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assembling peptide GFFY and a photo-responsive molecule chlorin e6 (Ce6). Ce6-GFFY forms
macroparticles with a diameter ofw160 nm and possesses a half-life of 10 h, as well as an ideal
tumor-targeting ability in mouse models. Ce6-GFFY effectively penetrates cells and generates
numerous reactive oxygen species upon 660 nm laser irradiation. The reactive oxygen species
promotes the accumulation of cytotoxic T cells and decrease of myeloid-derived suppressor
cells in the tumor microenvironment through immunogenic cell death, thus prohibiting the
growth of both primary and metastatic tumors after once treatment. This study not only pro-
vides a strategy for photosensitizer development but also confirms a promising application of
Ce6-GFFY for colorectal cancer therapy.
ª 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Introduction

Colorectal cancer (CRC) is one of the most malignant dis-
eases that easily metastasizes to important organs such as
the liver, lung, and ovary.1 Many strategies have been
employed for clinical CRC therapy such as chemotherapy,
targeted therapy, and immunotherapy.2e4 Although
chemotherapy is still the preferred strategy for CRC
treatment, most patients only show a good response at the
first treatment, and long-term administration is always not
effective in reducing tumor recurrence.5 Besides, the well-
known acute toxicity also confines the application of
chemotherapy in some patients.6 The emergence of tar-
geted drugs such as cetuximab has greatly reduced drug
toxicity and improved the effectiveness of CRC therapy, but
the frequent gene mutations such as P53 and KRAS in CRC
cells always lead to clinical resistance to targeted drugs.7,8

Immune checkpoint therapy has brought a breakthrough in
cancer therapy, and the programmed cell death 1 (PD1)
antibody has been approved for the treatment of CRCs with
high levels of microsatellite instability.3 However, CRCs
with low levels of microsatellite instability exhibit a con-
ventional morphology with minimal tumor-infiltrating lym-
phocytes, resulting in limited response rates among
patients.9 Therefore, there is an urgent need for the
development of novel anti-tumor drugs that can effectively
treat CRC patients with different gene statuses.

In contrast to traditional targeted drugs, photodynamic
therapy (PDT) destroys cancer cells immediately without
considering their genetic status, making it a promising
approach for treating various types of CRC.10 PDT contains
two individual non-toxic components, namely a laser device
and a photosensitizer,11 among which the laser device is
used to generate a specific laser with an appropriate
wavelength to activate the photosensitizer,12 and the
photosensitizer is used to target tumors and generates
reactive oxygen species (ROS), especially singlet oxygen
(1O2) upon laser irradiation to induce cell death.13 PDT-
induced cell death always promotes the release of tumor-
associated antigens into the microenvironment, these
released tumor-associated antigens can be presented by
antigen-presenting cells to activate cytotoxic T cells for
specific tumor killing.14 Besides, several damage-associated
molecular patterns related to immunogenic cell death (ICD)
have been demonstrated, including the release of large
amounts of ATP and high-mobility group box 1 (HMGB1) into
the extracellular milieu, and the translocation of calreti-
culin (CRT) from the endoplasmic reticulum to the cell
surface.15,16

Despite being approved for clinical use 30 years ago, PDT
is not widely utilized in cancer therapy due to the lack of
suitable photosensitizers. Although first-generation photo-
sensitizers such as hematoporphyrin and their derivatives
show excellent photophysical and electrochemical proper-
ties, the self-quenching behavior, complex composition,
and poor photochemical stability significantly impede their
practical applications.17,18 Second-generation photosensi-
tizers such as chlorin E6 (Ce6) possess specific molecular
structures, enhanced tumor-targeting capabilities,
increased ROS production, and augmented cell-killing po-
tential.19 Ce6 is a degradation product of chlorophyll and
generates numerous ROS upon the irradiation of
650e700 nm, and its derivatives such as talaporfin sodium
and temoporfin have been approved for clinical cancer
therapy.20,21

The third-generation photosensitizers feature the high-
est targeting ability and suitable half-lives achieved
through the conjugation of second-generation photosensi-
tizers with targeting molecules such as antibodies, pep-
tides, or nanoparticles.22 Polypeptide is a kind of natural
material with protein homology, good biocompatibility, and
low toxicity. As a representative of the new generation of
biological materials, polypeptide structure is simple and
easy to synthesize, indicating a potential use in encapsu-
lating and transporting small molecule drugs.23,24 Gly-Phe-
Phe-Tyr (GFFY) peptide was reported to possess the capa-
bility of self-assembling and was used for the development
of different drugs or biomaterials. A highly sensitive ag-
gregation-induced emission (AIE) fluorescent light-up probe
TPE-GFFYK (DVEDEE-Ac) was designed based on the peptide
GFFY, which can induce the ordered self-assembly of AIE
luminogen (AIEgen), yielding close and tight intermolecular
steric interactions to restrict the intramolecular motions of
AIEgens for excellent signal output.25 The naphthylacetic
acid-modified D-enantiomeric GFFY (D-Nap-GFFY) can form
a nanofiber hydrogel which is selectively taken up by anti-
gen-presenting cells, and D-Nap-GFFY-encapsulated T317
(D-Nap-GFFY-T317) enhances dendritic cell maturation and
infiltration into tumors, increases CD3þ/CD8þ cells in tu-
mors, and inhibits tumor angiogenesis.26 The naphthyl-
acetic acid-modified GFFY (Nap-GFFY) also is a novel
vaccine adjuvant, antigens can be easily incorporated into
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the hydrogel by a vortex or by gently shaking before in-
jection, and the vaccines can stimulate strong CD8þ T-cell
responses, which significantly inhibits tumor growth.27 In
addition, a naproxen acid-modified tetra peptide of GFFY
(Npx-GFFY) hydrogels enhances the protection of the H7N9
vaccine and is a promising adjuvant for H7N9 vaccines
against highly pathogenic H7N9 virus.28 Besides, a previous
study confirmed that the hydrogel formed by GFFY peptides
has good stability in terms of both humoral immunity and
anti-tumor cellular immunity.29 The diameter of self-
assembled particles formed by GFFY peptides varies
depending on the coupling molecules used, but most mac-
roparticles show a size of approximately 100 nm.30 This size
ensures that the macroparticles can target and penetrate
tumor tissues through the enhanced permeability and
retention (EPR) effect, a well-established mechanism by
which macroparticles ranging from 100 nm to 800 nm in size
enter solid tumors.31

