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Photodynamic therapy (PDT) is a promising alternative and palliative therapeutic
strategy for colorectal cancer (CRC). A novel photosensitizer with higher
selectivity for CRC and fewer side effects is vital for clinical application.
Given that the overexpression of hydrogen sulfide (H,S) in CRC, it is
expected to provide a selective stimulus for activatable photosensitizers that
in respond to the specific microenvironment. Herein, we report a novel
development of metal-organic frameworks (MOFs) composed of meso-
Tetra (4-carboxyphenyl) porphine (TCPP) and ferric ion (Fe®') through a
facile one-pot process. Experiments both in vitro and in vivo reveal that the
MOF is capable of depredating in response to the high content of H,S in tumor
microenvironment of CRC. Accompanying with the degradation and release of
TCPP, the fluorescence and photosensitivity effect is switched from “off” to
“on”, enabling the MOF to serve as a H,S activatable nano-photosensitizer for
real-time fluorescence imaging-guided and targeted PDT of CRC.

KEYWORDS

photodynamic therapy, metal-organic frameworks, hydrogen sulfide, colorectal
cancer, fluorescence imaging

Introduction

Colorectal cancer (CRC) as a most common malignant tumors of digestive tract
shows increasing trends in incidence globally and has been the third leading cause of
cancer deaths worldwide (GBD 2019 Colorectal Cancer Collaborators, 2022). Although
the treatment options and prognosis for CRC patients have improved through the
development of surgical regimens and novel drugs, alternative therapeutic strategies
are still urgently needed, especially for CRC patients with advanced cancers or who are
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intolerant to surgery or chemotherapy due to advanced age and
other conditions such as cardiopulmonary insufficiency
(Kawczyk-Krupka et al., 2016). Photodynamic therapy (PDT)
with precise controllable, high spatially and temporally accuracy,
and minimally invasiveness has been approved as adjuvant
treatment approach for esophageal cancer, skin cancer and
2020; Ma et al, 2022). The PDT is

expected to become an alternative or palliative therapeutic

lung cancer (Li et al,

strategy for CRC with the popularity of fiber enteroscopes/
colonoscopies (Kaleta-Richter et al., 2019). Photosensitizers as
critical components of PDT significantly affect the therapeutic
efficacy. Nevertheless, clinical trials to date indicate that the
drawbacks of traditional photosensitizers, such as low
solubility in water, suboptimal selectivity in tumor and
phototoxicity for normal tissues hinder the application of
PDT for CRC (Yu et al, 2017; Wei et al,, 2019; Xie et al,
2021). Therefore, it is highly desirable to develop novel
photosensitizers with more tumor selectivity and less side
effects, especially for certain cancer cell types.

Recently, various nano-photosensitizers with great water
solubility, tumor selectivity have been developed. Firstly, the
nano-photosensitizers are capable of accumulating in tumors
through the enhanced permeability and retention (EPR) effect
owing to their particle size and the abnormal vascular structure of
tumors (Menon et al., 2013; Zhang et al., 2018; Li et al., 2021b).
Secondly, the surface of nano-photosensitizers is modifiable with
various targeting moieties to significantly improve the targeting
efficacy (Zhong et al, 2015; Lin et al, 2021).

noteworthy are numerous smart nano-photosensitizers that

Even more

activate the photosensitive effect in response to the certain

10.3389/fbice.2022.1032571

pathological features of TME including low pH, hypoxia,
overexpressed enzymes, and redox conditions will enable the
activatable nano-photosensitizers to release the photosensitizers
upon the certain stimuli (Hao et al., 2020; Liu et al., 2020; Li et al.,
20225 Ni et al.,, 2022). This approach can greatly increase the
effective concentration of photosensitizers in tumor tissues, and
reduce phototoxicity for normal tissues.

