Li et al. Journal of Nanobiotechnology ~ (2024) 22:630 Journal of Nanobiotech no|ogy
https://doi.org/10.1186/512951-024-02909-3

Check for
updates

Photothermal Fe;O, nanoparticles induced
immunogenic ferroptosis for synergistic
colorectal cancer therapy
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Abstract

Photothermal therapy (PTT) is a promising non-invasive treatment that has shown great potential in eliminating
tumors. It not only induces apoptosis of cancer cells but also triggers immunogenic cell death (ICD) which could
activate the immune system against cancer. However, the immunosuppressive tumor microenvironment (TIME)
poses a challenge to triggering strong immune responses with a single treatment, thus limiting the therapeutic
effect of cancer immunotherapy. In this study, dual-targeted nano delivery system (GOx@FeNPs) combined

with aPD-L1 immune checkpoint blocker could inhibit colorectal cancer (CRC) progression by mediating PTT,
ferroptosis and anti-tumor immune response. Briefly, specific tumor delivery was achieved by the cyclic arginine
glycyl aspartate (cCRGD) peptide and anisamide (AA) in GOx@FeNPs which not only had a good photothermal
effect to realize PTT and induce ICD, but also could deplete glutathione (GSH) and catalyze the production of
reactive oxygen species (ROS) from endogenous H,0O,. All these accelerated the Fenton reaction and augmented
the process of PTT-induced ICD. Thus, a large amount of tumor specific antigen was released to stimulate the
maturation of dendritic cells (DCs) in lymph nodes and enhance the infiltration of CD8* T cells in tumor. At the
same time, the combination with aPD-L1 has favorable synergistic effectiveness against CRC with tumor inhibition
rate over 90%. Furthermore, GOx@FeNPs had good magnetic resonance imaging (MRI) capability under T2-
weighting owing to the presence of Fe**, which is favorable for integrated diagnosis and treatment systems of
CRC. By constructing a dual-targeted GOx@FeNPs nanoplatform, PTT synergistically combined with ferroptosis was
realized to improve the immunotherapeutic effect, providing a new approach for CRC immunotherapy.
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Introduction

Cancer immunotherapy, represented by PD-1/PD-L1
immune checkpoint blockade (ICB), has emerged as
one of the major strategies for colorectal cancer (CRC)
in recent years [1]. It not only prolongs the survival of
patients, but also has a high immune response in patients
with metastatic cancer [2]. However, most CRC patients
with mismatch repair-proficient (pMMR) and microsat-
ellite stability (MSS) have a poor immunologic response
[3-5]. The main reason is that low immunogenicity of
tumor cells prevents antigen-presenting cells such as
dendritic cells (DCs) from capturing and presenting the
tumor antigens to cytotoxic T lymphocytes (CTLs). As a
result, CTLs are unable to infiltrate the tumor. Therefore,
the key to enhancing PD-1/PD-L1 therapy for CRC lies
in effectively inducing immunogenicity and breaking the
immunosuppressive tumor microenvironment (TIME).

A feasible approach to trigger an immune response is to
induce immunogenic cell death (ICD) of cancerous cells
[6, 7], where various damage-associated molecular pat-
terns (DAMPs), such as calreticulin (CRT), high mobil-
ity group protein (HMGB1), and adenosine triphosphate
(ATP) are released [8]. A number of researches have
shown that photothermal therapy (PTT) can induce
ICD by releasing tumor specific antigens [9-11]. PTT is
a novel cancer treatment that involves converting light
into heat through exogenous photothermal agents (PTA)
under near-infrared light (NIR), which is becoming
increasingly popular as a clinical choice for its control-
lable and non-invasive benefits [12—14]. Moreover, PTT
can not only kill tumors directly, but also synergistically
stimulates the immune response when combined with
other therapeutic approaches, including the redistribu-
tion and activation of immune effector cells, the expres-
sion and secretion of cytokines, and transformation of
memory T lymphocytes [15]. With the development of
nanotechnology, photothermal nanomaterials-mediated
PTT displays a promising application in tumor diag-
nosis and treatment when coupled with chemotherapy
[16-20], radiotherapy [21-24], and photodynamic ther-
apy [25-27], as it has a higher photothermal conversion
rate and more precise tumor targeting when compared
to conventional PTA [28, 29]. However, it’s important to
note that the immunogenicity of cell death induced by
a single PTT is usually mild, which may be counterbal-
anced by the TIME.

To tackle the challenge, a synergistic approach can be
employed by combining ferroptosis which is a new regu-
lated form of cell death distinct from apoptosis, necrosis
and autophagy, showing unique benefits in antitumor
therapy [30—32]. It is caused by excessive accumulation of
intracellular iron and leads to the inactivation of the glu-
tathione (GSH) antioxidant system [33, 34], followed by
the accumulation of lipid peroxides (LPO) and ultimately
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causing cellular damage [35—-37]. Interestingly, the induc-
tion of ferroptosis is always accompanied by the release
of tumor antigens and DAMPs, which trigger tumor spe-
cific immune responses [38—40]. Therefore, in combina-
tion with PTT, it is hoped that tumor immunogenicity
can be boosted, thus effectively activating the anti-tumor
immune response [41-43]. However, common small-
molecule ferroptosis inducers such as erastin, RSL3 and
FeCl, generally suffer from easy metabolism and poor
selectivity in vivo, which limits their applications [44, 45].

Extensive researches have been conducted in recent
years to investigate the application of nano-delivery sys-
tems for treating CRC owing to their superior targeting
[46], functionalizable modifications, and biodegradability
[47-51]. Thus, Fe;O, nanoparticles, approved by the U.S.
Food and Drug Administration (FDA) for clinical studies,
were chosen as basic material due to the good biocom-
patibility, photothermal conversion properties, magnetic
responsiveness, and other desirable features [52]. To pre-
vent Fe;O, nanoparticles from self-aggregating, polydo-
pamine (PDA) with photothermal properties was chosen
to be post-modified to obtain Fe;O,@PDA nanoparticles
[53, 54].

