in the PBS group but slight red fluorescence was observed in the
GA–ALG–Laser group, indicating that a small amount of ROS was pro-
duced in the GA–ALG–Laser group. In addition, compared with the
GA–Ink–laser group and the AIPH–Ink–Laser group, the
GA–AIPH–Ink–ALG–Laser group showed the strongest red fluorescence,
proving that the GA–AIPH–Ink–ALG–Laser group produced abundant
ROS. This result was consistent with the in vitro result. The above
experimental results showed that GA–AIPH–Ink–ALG with 1064 nm laser
irradiation induced cell ferroptosis to achieve the antitumor effect.

4. Conclusion

In summary, a novel drug delivery system that induces ferroptosis of
tumor cells with the use of injectable ALG to encapsulate GA, AIPH, and
Ink was proposed. Under low-temperature hyperthermia, AIPH effec-
tively decomposed into alkyl radicals to increase the oxidative stress of
cells, and GA consumed GSH and reduced the antioxidant capacity. The
simultaneous consumption of GSH and increased ROS upset the redox
balance of the cells, which further inhibited the expression of GPX4.
Eventually, oxidation of cell membrane lipids occurred, which induced
ferroptosis to achieve a synergistic antitumor effect. Furthermore, ALG
encapsulated GA and AIPH cross-linked with the Ga2þ in the body to
form an in-situ hydrogel, which is helpful to the accumulation of the drug
at the tumor site but also beneficial to the sustained release of the drug,
reducing damage to the surrounding normal tissues. Our data showed
that this strategy exhibits superior antitumor effects both in vivo and in
vitro. The toxicity assessment proved that this strategy has tremendous
biocompatibility and safety. This proof-of-concept synergy treatment
strategy provides a strong developmental foundation for the future
application of ferroptosis in biomedicine.
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