In addition to the microenvironment features that numerous
tumors share, a unique physiological feature in CRC is the high
expression of endogenous hydrogen sulfide (H,S) (Shi et al,
2018; Tao et al.,, 2019). A growing body of evidence suggests that
the overexpression of cystathionine-B-synthase (CBS) promotes
the H,S production in CRC to support tumor cell bioenergetics,
proliferation, migration, and invasion (Szabo et al., 2013; Chen
etal,, 2022a). Accordingly, H,S can serve as a specific stimulator
of the nanoplatform for selectively drug release, targeted imaging
and therapy for CRC (Ma et al., 2017; Chen et al., 2019; Shi et al.,
2019; Su et al., 2022). Hence, high content of H,S in CRC is also
regarded as an endogenous stimulator for the smart nano-
photosensitizers, which is expected to significantly improve
the PDT efficacy of CRC and reduce the phototoxicity of
normal tissues.

In this study, a H,S-activatable metal-organic frameworks
(MOFs) composed of a photosensitizer, meso-Tetra (4-
carboxyphenyl) porphine (TCPP), and ferric ion (Fe*) is
prepared through a facile one-pot process for fluorescence
imaging-guided PDT of CRC. After delivering to the TME of
CRC, the coordination effect between Fe** and TCPP is disrupted
owing to the conversion of Fe’* to ferric iron (Fe*") by excessive
H,S, which results in the degradation of MOF and release of free

tumor microenvironment (TME) (Wang et al., 2020; Liang TCPP. Meanwhile, the fluorescence and photosensitivity effect of
et al, 2021; Pan et al, 2022). Interestingly, specific TCPP is switched from “off” to “on” (Scheme 1). Consequently,
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The illustration of MOF synthesis and schematic mechanism of MOF mediated fluorescence imaging-guided PDT.
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this MOF provides a promising photosensitizer for real-time
fluorescence imaging-guided PDT of colorectal cancer.

Materials and methods
Materials

FeCl;-6H,0 and Meso-tetra (4-carboxyphenyl) porphine
(TCPP) were purchased from Shanghai Aladdin Biochemical
Ltd, Sodium hydrosulfide hydrate, N,
N-Dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) were acquired from Macklin Co., Ltd, 2'7'-
Dichlorodihydrofluorescein Diacetate (DCFH-DA) and Cell
Counting Kit-8 were purchased from Med Chem Express Co.,
Ltd. Roswell Park Memorial Institute (RPMI) 1,640 medium,
PBS (pH 7.4, 10 mm), trypsin (0.25% EDTA), fetal bovine serum
(FBS),
purchased from Gibco Life Technologies Co., Ltd.

Technology Co.,

and antibiotics (penicillin-streptomycin, PS) were

Characterization instruments

Morphological study and elemental mapping images of the
MOF were performed using a transmission electron microscopy
(FEI Talos F200X, FEI, Hillsboro, OR, United States). The
hydrodynamic diameters of MOF were measured by dynamic
light scattering (DLS, Malvern Zetasizer Nano-ZS ZEN 3600,
Malvern Instruments, Worcester-shire, United Kingdom). UV-vis
absorbance spectra and fluorescence spectra were determined with a
microplate reader (Thermo Scientific, Waltham, MA, United States).
The confocal images were observed by confocal laser scanning
microscopy (CLSM, Leica TCS SP8, Leica Microsystems,
Germany). H&E stains of mice tumors collected from different
groups were imaged using an in-verted fluorescence microscope
(DM IRE2, Leica, Wetzlar, Germany). Bioluminescence was detected
using Living Image software (IVIS Lumina Series, PerkinElmer,
Waltham, MA, United States).

Metal-organic framework synthesis

Meso-tetra (4-carboxyphenyl) porphine (TCPP, 0.0988 g)
and Iron (III) chloride hexahydrate (FeCl;.6H,O, 2.7301 g)
were dissolved in 150 ml N, N-Dimethylformamide (DMF).
After sonication for 5 min, the solution was added to a PTFE-
lined Parr reaction vessel and reacted at 90°C for 6 h. At the end
of the reaction, the collected solution was centrifuged (14,000 g,
10 min) to collect the precipitation, and the unreacted raw
materials were washed away by DMF and ethanol. The
centrifugation/resuspension process was repeated three times.
The precipitate was re-suspended in ddH,O and the purified
sample was lyophilized, yielding a purple-black powder.
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Degradation and ROS detection of metal-
organic framework

The mixture of MOF and NaHS (ddH,O as a control group)
was transferred to new EP tubes and placed on a flip agitator for
12 h. After the reaction, the reaction was centrifuged for 14,000 g,
10 min. After washing the supernatant, diluted MOF suspension
in ethanol was freshly prepared for the DLS, TEM and
fluorescence spectrum measurements. (Ex: 415 nm).