Inspired by this, our work aimed to improve the tumor
targeting ability of Fe,O,@PDA nanoparticles by using
the cyclic arginine glycyl aspartate (cCRGD) peptide and
anisamide (AA). By introducing glucose oxidase (GOx),
the Fe’*-mediated Fenton reaction was further acceler-
ated which enhanced cellular ferroptosis. As a result,
a nanotherapeutic platform Fe;O,@PDA-PEG-cRGD-
AA@GOx (abbreviated as GOx@FeNPs) with dual tar-
geting, photothermal conversion, ferroptosis induction,
and magnetic resonance imaging (MRI) was obtained.
Once GOx@FeNPs were actively targeted to the tumor
site, the individual components were thermally liber-
ated under NIR laser. The released Fe;O,@PDA exerts
photothermal conversion properties to induce tumor cell
apoptosis and ICD. At the same time, Fe>* was reduced
to Fe’* in the presence of endogenous GSH and then
reacted with H,O, from GOx-catalyzed glucose in a Fen-
ton reaction, leading to the accumulation of LPO and
ultimately ferroptosis. The massive release of tumor spe-
cific antigens and DAMPs resulted from ICD and ferrop-
tosis promoted the maturation of DCs and the infiltration
of CTLs, triggering an effective systemic anti-tumor
immune response and inhibiting tumor growth. In addi-
tion, GOx@FeNPs can be combined with the aPD-L1 to
further enhance immunotherapeutic effect (Scheme 1).

Results and discussion

Preparation and characterization of dual-targeted Fe304
nanoparticles

The GOx@FeNPs nanoparticles (NPs) were designed
and prepared based on our previous studies [53], and
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Scheme1 Schematicillustration of GOx@FeNPs-mediated PTT synergizing with ferroptosis by inducing ICD to improve colorectal cancerimmunotherapy

the synthesis procedure was shown in Fig. 1A. First,
Fe;O,@PDA NPs were prepared by self-aggregation of
dopamine (DA) and Fe;O, nanoparticles in an alkaline
aqueous solution. Afterwards, NH,-PEG-RGD and NH,-
PEG-AA were obtained separately by acylation reactions
with ¢cRGD and AA. Finally, Fe;O,@PDA reacted with
the amino groups in NH,-PEG-RGD and NH,-PEG-AA
through a Schiff base reaction, effectively attaching the
two targets to the nanoparticle surfaces, and eventu-
ally forming Fe;O,@PDA-PEG-cRGD-AA NPs. Then
we chose GOx to catalyze the Fenton reaction, which
was loaded onto Fe;O,@PDA-PEG-cRGD-AA NPs via
ni-1t stacking to finally obtain GOx@FeNPs. As shown
in Fig. 1B, GOx@FeNPs had a typical core-shell struc-
ture with well dispersion and the average particle size is
around 150 nm (Figure S1). Figure S2 demonstrated that
the average zeta potential of the GOx@FeNPs was —23
mV, indicating its good stability. To examine the photo-
thermal properties, heating curves of GOx@FeNPs solu-
tion with different concentrations (0, 25, 50, and 100 pg/
mL) were recorded under irradiation of 808 nm NIR laser
(1 W/cm?, 5 min). The results showed that GOx@FeNPs

exhibited both time and concentration-dependent photo-
thermal behaviors. The temperature of 100 pg/mL sam-
ples increased from 26.1 °C to 51.2 °C under irradiation,
while the PBS was only increased from 26.6 °C to 31.1 °C
under the same condition (Fig. 2D and E). Moreover, the
heating and cooling cycle experiments also showed that
the temperature of GOx@FeNPs could remain at 48 °C
stably after 5 cycles, demonstrating a good photothermal
stability (Fig. 1C). The above results proved that GOx@
FeNPs with good photothermal conversion properties
and photothermal stability under NIR irradiation were
prepared successfully.

Anti-tumor activity of GOx@FeNPs in vitro

The effective uptake of nanoparticles into tumor cells is
crucial for their anti-tumor effects. Thus, green fluores-
cent dye coumarin 6 (Ce6) was used to label GOx@FeNPs
for assessing the cellular uptake by CT26 cells under a
confocal laser scanning microscopy (CLSM). As shown in
Fig. 3A, the fluorescence intensity reached the maximum
level after 4 h, showing a time-dependent trend. Due to
the introduction of the dual-targets, the cellular uptake
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Fig. 1 Preparation and photothermal performance characterization of GOx@FeNPs. (A) Schematic of the synthesis of GOx@FeNPs. (B) TEM images of
GOx@FeNPs (scale bar =100 nm). (C) Heating and cooling curve of the GOx@FeNPs with the laser turned on and off for 5 cycles. (D) Infrared thermal
imaging of GOx@FeNPs suspensions with different concentrations under constant NIR laser. (E) Temperature variation curves of GOx@FeNPs suspension

of NIR laser

time was shortened by 2 h compared with that in the lit-
erature [33]. Therefore, 4 h was chosen as the incubation
time of GOx@FeNPs for all subsequent experiments. To
verify that the modified tumor cell uptake property was
owing to the synergistic effect of cRGD -integrin avf3
receptor on the tumor neovasculature [55] and the AA -
o1 receptor on the surface of fibroblasts [56], CT26 cells
were pretreated with free RGD peptide and AA respec-
tively for 30 min (Figure S3). As anticipated, the cellular

uptake was significantly decreased due to the competi-
tive binding of excess RGD peptide and AA to cell surface
receptors. All the above experiments demonstrated that
the introduction of cRGD and AA ensured the excellent
tumor-targeted capacity of GOx@FeNPs.