In this study, we have developed a third-generation
photosensitizer, namely Ce6-GFFY, by combining the pep-
tide GFFY with the Ce6 molecule. A series of experiments
were conducted to investigate the functional mechanism of
Ce6-GFFY in CRC therapy. Our findings indicate that Ce6-
GFFY forms macroparticles, effectively targets and accu-
mulates in tumor tissues, and induces significant ROS pro-
duction in cancer cells upon the irradiation of a 660 nm
laser. Additionally, Ce6-GFFY effectively inhibits the
growth of both primary and metastatic tumors through the
induction of ICD, demonstrating a promising application for
the clinical treatment of CRC.

Materials and methods

Cells and reagents

HCT116 (human) and CT26 (mouse) CRC cell lines were
purchased from ATCC (Rockville, MD, USA) and maintained
in DMEM or 1640 medium at 37 �C in 5% CO2. The medium
was supplemented with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA, USA). All cell lines
were authenticated by short tandem repeat profiling and
were tested for mycoplasma contamination. GFFY was
synthesized by Synpeptide (Shanghai, China), chlorin e6
(#C829662) was purchased from Macklin Biochemical
(Shanghai, China), 40,6-diamidino-2-phenylindole (DAPI,
#C1002) and 20,70-dichlorodihydrofluorescein diacetate
(DCFH-DA, #S0033S) were purchased from Beyotime
Biotechnology (Shanghai, China), propidium iodide and
annexin V-FITC apoptosis detection kit (#BMS500FI-300) was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA), and rabbit anti-CRT antibody (#ab92516) was pur-
chased from Abcam (Boston, MA).

Characterization of Ce6-GFFY

Ce6-GFFY was synthesized through a dehydration conden-
sation reaction between the carboxyl of Ce6 and the amino
group of GFFY, and purified using high-performance liquid
chromatography to obtain the compound binding to only
one GFFY peptide, then the compound was further identi-
fied using mass spectrometry. Ce6-GFFY was suspended in
phosphate-buffered saline (PBS) (0.1 mg/mL) at room
temperature for 10 min, then the particle size, zeta po-
tential, and polydispersity index were measured by dy-
namic light scattering according to the manufacturer’s
protocol. The morphological feature of Ce6-GFFY was
examined using transmission electron microscopy (Tecnai
Spirit T12) according to the manufacturer’s protocol. For
stability examination, Ce6-GFFY macroparticles were
incubated at 37 �C for 24 h, 48 h, 72 h, and 7 d, respec-
tively, then the particle size and polydispersity index were
detected by dynamic light scattering. Besides, Ce6-GFFY
macroparticles were frozen at �80 �C for 1 h, and thawed
at 37 �C, and then the particle size was examined by dy-
namic light scattering.

CCK-8 assay

Cell viability was measured using a CCK-8 cell counting kit
(Beyotime Biotechnology, Shanghai, China). 7000 cells were
seeded in 96-well plates and treated with drugs at various
concentrations for 1 h and then treated with or without
laser irradiation for 1 min (660 nm, 0.02 W/cm2), followed
by incubation at 37 �C for 24 h. After the addition of the
CCK-8 reagent, the cells were continually incubated at
37 �C for 3 h before being detected by a microplate reader
(TECAN, Victoria, Austria).

Flow cytometry analysis

For cell endocytosis detection, CT26 and HCT116 cells were
treated with Ce6 molecules (5 mM) or Ce6-GFFY (5 mM) at
37 �C for 1 h. For ROS detection, cells were treated with
Ce6 molecules (5 mM), GFFY peptide (5 mM), or Ce6-GFFY
(5 mM) at 37 �C for 1 h and then treated with or without
laser irradiation for 1 min (660 nm, 0.02 W/cm2). After-
ward, the cells were collected and stained with DCFH-DA
(1:5000) at 37 �C for 20 min. For cell death analysis, cells
were treated with Ce6 molecules, GFFY peptide, or Ce6-
GFFY (CT26, 10 mM; HCT116, 5 mM) at 37 �C for 1 h and then
treated with or without laser irradiation for 1 min (660 nm,
0.02 W/cm2). After incubation at 37 �C for 24 h, the cells
were collected and stained with propidium iodide (1:100)
and annexin V-FITC (1:200). For examination of CRT
expression, cells were treated with Ce6 molecules, GFFY
peptide, or Ce6-GFFY (CT26, 10 mM; HCT116, 5 mM) at 37 �C
for 1 h and then treated with or without laser irradiation for
1 min (660 nm, 0.02 W/cm2). After incubation at 37 �C for
8 h, the cells were collected and blocked with 5% bull serum
albumin for 10 min and then incubated with a primary anti-
calreticulin antibody (#ab92516, Abcam), followed by the
incubation of an Alexa Fluor 488-conjugated secondary
antibody (#406416, BioLegend).

For tissues, primary and metastatic tumors were diges-
ted into single cells using the KeyGEN tissue dissociation kit
(#KGA829, KeyGEN BioTECH) following standard protocol.
Digested tumors were mashed through 40 mm filters into
PBS and were centrifuged at 300 g and 4 �C for 5 min; the
obtained cells were blocked with 5% bull serum albumin for
10 min and incubated with a surface antibody mixture at
room temperature for 2 h. Antibodies against CD45 (APC-
Cy7, #557659, BD Biosciences), CD3 (PE, #100206,
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BioLegend), CD8a (Alexa Fluor700, #100730, BioLegend),
CD11b (PE, #101208, BioLegend), and Gr-1 (FITC, #108405,
BioLegend) were used. The above treated cells were
determined by flow cytometry (BeckmaneCoulter) and
analyzed by FlowJo v.10.8.1 software.