For ROS detection, the MOF suspension mixed with NaHS
solution or ddH,O in equal proportion. Then, the solution was
treated on a flip oscillator for 12 h. After centrifuged, the supernatant
was removed. Subsequently, ABDA (100 pg ml™') was added into a
mixed solution. After irradiated with a 660 nm laser (50 mW cm ),
the absorption value at 378 nm was measured on nanodrop. The
control group was a mixed solution without light. ABDA
consumption (%) = (Ar-A¢)/Ap*100%. A; was the experimental
group, Ay was the control group, and Ap, indicated the absorption
value of 100 pg ml™" ABDA at 378 nm.

10, detection

After mixing MOF suspension with NaHS solution or ddH,0O in
equal proportion, the suspension was treated on a flip oscillator for
12 h, then centrifuged, the supernatant was removed, and then
ABDA dissolved in DMSO was added into a mixed solution with a
concentration of 50 ugml™" (TCPP: 25pugml™ equivalent) and
100 pg ml™ in ABDA, and irradiated under a 660 nm laser with
an intensity of 50 mW cm™. After the treatment is completed, the
absorption value at 378 nm is measured on nanodrop. The control
group was a mixed solution without light. ABDA consumption
(%) = (A1-Ap)/Ap*100%. AL is the experimental group, A, is the
control group, and Ap, is the absorption value of 100 pg ml™" ABDA
at 378 nm.

Cellular uptake

CT26. WT cells and BNL. CL2 were inoculated into confocal
plates for 24 h, then incubated with MOF concentration of
50 ugml™" for 6h. After being washed with PBS for three
times, the cells were observed under CLSM (Ex: 405 nm).

Intracellular ROS detection

DCFH-DA was used to detect the intracellular ROS generation
ability of MOF. Briefly, CT26. WT cells were inoculated into
confocal plates for 24 h, then PBS and MOF were dissolved in
RPMI 1640 medium and added in confocal dishes for 6 h. After
washing with PBS for 3 times, the cells were incubated with 10 um
DCFH-DA fluorescent probe for 30 min, and then the light group

frontiersin.org
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was irradiated with 660 nm laser at 50 mW cm™? for 5 min. Finally,
the fluorescent dye was removed and the cells was washed by PBS
twice. After washing with PBS, the intracellular fluorescence was
monitored using CLSM (Ex: 488 nm).

Cell viability assay

To evaluate cell compatibility of MOF, the BNL. CL2 cells
were seeded into a 96-well plate for 24 h. Then, different
concentrations of MOF were added into the plate and
incubated for another 6 h. After washing with PBS, the cells
were added CCKS reagent for 1 h and the absorbance of 450 nm
was detected by multi-function enzyme labeling instrument.

Additionally, the cytotoxicity in vitro was detected by
CCK8 assay using CT26. WT cells. CT26. WT cells were
seeded onto 96-well plates in 5% CO, at 37°C for 24h to
allow the attachment of cells. Then, different concentrations
of MOF were added into the plate and incubated for another
6 h. For the phototherapy groups, cells were exposed to the laser
irradiation (660 nm, 50 mW cm™, 5 min) after incubation with
the samples. Then, 100 uL of CCK8 was added into each well, and
the cells were incubated for another 2 h and the absorbance of
450 nm was read on a spectrophotometer.

Tumor models

BALB/c mice (3-4 weeks old) were purchased from Zhuhai
Bestone Biotechnology Co., Ltd, and all the reported animal
experiments strictly complied with the regulations of the people’s
Republic of China on the Administration of Experimental
Animals and were approved by the Animal Ethics Committee
of Guangxi University, P.R. China. To obtain CT26. WT tumor-
bearing mice, mice were subcutaneously injected with 100 pL of
2 x 10° CT26. WT cells to the right sides of each mouse.