In order to test the anti-tumor effect of GOx@FeNPs
in vitro, CCK-8 experiments of CT26 cells was con-
ducted. Results showed that the cell survival rates were
all above 90% without laser, which proved that GOx@
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Fig. 2 Ferroptosis induced by GOx@FeNPs in vitro. (A-B) Fluorescence imaging of ROS and LPO in CT26 cells treated with Control, FeNPs, GOx@FeNPs,
GOx@FeNPs +L, GOx@FeNPs + L +Fer-1, and (C-D) mean fluorescence intensity. Scale bar: 50 pm, mean+SD; n=3. (E) Intracellular GSSG concentration
in CT26 cells after different treatments, mean + SD; n=3. (F) The expression of GPX4 protein after different treatments was measured by western blotting
and (G) quantitatively analyzed, mean+SD; n=3.*p <0.05, **p <0.01, **p <0.001, ****p <0.0001
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calcein-AM/PI after treatment of FeNPs and GOx@FeNPs with or without laser. scale bar =100 um. (E) Quantitative fluorescence statistic plot of CT26 cell
death levels after different formulations, green and red colors indicate live and dead cells, respectively (mean+SD; n=3). *p <0.05, **p < 0.01, **p <0.001,

***%p <0.0001

FeNPs had a good biosafety. However, there was a obvi-
ous cytotoxicity with laser in a concentration-dependent
manner (Fig. 3B). At the same time, to explain the impact
of GOx on anti-tumor efficacy of Fe;O,@PDA, Fe,O,@
PDA-PEG-RGD-AA NPs (FeNPs) and GOx@FeNPs were
compared in killing cancer cells. As shown in Fig. 3C,
the FeNPs group exhibited stronger cytotoxicity than

the Fe;O,@PDA group under laser irradiation. This was
attributed to better tumor-targeting performance after
the introduction of dual-targeted cRGD peptide and
AA. When loaded with GOx enzymes, the GOx@FeNPs
group exhibited the strongest cytotoxicity. The cell via-
bility was approximately 12% with laser, which was 20%
lower than the reported nanoplatform with the same
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strategy [16]. Even without laser, GOx@FeNPs group
also showed about 70% cell viability versus more than
90% in the FeNPs group, suggesting GOx might acceler-
ate cellular ferroptosis. The results demonstrated the pre-
pared GOx@FeNPs could inhibit tumor proliferation via
enhancing PTT synergized with ferroptosis. To further
validate the cytotoxicity of the different formulations,
the Calcein-AM/PI co-staining assay was performed. As
shown in Fig. 3D and E, the number of dead cells (red flu-
orescence) in the GOx@FeNPs+L group was about 80%,
which was significantly higher than that of other groups,
proving its killing efficiency against CRC cells. Over-
all, these results confirmed the enhanced anti-tumor
potential of tumor-targeted GOx@FeNPs with PTT and
ferroptosis.

Ferroptosis of tumor cells induced by GOx@FeNPs in vitro

According to the Warburg effect, intracellular glucose can
be converted to H,0O, by the GOx enzyme, which reacts
with Fe?" to produce «OH, leading to the accumulation of
lipid peroxides ultimately [57, 58]. This process is accom-
panied by GSH depletion, reactive oxygen species (ROS)
production, downregulation of glutathione peroxidase
4 (GPX4) and excessive accumulation of LPO, which
are all typical characteristics of ferroptosis. To prove
that GOx@FeNPs could induce and accelerate ferrop-
tosis, DCFH-DA and BODIPY*®/*1.C11 were selected
as fluorescent probes to investigate the expression of
ROS and LPO by CLSM respectively (Fig. 2A and B). As
similar to the control, the green fluorescence signal was
barely visible in the FeNPs group. But the GOx@FeNPs
group showed obvious signals, indicating the ferroptosis
in FeNPs group was limited, while the addition of GOx
promoted the production of ROS and LPO and acceler-
ated the Fenton reaction and subsequent ferroptosis.
Moreover, the fluorescence signal of the GOx@FeNPs+L
group was increased by 2.3-fold and 1.5-fold for ROS
and LPO respectively, compared with that of the GOx@
FeNPs group without laser. (Figure 2C and D). However,
the added ferroptosis inhibitor ferrostatin-1 (Fer-1) could
rescue the oxidative stress level to some extent. Oxidized
glutathione (GSSG), an oxidized form of GSH, was mea-
sured by Elisa kit and the data of the GOx@FeNPs+L
group was consistent with ROS and LPO expression lev-
els (Fig. 2E). GSSG concentration increased after laser
irradiation due to the depletion of GSH, suggesting that
combined PTT can accelerate cellular ferroptosis. The
down-regulated of GPX4 protein is a typical indicator of
ferroptosis, whose activation directly affects the intra-
cellular GSH level. Therefore, the GPX4 expression level
was analyzed by western blotting (Fig. 2F). Compared to
other groups, the GPX4 level was remarkably down-reg-
ulated in GOx@FeNPs and GOx@FeNPs+L groups. Sim-
ilarly, the decline was restored after the Fer-1 addition.
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Quantitative analysis also revealed that the level of
GPX4 in the control was 2.13-fold higher than that in the
GOx@FeNPs+L group. Given all the above, the prepared
nanoplatform successfully induced ferroptosis in CT26
cells. With the presence of GOx, it could significantly
accelerate the Fenton reaction and subsequent ferropto-
sis. Moreover, when combined with PTT, the therapeutic
efficiency could be further improved.