Immunofluorescence and confocal microscopy
detection

For cell endocytosis detection, CT26 and HCT116 cells were
treated with Ce6 molecules (5 mM) or Ce6-GFFY (5 mM) at
37 �C for 1 h, and then the cells were fixed with 4% para-
formaldehyde for 15 min and stained with DAPI (1: 1000
diluted in PBS) for 20 min at room temperature. For ROS
detection, cells were treated with Ce6 molecules (5 mM),
GFFY peptide (5 mM), or Ce6-GFFY (5 mM) at 37 �C for 1 h
and treated with or without laser irradiation for 1 min
(660 nm, 0.02 W/cm2); afterward, the cells were stained
with DCFH-DA (1: 5000 diluted in PBS) at 37 �C for 20 min.
For examination of CRT expression, cells were treated with
Ce6 molecules, GFFY peptide, or Ce6-GFFY (CT26, 10 mM;
HCT116, 5 mM) at 37 �C for 1 h and treated with or without
laser irradiation for 1 min (660 nm, 0.02 W/cm2); after-
ward, the cells were incubated at 37 �C for 8 h. After being
fixed using 4% paraformaldehyde for 10 min and blocked
with 5% bull serum albumin at 4 �C overnight, the cells were
incubated with a primary anti-calreticulin antibody
(#ab92516, Abcam), followed by the incubation with an
Alexa Fluor 488-conjugated secondary antibody (#406416,
BioLegend). Then, the cells were stained with DAPI at room
temperature for 10 min.

For tissues, paraffin-embedded samples were sectioned
at 4 mm thickness. Antigen retrieval was performed by a
pressure cooker (at 95 �C for 10 min) in citrate antigen
retrieval solution (P0081, Beyotime). The sections were
then blocked in PBS containing 2% goat serum albumin at
room temperature for 1 h. Then, the sections were incu-
bated in the mixture of two primary antibodies at 4 �C
overnight. The following primary antibodies were used: rat
anti-Gr-1 (#108401, BioLegend), mouse anti-Cytokeratin
Pan (#ab7753, Abcam), and rabbit anti-CD8 (#bs-0648R,
Bioss). The sections were washed with cold PBS and incu-
bated with the mixture of two secondary antibodies raised
in different species at room temperature in the dark for
2 h. The following secondary antibodies were used: Alexa
Fluor 488 labeled anti-rabbit (#A11008, Life Technologies),
Alexa Fluor 594 labeled anti-rat (#Life Technologies,
A11007), Alexa Fluor 488 labeled anti-mouse (#A11001, Life
Technologies), and Alexa Fluor 594 labeled anti-mouse
(#A21203, Life Technologies). Then, sections were counter-
stained with DAPI at room temperature for 10 min. The
above treated samples were examined by laser confocal
fluorescence microscopy (Olympus FV1000) and analyzed
using Zeiss v.3.1 software.

Tumorigenicity and imaging in mice

Four-to-six-week-old BALB/c mice and BALB/c nude mice
were purchased from Guangdong Medical Laboratory Ani-
mal Center (Guangzhou, China). All mice were maintained
under standard conditions and treated according to
institutional guidelines for animal care. For primary tumor
therapy, 2 � 105 CT26 cells were suspended in a 1:1 mixture
of PBS and matrigel and subcutaneously injected into the
flanks of the mice. When the volume of tumors reached
70 mm3, the mice were randomized into treatment and
control groups. The treatment groups received tail intra-
venous injections of GFFY (2.5 mg/kg), Ce6 (2.5 mg/kg), or
Ce6-GFFY (5 mg/kg), and the control group received PBS
treatment, both groups were treated with once 660 nm
laser irradiation for 8 min (1 min on, 1 min off; 4 cycles) on
the tumor region at a power of 0.2 W/cm2. Tumor volume
and mouse body weight were recorded every three days,
and tumor tissues were collected and weighed at the end of
treatment. Main organs such as the heart, liver, spleen,
lung, and kidney were collected for pathological analysis
and the blood was collected for blood routine examination.

For metastatic tumor therapy, 2 � 105 CT26 cells were
subcutaneously injected into the right flank of the mice
(primary tumor), and 1 � 105 CT26 cells into the left flank
(metastatic tumor). When the volume of primary tumors
reached 200 mm3, the mice were randomized into treat-
ment and control groups. The treatment groups received
tail intravenous injections of Ce6-GFFY (5 mg/kg) and the
control groups received the treatment of PBS; both groups
were treated with once 660 nm laser irradiation for 8 min
(1 min on, 1 min off; 4 cycles) on the primary tumor region
at a power of 0.2 W/cm2. Tumor volumes were recorded
every two days and tumor tissues were weighted and
collected for further analysis such as immunofluorescence
and flow cytometry detection at the end of treatment.

For in vivo imaging, Ce6-GFFY (5 mg/kg) and Ce6 mole-
cules (2.5 mg/kg) were injected into mice burdened with or
without xenograft tumors through the tail vein (100 mL/
mouse), and the fluorescence intensity of mice or main tis-
sues such as brain, heart, liver, spleen, lung, kidney, intes-
tine, and stomach was detected and analyzed with an IVIS
spectrum imaging system (PerkinElmer, MA, USA). All animal
experiments were approved by The Institutional Animal Care
and Use Committee at Sun Yat-sen Cancer Center.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
8. Experiments were performed with 3 biological repli-
cates, and the data from three independent experiments
were presented as mean � standard deviation and were
compared using an unpaired t-test (groups �2) or ordinary
one-way ANOVA (groups �3), and data with two indepen-
dent variables was analyzed using two-way ANOVA. P< 0.05
was considered statistically significant (*P < 0.05; ))
P < 0.01; )))P < 0.001, and ))))P < 0.0001).