In Vivo fluorescence imaging

For H,S activated fluorescence of MOF in tumors, the 50 pL
MOF (TCPP equiv 2.5 mg kg™') solution was administrated by
intratumoral and intramuscular injection, respectively. After
that, fluorescence of the tumor was observed by using an IVIS
imaging system. To study sample targeting and enrichment in the
tumor site, 100 uL of MOF or TCPP solution (TCPP equiv
5mgkg ") was intravenously injected into the mice. Then the
mice were imaged at several specific time points. After 24 h, mice
were placed in a sealed plexiglas box for 5 min into which 3%

isoflurane and 2 L min™!

oxygen flow was introduced for
anesthesia, and sacrificed by cervical dislocation. Finally, the
tumor and major organs collected from the sacrificed mice were

imaged by an IVIS imaging system.
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Photodynamic therapy efficacy in vivo

On the first day when the tumor volume of CT26. WT
~100 mm?,
randomly assigned into the following seven groups (six mice
in each group): 1) Saline, 2) Saline + Laser, 3) TCPP + Laser 4)

tumor-bearing mice reached the mice were

MOF and 5) MOF + Laser. The mice were intravenously
administered with various preparations (equivalent TCPP
concentration: 5 mgkg™') via tail vein. At 4h post-injection,
only the light groups were irradiated with 660 nm laser
(02Wem™, 5min). The tumor volume and mice body
weight were monitored every 3 days.

The tumor volume was measured according to the following
equation: volume = length x width® x 0.5. On the 15th day, the
mice were placed in a plexiglas box for 5 min, during which 3%
isoflurane and 2L min—-1 oxygen flow were introduced, then
sacrificed by cervical dislocation and the tumors and organs were
collected to using for H&E and Ki67 staining.

Statistical analysis

Data were statistically analyzed by OriginLab (OriginLab
Corporation, Northampton, MA) and GraphPad Prism eight
software (GraphPad Software, Inc, La Jolla, CA, United States).

The t-test and one-way analysis of variance (ANOVA) were
applied for significance analysis, followed by the Bonferroni test.
p < 0.05 was considered to indicate a statistically significant
difference.

Results

Characterization of metal-organic
framework

Here, the facile synthesis of MOF could be realized
through a one-pot solvothermal route by reacting TCPP
and FeCl;.6H,0 in a mixture of N, N-dimethylformamide
(DMF) at 90°C for 6 h. A uniform nano-shuttle morphology of
MOF with a dimension of approximately 250 nm in length
and 100 nm in width was observed in transmission electron
1A).
homogeneous distribution of the elements C, O and Fe
could be detected through EDS-Mapping (Figure 1B).
Then, the optical property of the MOF was investigated by

microscopy (TEM) images (Figure Moreover, a

UV-Vis absorption analysis. The four absorption peaks
(516 nm, 550 nm, 591 nm and 645nm) of MOF were
consistent with the free ligand TCPP, suggesting the
presence of photosensitizer TCPP moieties in the MOF
(Figure 1C). The above results confirmed the successful
preparation of MOF based on the coordination effect of Fe
(IIT) and TCPP. The contents of TCPP in MOF was
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FIGURE 1

Characterization of MOF. (A) TEM image (scale bar: 200 nm). (B) Elemental mapping of MOF (scale bar: 50 nm). (C) UV-vis spectra of MOF and
TCPP. (D) The TME of H,S-triggered bio-decomposition of MOF. (E) The hydrodynamic size of MOF with different conditions. (F) Fluorescence
spectra of TCPP, MOF and MOF with NaHS. (G) Consumption rates of ABDA with different composites under 660 nm laser irradiation (50 mW cm™2)

within 5 min (H) DLS measurement of MOF in different media.

determined to be approximately 50% by weight from the
standard UV-vis absorbance curve of TCPP and that of the
MOF solutions after digested completely by concentrated
hydrochloric acid. To clarify the role of H,S in activating
MOF, sodium hydrosulfide (NaHS), as a classic H,S donor,
was used to simulate endogenous H,S. After incubated with
NaHS, the morphology of MOF changed and degraded into
irregular  fragments (Figure 1D). Meanwhile, the
polydispersity index (PDI) of MOF increased from 0.038 to
0.209 with multiple peaks of size distribution (Figure 1E).
the
incubation with H,S was detected. Obviously, there is only