ICD induction and DC maturation by GOx@FeNPs in vitro
The research found that cancer cells undergoing fer-
roptosis will release DAMPs, including CRT, HMGBI,
and ATDP, which stimulate the maturation of DCs, and
then activate the immune response [38]. And our previ-
ous findings demonstrated that PTT could also induce
ICD in tumor cells. Thus, whether GOx@FeNPs could
induce and improve ICD was investigated. As shown
in Fig. 4A, there was a visible green fluorescence in the
FeNPs and GOx@FeNPs groups without laser, indicating
that Fe®>* induced ferroptosis and up-regulate CRT level.
Meanwhile, the stronger fluorescence in GOx@FeNPs
groups proved greater enzymatic activity of GOx, which
enhanced the cellular ferroptosis effect. At the same
time, the GOx@FeNPs+L group presented the strongest
CRT signal, the highest extracellular HMGB1 concentra-
tion and the lowest intracellular ATP level (Fig. 4B and
C), demonstrating that PTT combined with ferroptosis
could significantly enhanced ICD of CT26 cells. To fur-
ther investigate whether GOx@FeNPs-mediated PTT
could activate the maturation of DCs, marrow-derived
DCs isolated from mouse bone marrow were chosen
to co-culture with CT26 cells with different formula-
tions (Fig. 4D). After 24 h of stimulation, flow cytom-
etry detected surface markers of mature DCs, including
CD11c, CD80, and CD86. As illustrated in Fig. 4E and
Figure S4, the FeNPs (67.2+0.16%) and GOx@FeNPs
(68.21+1.59%) groups induced a much higher DCs matu-
ration than that of the control (43.3+1.08%) even with-
out laser due to the significant ferroptosis. Upon laser
irradiation, the FeNPs+L and GOx@FeNPs+L groups
comparatively increased to 73.8+4.99% and 82.1+1.48%,
respectively, compared to 68.6% for DCs maturation
in the reported work [30]. These findings revealed that
GOx@FeNPs could activate a robust immune response
featured by DCs maturation in vitro through PTT com-
bined with ferroptosis, showing a improved ICD of can-
cer cells.

Magnetic properties and photothermal imaging of GOx@
FeNPs

Given the presence of Fe®>* in GOx@FeNPs, the magnetic
properties of GOx@FeNPs and its potential to be used
as a contrast agent for guiding in vivo was investigated.
The vibration sample magnetometer (VSM) test showed
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Fig.4 ICD induction and DC maturation by GOx@FeNPs in vitro. (A) CLSM images of CRT in CT26 cells after FeNPs, FeNPs + L, GOx@FeNPs, GOx@FeNPs + L
treated, green and blue fluorescence represent CRT and DAPI, respectively. (scale bar =50 um). (B) Extracellular HMGB1 and (C) intracellular ATP release
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different treatments. ***p <0.001, ****p <0.0001

that GOx@FeNPs had good superparamagnetic proper-
ties with a saturation magnetization strength of 47.22
emu/g (Fig. 5A). And apparent aggregation could be
observed when the magnet was kept around the GOx@
FeNPs solution (Fig. 5B), while the samples would be
dispersed uniformly again without magnet, which dem-
onstrated the excellent dispersion and magnetic respon-
siveness. Further, the magnetic resonance potential of
GOx@FeNPs in vitro and in vivo was both explored. As
shown in Fig. 5C, the T2 weighted signal was gradually

darkened with increasing concentrations of GOx@
FeNPs, indicating a concentration-dependent behavior.
Moreover, GOx@FeNPs were injected via tail vein into
the CT26 tumor model of mice, which showed a gradu-
ally enhanced T2 weighted signal at the tumor site over
time. The above results explained that GOx@FeNPs with
dual targets possessed excellent tumor-targeted abilities.
Additionally, it proved the potential use of GOx@FeNPs
as contrast agents for tumor tracing therapy.
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To evaluate the photothermal performance of nanopar-
ticles in tumor bearing mice, FeNPs and GOx@FeNPs
were injected by tail vein. When exposed to 808 nm irra-
diation (1 W/cm?), the treatment groups showed a rapid
increase in temperature, reaching up to 49 °C within
5 min in comparison to the control group (Fig. 5E and F).
These results reconfirmed that GOx@FeNPs have favor-
able targeting, photothermal imaging, and photothermal
ablation capabilities in vivo.

Anti-tumor performance of GOx@FeNPs in vivo

Based on the successful induction of ICD and activation
of the immune response in vitro by GOx@FeNPs, the in
vivo anti-tumor effects were examined combining with
aPD-L1 via Balb/c mice subcutaneous CRC models. In
the treatment procedure Figs. 1 and 6A*10° CT26-luc
cells were inoculated subcutaneously in the right flank
of Balb/c mice to establish a CRC model. Once the initial

tumor volume reached about 50 mm? tumor-bearing
mice were randomly divided into 8 groups and then
treated 3 times with different nano formulations over 14
days. The formulations included the control, GOx, Laser,
oaPD-L1, FeNPs+L, GOx@FeNPs, GOx@FeNPs+L,
GOx@FeNPs+aPD-L1+L. The body weight and tumor
volume of mice in each group were monitored every
2 days after treatment. The Fig. 6B showed that there
was no obvious body weight loss in all mice. And H&E
staining of major organs (heart, liver, spleen, lungs, and
kidneys) also demonstrated that the treated group had
no significant pathologic toxicity (Figure S5). Further-
more, the liver and kidney function were performed on
mice after co-treatment, including blood urea nitrogen
(BUN), aspartate aminotransferase (AST), serum cre-
atinine (CRE) and alanine aminotransferase (ALT). All
physiologic indices were in the normal range compared
with the PBS group, indicating the biosafety of GOx@
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Fig. 6 Anti-tumor performance of GOx@FeNPs in vivo (A) Schematic illustration of tumor therapeutic protocols. (B-C) The body weight and tumor
growth inhibition of mice after treatment in different groups. (n=6). (D-E) The tumor photographs and weights after different administrations. (n=6). (F)
Representative Ki67, TUNEL, and GPX4 staining images of tumor tissue slices in different groups. Scale bar 10 um. (G) The GSSG concentration in various
groups of tumor tissues by Elisa assay (mean +SD; n=3). (H) The quantitative analysis of GPX4 immunohistochemistry in (F). (mean=+SD; n=3). *p <0.05,