Results

Synthesis and characterization of Ce6-GFFY

Ce6-GFFY was synthesized by coupling chlorin-e6 with
peptide GFFY. To ensure a relative homogeneity of the Ce6-
GFFY molecules used in subsequent experiments, we
further performed high-performance liquid chromatog-
raphy purification after the chemical synthesis reaction and
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obtained a compound binding to only one GFFY peptide
(Fig. S1A). Besides, the Ce6-GFFY molecules were further
confirmed using mass spectrometry (Fig. S1B). We also
carried out the proton nuclear magnetic resonance analysis
to identify the molecular feature of Ce6-GFFY. The nuclear
magnetic resonance data successfully identified the distri-
bution of 1H on different functional groups, indicating that
the molecular structure of Ce6-GFFY is relatively complex
(Fig. S1C). However, the information provided by nuclear
magnetic resonance is limited, making it difficult to
determine the specific coupling site of the peptide GFFY on
the Ce6 molecule. In fact, almost every photosensitizer
developed based on Ce6 has encountered structural
confirmation challenges. For example, talaporfin is a
photosensitizer synthesized by coupling a single aspartic
acid to the carboxyl group of Ce6 and has been approved for
clinical use, but it was impossible to determine the
coupling position of this amino acid for a long time. How-
ever, based on the chemical synthesis processes, we can
make reasonable conclusions about the molecular structure
of the photosensitizer. According to the previous studies,
an anhydride will be firstly formed between the Ce6 152 and
131 carboxylic acid groups during the synthesis of Ce6-
based photosensitizers, and this is more likely than a larger
ring anhydride between the 173 and 152 acids.32 This phe-
nomenon has been verified in a wide variety of nucleophiles
such as ethoxide, propylamine, isopropylamine, ethanol-
amine, p-tolylthiolate, phenoxide, isobutoxide, and ben-
zyloxide; all of them yield the 152-conjugates, with several
of these structures being confirmed by single-crystal X-ray
structures.33 For talaporfin, the aspartic acid nitrogen atom
undergoes nucleophilic attack upon the aliphatic side of the
anhydride to produce the 152 conjugates and the structure
has also been demonstrated using single-crystal X-ray
diffraction.34 In this study, the synthesis processes of Ce6-
GFFY are the same as that of talaporfin, so the coupling
position of the peptide GFFY is most likely to be on the 152

carboxylic acid group of Ce6 (Fig. 1A).
Then, we examined the molecular characteristics of

Ce6-GFFY from various perspectives. Dynamic light scat-
tering analysis showed that Ce6-GFFY formed macro-
particles when suspended in PBS, the average diameter of
the polymers was 158.7 � 2.8 nm (Fig. 1B), and the zeta
potential was �23.1 � 0.9 mV (Fig. 1C). We further
confirmed the aggregation of Ce6-GFFY molecule using
transmission electron microscopy, and the data showed
that Ce6-GFFY formed irregular polymer with a uniform size
distribution (Fig. 1D). Then, we explored the stability of
Ce6-GFFY in different conditions. The Ce6-GFFY solution
was incubated at 37 �C for different times, then the par-
ticle size and average polydispersity index were detected.
Our results showed that there were almost no changes in
the particle size during the incubation, even after seven
days of incubation, indicating that Ce6-GFFY macro-
particles had a high stability in the normal store and
transport conditions (Fig. 1E, F). Moreover, the size of Ce6-
GFFY macroparticles also remained stable after repeated
freezing (�80 �C) and thawing (37 �C), which further
identified the high stability of Ce6-GFFY macroparticles
(Fig. 1G). Above all, Ce6-GFFY molecules form a uniform
macroparticle aggregation in solution, and the particles
remain stable under extreme conditions.
Ce6-GFFY generates numerous ROS in CRC cells

Successfully entering cells through endocytosis is the pre-
requisite for photosensitizers to exert anti-tumor effects,
thus we first focused on exploring the uptake of Ce6-GFFY
by CRC cells. CRC cells derived from mouse (CT26) and
human (HCT116) were treated with Ce6-GFFY or Ce6 mol-
ecules, respectively. The uptake of the agents was deter-
mined through confocal laser scanning microscopy due to
the specific fluorescence produced by Ce6 molecules. Flow
cytometry analysis showed that the Ce6-GFFY uptake of
CT26 and HCT116 cells was much higher than Ce6 mole-
cules, which enter the cells via free diffusion (Fig. 2A).
Confocal laser scanning microscopy also demonstrated that
cells treated with Ce6-GFFY had a noticeable aggregation
of Ce6 fluorescence in contrast to cells treated with Ce6
molecules, indicating that Ce6-GFFY has an optimal cellular
endocytic activity (Fig. 2B, C).

Generally, PDT exerts its tumor cell-killing ability
through ROS generated by photosensitizers under laser
irradiation with specific wavelength.35 To confirm the
ability of Ce6-GFFY to generate ROS in tumor cells, we
treated CT26 and HCT116 cells with Ce6-GFFY, and subse-
quently monitored the intracellular ROS levels using a mo-
lecular probe, namely 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA). Flow cytometry analysis revealed
that Ce6-GFFY induced a higher level of ROS compared with
the treatment with either GFFY peptides or Ce6 molecules
alone upon laser irradiation, and minimal ROS generation
was observed in cells treated with Ce6-GFFY without laser
activation (Fig. 2D). Confocal laser scanning microscopy
analysis also revealed that the Ce6-GFFY treated cells
exhibited a substantial increase in ROS production upon
660 nm laser irradiation, whereas the levels of ROS were
minimal in cells treated with GFFY peptides or Ce6 mole-
cules, and negligible ROS generation was observed in non-
irradiated cells (Fig. 2E, F). In summary, Ce6-GFFY macro-
particles can effectively penetrate CRC cells and induce a
substantial production of ROS.
Ce6-GFFY induces immunogenic cell death

The cellular metabolism of ROS is tightly regulated, and
excessive ROS production within a short time can result in
cellular dysfunction and eventual cell death. To confirm the
efficacy of ROS generated by Ce6-GFFY in suppressing CRC
cells, we exposed CT26 and HCT116 cells treated with Ce6-
GFFY to brief laser irradiation and assessed their prolifer-
ation status. Our results demonstrated that the ROS
generated by a low concentration of Ce6-GFFY upon laser
irradiation is sufficient to significantly impede the prolif-
eration of CT26 (IC50 Z 6.268 mM) and HCT116
(IC50 Z 5.299 mM) cells (Fig. 3A).