**p<0.01,**p<0.001,****p <0.0001

FeNPs at the experimental dose (Figure S6). As com-
pared with the control, tumor inhibition effectiveness in
the GOx group was limited. It could be understood that
the poor targeting properties made it readily cleared by
the blood circulatory system. In the groups with aPD-L1,
the aPD-L1 immune checkpoint blocker would bind to
PD-L1, which blocked the PD-1/PD-L1 pathway, mediat-
ing tumor immune escape and enhancing CTLs activity.
However, the therapeutic effect was unsatisfactory with
aPD-L1 alone due to the lower immunologic response
(Fig. 6C). The stronger antitumor effects in the FeNPs+L
and GOx@FeNPs groups was attributed to the FeNPs-
mediated PTT synergizing with ferroptosis, which was

accelerated by the presence of the GOx enzyme. Hence,
the GOx@FeNPs+L group, in sharp contrast, exhib-
ited the strongest tumor inhibition effect, with a tumor
suppression rate of 88.95%. Meanwhile, the inhibition
was further enhanced by 91.13% combined with aPD-
L1, which was attributed to the fact that aPD-L1 could
sensitize the immunogenicity caused by ferroptosis and
PTT. These results indicated that the co-administration
of ICB achieved a synergistic and beneficial antitumor
effect (Fig. 6C). The images and weight of the tumor in
each group also followed the same trend as the volume
(Fig. 6D and E). Next, tumor tissues were collected for the
following TUNEL and Ki67 analysis. The strongest tumor
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proliferation inhibition and the most significant tumor
apoptosis were observed in the GOx@FeNPs+L+aPD-
L1, which reconfirmed the remarkable anti-tumor
efficacy of it (Fig. 6F). The study also evaluated the ferrop-
tosis efficacy in vivo, and the quantitative analysis showed
that GPX4 expression was down-regulated significantly
in the GOx@FeNPs+L and GOx@FeNPs+aPD-L1+L
groups (Fig. 6F and H). In addition, the concentration
of intracellular GSSG gradually increased, indicating an
increase in GSSG which meant the consumption of GSH.
The above characteristic ferroptosis indicators also sup-
ported the tumor growth might be further suppressed by
the GOx@FeNPs-mediated PTT and ferroptosis in a sen-
sitive immune environment.

Immune response induced by GOx@FeNPs in vivo

As previously mentioned, GOx@FeNPs could activate
antitumor immune responses through PTT and ferropto-
sis. Then apoptotic tumor fragments could stimulate the
maturation of DCs so as to induce effective CD8" T cell
activation and infiltration, ultimately leading to an effec-
tive systemic immune response. To evaluate the underly-
ing antitumor immune mechanism, lymph nodes, spleen,
and tumor tissues from each group were collected for
flow cytometry analysis, and the cytokines in serum were
detected using an Elisa kit. As displayed in Fig. 7A and B,
the maturation of DCs in lymph nodes was relatively low
in the control (4.56+1.18%), GOx (8.66+3.67%), Laser
(8.51+1.06%), and oPD-L1 (10.2+1.67%) groups. How-
ever, the GOx@FeNPs+L group showed a 19.31+3.80%
maturation of DCs, which was 4.60 times higher than
that of the control. The maturation was further facili-
tated by using the aPD-L1, which was 1.31 times higher
than that of GOx@FeNPs+L. The spleen is an essential
tissue where lymphocytes are stimulated by antigens and
immune response begins. As in Fig. 7C, D and E, the
number of activated CD4* and CD8™ T cells in the spleen
of the GOx@FeNPs+L group was 2.38 and 2.13 times
higher than that of the control respectively. Moreover,
the GOx@FeNPs+L+aPD-L1 group showed a further
increase with 1.56 and 1.25 times more CD4* and CD8*
T cells than the GOx@FeNPs+L group. These results
reveal that GOx@FeNPs-mediated PTT and ferropto-
sis combined with ICB could effectively boost not only
the maturation of DCs, but also the activation of CD4™"
T cells and CTLs. Besides, immunofluorescence analy-
sis further proved the infiltration of CD4" and CD8* T
cells in the co-treatment group (Fig. 7F). The cytokines
levels of interferon-gamma (IFN-y), tumor necrosis fac-
tor-alpha (TNF-a), and interleukin 6 (IL-6) were also
remarkably up-regulated in GOx@FeNPs+L+aPD-L1,
demonstrating that GOx@FeNPs-mediated PTT, fer-
roptosis combined with the aPD-L1 triggered a powerful
anti-tumor immune response (Figure S7).
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Conclusions

In conclusion, we developed co-therapeutic GOx@FeNPs
nanoplatforms that induced ICD via PTT and ferroptosis
to ablate solid tumors by activating systemic anti-tumor
immune responses. The nanoplatforms have excellent
targeting ability, and photothermal conversion character-
istics, and can also act as potential contrast agents. Upon
cellular uptake, GOx@FeNPs converted light energy into
heat under laser irradiation, inducing ICD and tumor cell
apoptosis. Additionally, GOx catalyzed glucose to H,O,,
which reacted with the excess Fe** to generate «OH syn-
ergistically increasing cytotoxic ROS. Thereby, leading
to cellular ferroptosis and further enhancing ICD. After
treatment with the nanoplatforms, a large number of spe-
cific antigens were released, which promoted the matura-
tion and antigen presentation of DCs. This induced the
activation and proliferation of T cells, thus activating
the systemic anti-tumor immunity to inhibit the growth
of the tumor. Together with the aPD-L1, the therapeutic
effect and associated anti-tumor immune response were
significantly improved. We thus propose a promising
combined therapeutic strategy for treating CRC by devel-
oping simple and multifunctional nanoplatforms.

Experimental section

Materials

Magnetite (Fe;O,) was procured from Macklin (USA).
Glucose oxidase (GOx) and dopamine hydrochloride
(DA-HCI) were obtained from Sigma (USA) and Ada-
mus Reagent GmbH (Switzerland), respectively. Bifunc-
tional PEG (NH,-PEG-MAL) with amino and maleimide
groups was sourced from Yangtou Biotechnology (Shang-
hai). The live/dead cell double staining kit was acquired
from the Tongren Institute of Chemistry. For detecting
adenosine triphosphate (ATP) and reactive oxygen spe-
cies (ROS), assay kits were purchased from Beyotime
Biotechnology (Shanghai). Additionally, the glutathione
disulfide (GSSG) assay kit was supplied by Beijing Box
Biotechnology. BODIPY®*$V%1.C11 was purchased from
Thermo Fisher (Waltham, MA). Antibodies against CRT,
GPX4, Ki67, CD4, CD8, and fluorescently labeled sec-
ondary antibodies were purchased from Abcam (UK).
Antibodies against CD11c and CD80, as well as CD86,
were obtained from Biolegend (USA) and Invitrogen
(USA), respectively. Anti-Bf-actin was purchased from
Cell Signaling Technology (USA). The terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
assay kit was purchased from Roche (Switzerland). The
IFN-y detection kit was purchased from Biodragon Bio-
technology (Beijing), the IL-6 detection kit was obtained
from Wuhan Huamei Biotechnology, and the TNF-a
detection kit was sourced from Wuhan Xinbosheng
Biotechnology.
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Fig.7 Immune response induced by GOx@FeNPs in vivo. (A) Flow cytometry analysis of CD11c* CD80" CD86" in lymph nodes of various groups in mice.
(B) Quantitative analysis of DCs maturation (mean +SD; n=3). (C) Flow cytometry analysis of CD3* CD4* and CD3* CD8" T cells in spleens after various
treatments in mice. (D-E) Quantitative analysis of CD4*, CD8* T cells in spleens (mean +SD; n=3). (F) Immunofluorescence analysis of CD4*, CD8* T cells
in tumor tissue slices of mice in various groups. Scale bar =50 um. *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001

Cell lines and animals

The CT26 mouse CRC cell line was obtained from the
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences in Shanghai, China. The cells were
grown in RPMI-1640 complete medium with 10% fetal
bovine serum and 1% streptomycin-penicillin, and were
cultured in a humidified environment with 5% CO, at 37

‘C. When the cells reached 80% confluence, they were
detached using 0.25% trypsin/EDTA solution.

Balb/c mice (6-8 weeks old, weighing (20.0+0.5) g)
were purchased from Bikai Keyi Biotechnology in Shang-
hai, China. All animal experiments were conducted in
accordance with the regulations of the Ethics Committee
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of Putuo Hospital, Shanghai University of Traditional
Chinese Medicine, China.

Synthesis and characterization of the GOx@FeNPs

The preparation of GOx@FeNPs was based on our previ-
ous work and optimized the process [53]. Firstly, 10 mg of
Fe;O, nanoparticles were added into 10 mL of Tris buffer
containing 5 mg of dopamine hydrochloride. The mixture
was stirred at 300 rpm for 3 h at room temperature to
obtain Fe;O,@PDA. Next, the pre-prepared NH,-PEG-
cRGD as well as NH,-PEG-AA solutions were added
dropwise under stirring at room temperature and left to
react overnight. The unattached target was then removed
by centrifugation, yielding Fe,O,@PDA-PEG-cRGD-AA
NPs (FeNPs). The above FeNPs were weighed and dis-
solved in deionized water, to which GOx aqueous solu-
tion (100 pg/mL) was added dropwise. After ultrasonic
dispersion for 5 min, it was reacted on a shaking bed for
12 h, and the precipitate was washed several times with
deionized water to obtain GOx@FeNPs. The morphol-
ogy of the GOx@FeNPs was observed using transmission
electron microscopy (TEM, JEOL Ltd., Tokyo, Japan),
and the particle size and the zeta potential were deter-
mined by Malvern Zetasizer Nano Z (Malvern, UK).

In vitro photothermal performence

To evaluate the photothermal conversion performance
of GOx@FeNPs in vitro, different concentrations of
GOx@FeNP:s (0, 25, 50, and 100 pg/mL) were exposed to
808 nm NIR at a power density of 1.0 W/cm? (MDL-F-
808, Changchun New Industries Optoelectronics Tech-
nology Co., Ltd). The temperature change was monitored
and recorded using a NIR thermal camera.

To investigate the photothermal stability of GOx@
FeNPs in vitro, a 100 pg/mL solution of GOx@FeNPs was
exposed to 808 nm NIR laser for 5 min repeatedly. After
each cycle, the solution was allowed to cool to room tem-
perature naturally, and the temperature was recorded
every minute for a total of 5 cycles.

Magnetic capacity and MRI
To determine the magnetic properties of the prepared
nanomaterials in vitro, 10 mg of GOx@FeNPs powder
was used to characterize its hysteresis properties with
the help of a vibrating sample magnetometer (LakeShore,
USA) at room temperature. Additionally, a suspension of
GOx@FeNPs at a concentration of 100 pug/mL was pre-
pared and transferred to a syringe bottle to observe its
dispersion in water. A magnet was placed on one side of
the bottle for 1 min, and after removing it, a period was
waited for observation and recording.

To assess the in vitro MRI performance, GOx@FeNPs
solutions at different concentrations (0, 2, 4, 6 and 8 pg/
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mL) were added to 1.5 mL Eppendorf tubes, mixed and
then imaged using a T2 MRI scanner.

To evaluate the in vivo MRI, Balb/c tumor-bearing
mice with a tumor volume of approximately 500 mm3
were selected. After intravenous injection of 200 pL of
GOx@FeNPs (2 mg/mL), T2-weighted MRI of the anes-
thetized mice was performed at 0, 12, and 24 h intervals.
The MRI parameters were set as follows: TR=2500 ms,
TE=90 ms, FOV=100 mm, and slice thickness=3 mm.