Next, we investigated the mechanisms underlying the
inhibitory effects of Ce6-GFFY on tumor cell proliferation.
Flow cytometry analysis was carried out using propidium
iodide and annexin V staining to explore the status of Ce6-
GFFY treated CT26 and HCT116 cells after brief laser irra-
diation. The results demonstrated that the combined use of
Ce6-GFFY and laser irradiation induced a mortality rate of
73% in CT26 cells and 48% in HCT116 cells, while most cells



Figure 1 Synthesis and characterization of Ce6-GFFY. (A) Schematic diagram of Ce6-GFFY synthesis. DCC, N, N0-dicyclohex-
ylcarbodiimide; DMAP, 4-dimethylaminopyridine; CH2CL2, dichloromethane. (B) The size distribution of Ce6-GFFY macroparticles
was analyzed using DLS. d, diameter; PDI, polydispersity index; DLS, dynamic light scattering. The data are representative of five
independent experiments. (C) The Zeta potential of Ce6-GFFY macroparticles was analyzed using DLS. Blank, PBS. The data are
representative of five independent experiments. (D) Ce6-GFFY macroparticle image was photographed by transmission electron
microscopy. Scar bar, 100 nm. (E, F) Particle size (E) and polydispersity index (F) of Ce6-GFFY macroparticles incubated at 37 �C at
different times as indicated was detected by DLS. The data are representative of five independent experiments. (G) Particle size of
Ce6-GFFY incubated at room temperature (normal) or underwent �80 �C/37 �C freezing-thawing (Freeze-Melt) was detected by
DLS. The data are representative of five independent experiments.
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in other groups remained viable (Fig. 3B). Further analysis
revealed that part of the dead cells derived from the
treatment of Ce6-GFFY and laser irradiation were necrotic
(52% in CT26 cells and 21% in HCT116 cells) and apoptotic
(21% in CT26 cells and 27% in HCT116 cells) (Fig. 3C).

ROS-induced cell death always induces the alteration of
damage-associated molecular patterns, which plays an
important role in ICD. Damage-associated molecular pat-
terns can be detected by hallmarks such as HMGB1, ATP,
and surface-exposed CRT,15,36 among which CRT is a clas-
sical hallmark that acts as an “eat-me” signal to stimulate
dendritic cells maturation and promote T cell-mediated
antitumor immunity.37,38 Therefore, we further examined
the expression of CRT in CRC cells induced by Ce6-GFFY.



Figure 2 Ce6-GFFY penetrates colorectal cancer cells and generates ROS. CT26 and HCT116 cells were treated with indicated
agents at 37 �C for 1 h and treated with or without 660 nm laser irradiation for 1 min at a power of 0.02 W/cm2. The data are
representative of three independent experiments. (A) Cells were treated with 5 mM Ce6-GFFY or Ce6 molecules and then subjected
to flow cytometry determination and the Ce6 positive cells were analyzed. (B, C) Cells were treated with 5 mM Ce6-GFFY or Ce6
molecules; the cellular fluorescence was determined by confocal laser scanning microscopy (B) and the mean fluorescence in-
tensity was analyzed (C). Red, Ce6; Blue, 40,6-diamidino-2-phenylindole (DAPI); MFI, mean fluorescence intensity. Scale bar: 40 mm.
(D) Cells were treated with agents as indicated and then treated with or without laser irradiation; the cellular ROS levels were
detected using flow cytometry assays and the ROS positive cells were analyzed. ROS, reactive oxygen species. (E, F) 5 mM GFFY
peptide, Ce6-GFFY, Ce6 molecules, or PBS treated cells with or without laser irradiation were stained with ROS probe DCFH-DA at
37 �C for 20 min; the cellular fluorescence was determined by confocal laser scanning microscopy (E) and the mean fluorescence
intensity was analyzed (F). DCFH-DA, 20,70-dichlorodihydrofluorescein diacetate. “L” in “PBS þ L”, “GFFY þ L”, “Ce6þL”, “Ce6-
GFFY þ L”: laser irradiation. MFI, mean fluorescence intensity; green, DCFH-DA; BF, bright field. Scale bar in CT26: 40 mm; HCT116:
50 mm. Statistical analyses were performed using one-way ANOVA except for (C), which was performed using unpaired t-test; bars,
standard deviation; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 3 Ce6-GFFY suppresses the proliferation of colorectal cancer cells. CT26 and HCT116 cells were treated with indicated
agents at 37 �C for 1 h and then treated with or without 660 nm laser irradiation for 1 min at a power of 0.02 W/cm2. The data are
representative of three independent experiments. (A) Cells were incubated at 37 �C for 24 h after being treated with laser irra-
diation and the indicated dose of GFFY peptide, Ce6, and Ce6-GFFY, and then cell proliferation was determined using CCK-8 assays.
The IC50 of Ce6-GFFY under laser irradiation was analyzed. IC50, 50 % inhibitory concentration. (B) Cells (CT26, 10 mM; HCT116,
5 mM) were stained with annexin V and propidium iodine dye, and then the ratio of dead cells was analyzed using flow cytometry.
(C) The ratio of necrotic and apoptotic cells in the combined treatment of Ce6-GFFY and laser irradiation were analyzed. (DeF)
After treated with the indicated agents (CT26, 10 mM; HCT116, 5 mM), cells were incubated at 37 �C for 8 h and stained with a CRT
antibody, then the expression of CRT was analyzed using flow cytometry (D) and confocal laser scanning microscopy (E), and the
CRT fluorescence was analyzed (F). CRT, calreticulin; green, CRT; blue, DAPI; MFI, mean fluorescence intensity. Scale bar, 40 mm
“L” in “CT26þL”, “HCT116þL”, “PBS þ L”, “GFFY þ L”, “Ce6þL”, “Ce6-GFFY þ L”: laser irradiation. Statistical analyses were
performed using one-way ANOVA; bars, standard deviation; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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CT26 and HCT116 cells were treated with the combination
of laser irradiation and Ce6-GFFY or other agents, and then
the expression of CRT was evaluated through flow cytom-
etry analysis using a CRT antibody. The results showed that
the expression of CRT in Ce6-GFFY treated CT26 and
HCT116 cells was much higher than other groups (Fig. 3D).
Moreover, the immunofluorescence assays performed using
confocal laser scanning microscopy further demonstrated
that the CRT expression in Ce6-GFFY group was significantly
up-regulated in both cells, while no significant changes
were observed in other groups (Fig. 3E, F). These findings
suggest that Ce6-GFFY can effectively induce ICD in CRC
cells. In general, the combination of Ce6-GFFY and laser
irradiation induces ICD in CRC cells, indicating a promising
application of Ce6-GFFY for CRC therapy.

Ce6-GFFY shows typical kinetics of macroparticles
and an ideal tumor-targeting ability

Ce6-GFFY induced ICD indicates that Ce6-GFFY could be a
potent anti-tumor drug candidate, we thus explored its
metabolism and tumor-targeting ability in mice before
investigating its potential therapeutic effect. The kinetics
of Ce6-GFFY metabolism were determined in mice through
tail vein injection. Living imaging analysis revealed that
Ce6-GFFY exhibited a prolonged retention time in the mice
for over 48 h, while Ce6 control molecules were almost
cleared within 12 h after injection (Fig. 4A). The Ce6
fluorescence statistics indicate that the half-life of Ce6-
GFFY was 10 h in mice, whereas that of Ce6 molecules was
only 3 h, indicating that the macroparticles formed by Ce6-
GFFY effectively extended the retention time of the drug in
vivo (Fig. 4B). We also collected the main organs of mice
treated with Ce6-GFFY for further imaging analysis and
found that the Ce6-GFFY accumulation mainly occurred in
the liver, stomach, and intestine, showing a typical meta-
bolism process of protein drugs (Fig. 4C). Then, we
explored the tumor-targeting ability of Ce6-GFFY in mice
bearing CT26-derived tumors. Living imaging analysis
showed that Ce6-GFFY accumulated rapidly in the tumor
regions after tail vein injection (Fig. 4D). Remarkably, Ce6-
GFFY exhibited stable aggregation in tumor tissues even
after 24 h of administration, whereas it was almost entirely
cleared from normal tissues except for the liver, which
serves as a metabolic organ for large particles (Fig. 4E). In
summary, previous studies and our data both demonstrate
that macroparticles exhibit a prolonged half-life in vivo,
thus enhancing the drug uptake by tumors and extending
the therapeutic window of drugs.39,40 Besides, the tumor
targeting ability of Ce6-GFFY indicates that it is a promising
agent for clinical CRC therapy.

Ce6-GFFY suppresses CRC growth with minimal
toxicity

Considering the significant advantages of Ce6-GFFY in terms
of metabolism and tumor targeting, we subsequently
investigated its potential anti-tumor activity. A subcu-
taneous tumor mouse model was established using
CT26 cells, and the mice were treated with Ce6-GFFY
(5 mg/kg) once, followed by 8 min of laser irradiation 6 h
after injection; tumor growth was assessed every three
days (Fig. 5A). The data demonstrated that the combina-
tion of Ce6-GFFY and laser irradiation significantly inhibited
tumor growth after a single treatment, while no significant
change was observed in the groups treated with other
agents combined with laser irradiation (Fig. 5B, C). More-
over, tumor growth curve statistic also confirmed the
potent inhibition of tumor growth induced by the combined
use of Ce6-GFFY and laser irradiation (Fig. 5D). Importantly,
there was no decrease in mice weight during the treat-
ment, indicating a minimal side effect (Fig. 5E).

We further evaluated the toxicity of Ce6-GFFY in mice
using pathologic analysis. At the end of the treatment, we
performed the murine blood routine analysis, data showed
that the combined administration of Ce6-GFFY and laser
irradiation did not elicit any significant inflammatory re-
sponses (Fig. S2A). Besides, the molecular indices indicated
that Ce6-GFFY did not exert an impact on the hepatic and
renal function of mice (Fig. S2B). Histopathological analysis
of organs such as heart, liver, spleen, lung, and kidney of
Ce6-GFFY and laser irradiation co-treated mice showed
that there was no apparent toxicity in mice (Fig. 5F).
Therefore, our data demonstrate that the combined use of
Ce6-GFFY and laser irradiation can effectively suppress CRC
growth through a single treatment with no obvious side
effects, indicating that Ce6-GFFY has good drug properties.
Ce6-GFFY activates anti-tumor immunity and
suppresses metastatic CRC growth