Cellular uptake

The CT26 cells were cultured uniformly in confocal
dishes with approximately 3.5x10° cells per well in the
control group. GOx@FeNPs (100 pg/mL) labeled with
1.0 pg/mL coumarin 6 (Ce6) were added to replace the
original medium, and different incubation times were
set at 0, 2, 4, and 6 h. Furthermore, to demonstrate the
targeting ability, RGD and AA were added and pre-
treated for 0.5 h before replacing with GOx@FeNPs/Ce6
medium, where incubation was continued for 4 h. At the
end of incubation, cells from all groups were washed with
PBS for 5 min, fixed with paraformaldehyde and stained
with DAPI. After 5 min incubation at room temperature,
fluorescence intensity was observed using a CLSM ( Carl
Zeiss Germany).

Cytotoxicity assay

The CT26 cells were seeded into a 96 well plate at a
density of 1x10* cells per well and maintained in 100
puL RPMI 1640 complete medium. After 24 h, the old
medium was replaced with 100 pL of fresh medium,
which contained different concentrations of Fe;O,@
PDA, ranging from 0 to 200 ug/mL. Additionally, a fresh
medium containing different nanomaterials at a Fe con-
centration of 100 ug/mL was also used, including con-
trol, Fe;O,@PDA, FeNPs, and GOx@FeNPs. The cells
were then exposed to 808 nm laser (1 W/cm?) for 5 min
after 4 h, followed by replacement with complete cul-
ture medium and further incubation for 24 h. The rela-
tive cell viability of each group was evaluated using the
CCK-8 assay (Dojindo). Additionally, PI (dead cells, red)
and Calcein-AM (live cells, green) staining were also per-
formed, and fluorescence images were captured using an
inverted fluorescence microscope (Leica).

ICD

To detect the extracellular HMGB1 concentration and
intracellular ATP level, 1.5x10° CT26 cells were cul-
tured in 500 pL of complete medium in 24 well plates.
After 24 h, the cells were treated with different nanopar-
ticles, control, FeNPs, FeNPs+L, GOx@FeNPs, GOx@
FeNPs+L in 500 pL of fresh medium. After 4 h, the cells
were rinsed with PBS and irradiated with an 808 nm
laser (1 W/cm?) for 5 min, then replaced with complete
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medium and continued to culture for another 24 h. The
supernatant was collected to measure mouse HMGB1
using an ELISA kit (ELISA), and cells were harvested for
ATP analysis following the manufacturer’s instructions.

To detect CRT exposure, CT26 cells were seeded at
a density of 3.5x10° in confocal dishes and cultured
for 24 h using the same treatments as described in the
HMGBI experiment. After 24 h of incubation, cells were
immobilized with 4% paraformaldehyde for 5 min, per-
meabilized with 0.1% Triton X-100 for 5 min, and then
rinsed three times with PBS. It was then blocked with 5%
fetal bovine serum for 1 h and stained with Alexa Fluor
488-CRT antibody (ab196158) at 4 °C overnight. Then
the cells were rinsed with PBS and stained with DAPI for
5 min. Finally, a CLSM was used for imaging.

DC maturation in vitro

In this study, Balb/c mice (3-5 weeks old, male) were
used. The mice were humanely euthanized using the cer-
vical dislocation method, and the hind legs were skinned
to carefully extract the bilateral femurs and tibiae. The
bone marrow was then harvested by inserting a needle
and suctioning repeatedly until the cavity turns white.
The cells were then resuspended in a medium containing
10% FBS, 10 ng/mL GM-CSE, and 1 ng/mL IL-4 in RPMI-
1640. The cell concentration was adjusted to 2x10° and
placed in transwell chambers, which were cultured for
72 h. Following this, CT26 cells that had been treated
with different nanoformulations were added to the upper
chamber and co-cultured for an additional 24 h after 4 h
of NIR irradiation. The DCs from different groups were
collected, blocked with 2% Fc block for 5 min, and incu-
bated with antibodies CD11c (Biolegend), CD80 (Bioleg-
end) and CD86 (Invitrofenfor) 30 min and then detected
by flow cytometry.

Intracellular ROS generation

The CT26 cells were cultured in confocal dishes at a
density of 3.5x10° cells per dish. After 24 h of incuba-
tion, the cells were treated with different preparations of
nanoparticles, including control, GOx@FeNPs, GOx@
FeNPs+L, and the ferroptosis inhibitor ferrostatin-1
(Fer-1). Following 4 h of co-culture, the laser group was
irradiated with 808 nm (1 W/cm?) and the cells were fur-
ther incubated for 24 h. An additional 10uM DCFH-DA
solution was added to the cells and incubated at 37 °C for
another 20 min. The cells were washed several times with
PBS and the fluorescence was observed by CLSM.

Intracellular LPO generation

The CT26 cells were cultured overnight in confo-
cal dishes at a density of 3.5x10° cells per dish. When
the cells grew to 80%, the experimental settings were
control, GOx@FeNPs, GOx@FeNPs+L, and GOx@
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FeNPs+L+Fer-1 (equivalent Fe concentration (100 pg
mL™1)). After 4 h of incubation, the cells were exposed to
an 808 nm laser for 5 min and then allowed to incubate
for another 24 h. Afterward, the medium was discarded
and replaced with a serum-free 1640 medium containing
BODIPY*$/*1.C11 at a concentration of 1uM, which was
incubated with the cells for 30 min at 37 °C for CLSM
observation.