Activating the anti-tumor immunity is an effective way to
suppress cancer recurrence and metastasis.41,42 Consid-
ering that our cellular-level results demonstrated that the
combination of Ce6-GFFY and laser irradiation induced
significant immunogenic cell death, and in vivo experi-
ments confirmed the drug ability of Ce6-GFFY. Therefore,
we conducted a comprehensive investigation to determine
whether the PDT of Ce6-GFFY could enhance the anti-tumor
immune responses in mice. We first constructed a mouse
model using CT26 cells, which were transplanted subcuta-
neously in the left and right flanks of the BALB/c mouse,
respectively, to mimic the primary and metastasis tumors.
Then, the mouse was administered with Ce6-GFFY via tail
vein injection, followed by laser irradiation on the primary
tumor area while the metastatic tumor remained unirradi-
ated (Fig. 6A). The data showed that the growth of primary
tumors was significantly suppressed by the combined use of
Ce6-GFFY and laser irradiation (Fig. 6B). Interestingly, the
growth of metastasis tumors was also inhibited, even in the
absence of irradiation (Fig. 6C). Tumor weight analysis
further substantiated the inhibitory effect on both primary
and metastatic tumor growth, thereby suggesting a poten-
tial induction of anti-tumor immunity through photody-
namic treatment mediated by Ce6-GFFY (Fig. 6D).

Cytotoxic T cells eliminate tumor cells by recognizing
tumor-associated antigens, and thus their extensive infil-
tration into tumor microenvironment is essential for the
induction of anti-tumor immunity.43 In addition, myeloid-
derived suppressor cells exert immunosuppressive effects
by producing arginase-1, inducible nitric oxide synthase,
and other inhibitory substances, thereby playing an



Figure 4 Pharmacokinetics and tumor-targeting ability of Ce6-GFFY. (A) Mice were treated with 2.5 mg/kg Ce6 control or 5 mg/
kg Ce6-GFFY through tail vein injection, and the Ce6 luminescence was detected at the indicated time after the injection. n Z 5.
(B) The half-life of Ce6-GFFY and Ce6 molecules was analyzed based on the Ce6 luminescence changes. T1/2, half-live. (C) Main
organs from mice in (A) (12 h) were collected for imaging. n Z 3. (D) 2.5 mg/kg Ce6 control and 5 mg/kg Ce6-GFFY were injected
into mice bearing CT26-derived tumors through tail vein, and the Ce6 fluorescence intensity was measured and analyzed at the
indicated time after the injection (n Z 3). Red cycle, tumor region. (E) Main organs, along with the tumors from mice in (D) (24 h)
were collected for imaging and analysis. n Z 3.
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important role in reshaping the tumor immune microenvi-
ronment.44,45 Therefore, we subsequently focus on
exploring the changes of cytotoxic T cells and myeloid-
derived suppressor cells in tumors with or without photo-
dynamic treatment using Ce6-GFFY. The flow cytometry
analysis demonstrated that the number of cytotoxic T cells
(CD45þCD3þCD8þ) was increased and myeloid-derived
suppressor cells (CD45þCD11bþGr-1þ) were decreased in
both primary and metastasis tumors, despite only the pri-
mary tumor being subjected to laser irradiation (Fig. 6E).
Moreover, immunofluorescence assays further confirmed
that the cytotoxic T cells (CD8þ) were accumulated
whereas the number of myeloid-derived suppressor cells
(Gr-1þ) was decreased in both primary and metastasis tu-
mors (Fig. 6F, G). Together, our results demonstrate that
Ce6-GFFY is a promising agent in activating anti-tumor
immunity and treating metastatic CRC.
Discussion

Currently, early CRC is usually treated with surgical exci-
sion, and the advanced CRC is treated with chemo-
radiotherapy, targeted therapy or immunotherapy based on
the genetic status such as the RAS/BRAF mutation, micro-
satellite instability/deficient mismatch repair.46,47



Figure 5 Ce6-GFFY prohibits colorectal cancer growth and has little side effects. Agents were injected through the tail vein of
the CT26-derived subcutaneous tumor mice model, and the 660 nm, 0.2 W/cm2 laser irradiation (1 min on, 1 min off; 4 cycles) was
performed 6 h after the injection. Only a single dose was administered during the entire treatment cycle. (A) Schematic diagram of
the PDT strategy. PDT, photodynamic therapy. (BeD) Mice were treated with PBS, GFFY (2.5 mg/kg), Ce6 (2.5 mg/kg), or Ce6-GFFY
(5 mg/kg), and tumor tissues were collected (B) and weighed (C) after treatment, and tumor growth curve was analyzed during
treatment (D). n Z 4. (E) Mice body weight was analyzed during treatment. n Z 4. (F) Pathological analysis of hearts, livers,
spleens, lungs, and kidneys derived from the indicated agents treated mice using hematoxylin-eosin (H&E) staining. n Z 4. “L” in
“PBS þ L”, “GFFY þ L”, “Ce6þL”, “Ce6-GFFY þ L”: laser irradiation. Scale bar, 200 mm. Statistical analyses were performed using
two-way ANOVA; bars, standard deviation; n.s., not significant; ***P < 0.001; ****P < 0.0001.
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However, there are certain limitations to current thera-
peutic strategies, for example, only about 15 % of CRC
patients had deficient mismatch repair with high levels of
microsatellite instability, and the proportion of stage III and
IV CRC patients is even lower at 11% and 5%, respectively,48

among which only 30%e50% CRC patients are responsive to
immunotherapy.9,49,50 Therefore, targeted drugs developed
in novel strategies are urgently needed. Unlike traditional
targeted drugs, PDT requires a combination of drug and
instrument (laser) to work.51 PDT consists of three neces-
sary elements: photosensitizer, laser, and oxygen, among
which photosensitizer determines the tumor-targeting
ability and therapeutic effect of PDT.52 PDT is theoretically
characterized by reduced toxicity and repaid effect
compared with traditional drugs, which led to its FDA
approval for clinical use 30 years ago.11 However, the
clinical application of PDT in cancer therapy on a large
scale has been limited due to the lack of safe and effective
photosensitizers.