Intracellular GPX4 expression level

The western blotting assay was conducted to analyze the
intracellular expression levels of GPX4. Briefly, CT26
cells were seeded in 24 well plates at a density of 1.5x 10°
cells per well and incubated overnight. When the cell
density reached 80%, the experiments were performed
with the equivalent Fe concentration (100 ug mL™!) of
the corresponding drugs. After 4 h of incubation, the
laser group was irradiated at 808 nm (1 W/cm?) and then
incubated for an additional 24 h. The cells were washed
three times with PBS, and total cellular protein was pre-
pared in lysis buffer and quantified using a Bradford kit.
A total of 20 pg of protein samples were separated by
15% SDS-PAGE and then transferred to polyvinylidene
difluoride (PVDF) membranes. Next, protein blots were
incubated with rabbit GPX4 (Abcam) primary anti-
body (1:1000) at 4 °C overnight, followed by horserad-
ish peroxidase-conjugated secondary antibody (1:10000)
at 37 °C for 1 h. Rabbit B-actin (1:1000) was used as a
protein loading control. The specific protein bands were
imaged using enhanced chemiluminescence (ECL).

Intracellular GSSG level

The expression of GSSG in cells was measured under var-
ious treatments using ELISA kits according to standard
protocols.

In vivo photothermal thermal image

To evaluate the photothermal effect of GOx@FeNPs in
vivo, it was administered via injection through the tail
vein of tumor-bearing mice. After 24 h, the tumor area
was irradiated with an 808 nm (1 W/cm?) laser for 5 min
duration. Temperature changes were monitored and
recorded throughout the process using an NIR thermal
camera.

In vivo antitumor effect

To establish a tumor-bearing mouse model, 1*10° of
luciferase-labeled CT26 cells were injected subcutane-
ously into the right side of 6 ~8-week-old Balb/c female
mice. When the tumor volume reached 50 mm?, the mice
were randomly divided into 8 groups (n=6): (1) Control,
(2) GOx, (3) Laser, (4) aPD-L1, (5) FeNPs+L, (6) GOx@
FeNPs, (7) GOx@FeNPs+L, (8) GOx@FeNPs+L+aPD-
L1. Subsequently, different nano-preparations were
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injected via the tail vein at days 0, 2, and 4. In the laser
group, the tumor site was irradiated with 808 nm NIR
laser at a power of 1.0 W/cm? for 5 min after 24 h of
administration. It was also monitored and recorded by
NIR thermal camera until it reached about 48 °C. While
all aPDL1 group was injected intravenously on days 1, 3
and 5, respectively. Tumor volumes and the body weight
of mice were recorded every two days from the beginning
of treatment. The formula for calculating tumor volume
was: volume = (long diameter x short diameter X short
diameter)/2.

To investigate the combined therapy effect, all mice
were executed when the tumors reached about 2000
mm?, The serum, tumors, and essential organs such as
the heart, liver, spleen, lungs, kidneys, and lymph nodes
were also collected. The spleen and lymph nodes were
used to detect immune cells, while the other tissues were
fixed in paraformaldehyde for 48 h for further analysis.

In vivo antitumor immune response

Freshly isolated lymph nodes and spleens were cut,
ground, and filtered through a 70 um cell filter to prepare
cell suspensions. For spleen cells, an additional amount of
erythrocyte lysate was required. Afterward, the cells were
incubated with Fc-Block (biolgend) to avoid non-specific
binding. To analyze mature DCs in lymph nodes, CD11c-
Cy5.5 (biolgend), CD80-APC (biolgend), and CD86-FITC
(Invitrogen) staining were used. Additionally, staining
with CD3-PE (Abcam), CD4-FITC (Abcam), and CD8a-
APC (Abcam) were performed to analyze helper T cells
(Ths, CD3*CD4") and CTLs, CD3*CD8%). After wash-
ing, the cells were resuspended in stain buffer and then
analyzed using flow cytometry (Beckman, USA).

Immunohistochemistry assays

The collected tumor tissues of each group were care-
fully sliced and processed for antigen retrieval using 1x
sodium citrate. Then, dropwise added 3% H,O, solution,
followed by blocking with 5% BSA. The slices were then
stained with Ki67 (Abcam) and GPX4 (Abcam) antibod-
ies, rinsed three times with PBS, and incubated with
secondary goat anti-rabbit immunoglobulin G (IgG) for
30 min at 37 °C. After rinsing with PBS, the slides were
incubated with the chromogenic kit DAB. Finally, the
slides were rinsed with water, stained with hematoxylin
for 10 s, and sealed for microscopic observation.

Immunofluorescence assays

To assess immunofluorescence staining, the anti-
gen repair and blocking processes were carried out as
described in the immunohistochemical study. The tissues
were then incubated with primary antibodies for CD4
(Abcam) and CD8 (Abcam) overnight at 4 °C, followed
by a donkey anti-rabbit IgG for 1 h at room temperature.
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Finally, it was stained with DAPI, sealed, observed and
photographed under CLSM.

TUNEL

To evaluate apoptosis in the tumor tissues, the slices
were stained using the TUNEL assay kit according to the
instructions of the manufacturer. Fluorescence images
were then captured using CLSM.

In vivo cytokine assay

In the study, serum samples were collected from each
group and the levels of TNF-a (EMC102a), IFN-y (BDEL-
0054), and IL-6 (E04639m) were measured using ELISA
kits as the instructions provided by the manufacturer.

Biosafety

The main organs, including heart, liver, spleen, lungs,
and kidneys of the tumor-bearing mice were collected to
evaluate the tissue integrity. It was fixed in 10% forma-
lin, embedded in paraffin, and 4 um sections were pre-
pared. The slices of each group were then stained with
H&Eand observed under a microscope (Leica). Besides,
mouse serum levels of BUN, AST, CRE and ALT were
purchased from Nanjing Jiancheng Bioengineering Insti-
tute, China, and the detailed methods were provided by
the manufacturer.

Statistical analysis

One-way analysis of variance (ANOVA) or t test for mul-
tiple comparisons was used for statistical analysis. All
data were expressed as meantstandard deviation (SD).
Statistical significance was set at *»<0.05, **p<0.01 and
*¥p<0.001, ****p<0.0001, as indicated in the figures.
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