In this study, a novel photosensitizer Ce6-GFFY was
synthesized through the conjugation of the photosensitive
molecule Ce6 with the self-assembling peptide GFFY.53

Ce6-GFFY forms stable macroparticles with a diameter of
approximately 160 nm in solution, and our data demon-
strate that these particles possess excellent targeting
ability for CRC and exhibit potent anti-cancer effects while



Figure 6 Ce6-GFFY activates anti-tumor immunity and suppresses metastatic tumor growth. Primary and metastasis tumor model
was constructed by subcutaneously transplanting CT26 cells in the left (metastasis tumor) and right flanks (primary tumor) of BALB/c
mouse. Then Ce6-GFFY (5 mg/kg) was injected through the tail vein of the mouse, and the 660 nm, 0.2 W/cm2 laser irradiation (1 min
on, 1 min off; 4 cycles) was performed on the primary tumor 6 h after the injection. Only a single dose was administered during the
entire treatment cycle. (A) Schematic diagram of the mouse model construction and PDT strategy. (B) Primary tumor tissues were
collected and tumor growth was analyzed after treatment. nZ 6. (C) Metastasis tumor tissues were collected and tumor growth was
analyzed after treatment. nZ 6. (D) Primary and metastasis tumors were weighed and analyzed. nZ 6. (E) Primary and metastasis
tumors were collected and dispersed into single cells for flow cytometry analysis, and the amount of cytotoxic T cells
(CD45þCD3þCD8þ) and myeloid-derived suppressor cells (MDSCs, CD45þCD11bþGr-1þ) were analyzed. n Z 3. (F, G) IF staining for
CD8þ Tcells (CD8) and MDSCs (Gr-1) in primary andmetastasis tumors (F), and the number of positive cells per mm2 was analyzed (G).
n Z 3. IF, immunofluorescence. “(L)” in “Primary (þL)”: laser irradiation. Scale bar, 20 mm. The data are representative of three
independent experiments. Statistical analyses were performed using unpaired t-test; bars, standard deviation; *P< 0.05; **P< 0.01;
***P < 0.001; ****P < 0.0001.
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causing minimal side effects; the novel photosensitizer
Ce6-GFFY developed in this study can induce rapid and
efficient ICD of tumor cells under laser irradiation, and thus
the systemic anti-tumor immune response will be activated
after irradiating at a specific tumor site; and the tumors at
various metastatic sites will be eliminated via immune-
mediated killing. Different from the current anti-tumor
drugs, Ce6-GFFY kills tumor cells via a physical manner that
ignores the gene status of CRC, and thus it has a great
potential in CRC patients, especially those who cannot be
treated with any existing therapeutics, such as clinical drug
resistance.54

The tumor-targeting mechanism of Ce6-GFFY macro-
particles remains uncertain; however, the EPR effect may
be the underlying mechanism. The intervascular spaces in
tumors contain pores ranging in size from 100 nm to 780 nm,
which allow the infiltration of macroparticles.55 Previous
studies have shown that the EPR effect primarily occurs in
solid tumors due to their disorganized and abnormal
vasculature compared with healthy tissues, along with the
impaired lymphatic clearance from the tumor stroma, thus
facilitating the penetration and retention of macroparticles
in tumors.31,56 Besides, the shape, as well as the softness of
macroparticles also have a potential impact on tumor
accumulation through the EPR effect.57 Some studies have
shown that the EPR effect is more potent when the surface
of macroparticles distributes a negative charge.58 Our data
demonstrated that Ce6-GFFY macroparticles have an
irregular shape and a negative charge (derived from the
Ce6 molecule) on the surface, indicating that Ce6-GFFY
macroparticles have a good EPR effect, which makes it
effective in tumor targeting and penetrating.

Photosensitizer is activated by laser, the wavelength of
which is also contained in sunlight. Therefore, patients
need to avoid exposure to sunlight for several days after
receiving PDT, which has had a certain effect on their
everyday lives.59 To address this issue, the half-life of
photosensitizer needs to be suitable, a half-life of several
hours of the photosensitizer seems to be suitable for the
clinical application of PDT, as the patients can return to
their normal lives within hours of the end of the treatment.
In addition to the suitable half-life of photosensitizer, intra-
tumoral injection is another effective way to reduce the
side effects of PDT, the photosensitizer is injected into the
tumor tissue through an endoscope or a drainage tube, then
the optical fiber is guided to the tumor site where the drug
was injected for laser irradiation.60 Compared with intra-
venous injection, the dose of photosensitizer used for intra-
tumoral injection is very low, and laser irradiation is per-
formed within minutes of the injection, thus little normal
tissues would be penetrated by the drug during the treat-
ment, as well as little side effects would emerge to
patients.

Traditional PDT strategies seem to be more suitable for
superficial tumors (such as skin cancer) than internal tu-
mors.61 However, benefiting from the improvement of
tumor-targeting ability and half-life of novel photosensi-
tizers, the interventional PDT will play an important role in
the treatment of a variety of tumors in the future. Ce6-
GFFY macroparticle has an ideal tumor-targeting ability
and a half-life of about 10 h in mice, indicating that Ce6-
GFFY is a promising agent for CRC therapy.
Conclusions

In this study, we developed a novel photosensitizer termed
Ce6-GFFY by covalently combining a photo-responsive Ce6
molecule with GFFY peptide. Ce6-GFFY forms stable mac-
roparticles with an average size of 160 nm in solution, and
these macroparticles have an ideal tumor-targeting ability
and a suitable half-life in mice. Ce6-GFFY macroparticles
induce ICD through ROS when treated with 660 nm laser
irradiation. The combined use of Ce6-GFFY and laser irra-
diation significantly activates anti-tumor immunity by pro-
moting the infiltration of cytotoxic T cells and prohibiting
the accumulation of myeloid-derived suppressor cells in
tumors, thus suppressing the growth of both primary and
metastatic CRCs. Our data indicate that Ce6-GFFY is a
promising agent for CRC therapy with little side effects.
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