Moreover, fluorescence of MOF before and after
the negligible fluorescence of MOF owing to the aggregation
induces quenching (ACQ). By contrast, under the H,S
the
fluorescence of TCPP (Figure 1F). It confirmed the release

of TCPP accompanying with the degradation of MOF. Then,

solution, fluorescence of MOF recovered as the
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the photosensitivity effect of MOF after activated by H,S was
A dye 9,10-Anthracenediyl-bis
(methylene) dimalonic acid (ABDA) was used as a probe

evaluated. molecule,
for detecting singlet oxygen ('O,). After pre-incubation with
H.,S, the ABDA absorption of MOF + H,S group significantly
decreased along with the extension of laser irradiation time,
and the trend is almost the same as that of the free TCPP
(Figure 1G). In contrast, the ABDA absorption of MOF in
absence of H,S showed negligible change comparing with the
control (Figure 1G). Therefore, these results suggested that
MOF would be degradation and release the TCPP in the
microenvironment with high content of H,S. In addition to
the fluorescence recovery, the photosensitivity of MOF would
be also activated simultaneously, which implied the prospect
of realizing fluorescence imaging-guided PDT.

The MOF stability was measured in the PBS, ddH,0 and
culture medium (Figure 1H). The hydrodynamic diameter of
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Degradation and photosensitive effect of MOF in vitro (A) Fluorescence changes of intracellular MOF by CLSM over time after different time of
incubation. (B) Detection of cellular ROS generation by CLSM. The laser density was 50 mW cm™at 660 nm, and the irradiation time was 5 min. Scale

bar: 20 um

MOF in ddH,O, PBS, RPMI 1640 and DMEM were also
approximately 300 nm. Moreover, the polydispersity index
(PDI) showed that MOF in different media was
between 0.136 and 0.238, indicating great monodispersity
and general stability of MOF under physiologically relevant
conditions before activation.

Frontiers in Bioengineering and Biotechnology

Degradation and photosensitive effect of
metal-organic framework in vitro

High content of H,S (0.3-3.4 mmol L") as a unique feature

of CRC played vital important role in the progression of CRC
(Chen et al.,, 2022b). To investigate whether the MOF could be
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MOF mediated PDT in vitro. Cell viability of (A) CT26. WT cells and (B) BNL. CL2 cells treated with MOF with or without laser irradiation (660 nm,
50 mW cm™, 5 min). (C) Detection of live/dead cells after various treatments. Live and dead cells were stained with calcein-AM (green) and PI (red),

respectively. Scale bar: 100 um. (**p < 0.01)

activated fluorescence and photosensitive effect in CRC cells,
mouse colon carcinoma cells (CT26. WT) were used for study the
cellular phagocytosis behavior of MOF firstly. The intracellular
red fluorescence derived from TCPP gradually enhanced with the
extension of incubation time, which demonstrated both the
efficiently internalization of MOF by the CRC cells and the
recovery of fluorescence triggered by high intracellular content
of H,S (Figure 2A). By contrast, only faint fluorescence could be
observed in the normal cells (BNL CL.2), indicating the
fluorescence of MOF could be specifically switched from “off”
in CRC cells.
photosensitivity effect was further investigated by detecting

to “on” Accordingly, the activation of
the intracellular ROS. Benefiting from the better dispersion
and more efficient cellular uptake of MOF than bare TCPP

(Li et al., 2018), more bright fluorescence of H,DCF-DA was
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observed in MOF + Laser group than TCPP + Laser and others
(Figure 2B). It heralded that the MOF was expected to be an
efficient and specific photosensitizer for PDT of CRC.

Metal-organic framework mediated
photodynamic therapy in vitro

On the basis of the results above, MOF-induced cytotoxicity was
assessed against CT26. WT cells. In vitro PDT efficiency was
investigated by CCKS8 assays. The MOF alone did not damage
cells, exhibiting 100% cell viability even at 60 ug ml™". Upon laser
irradiation, the cell viability gradually decreased with increasing MOF
contents. MOF can reach 60% of total cell killing at low
concentrations (10 pg ml™), revealing the highly-efficient PDT for
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injection within 30 min. (C) Fluorescence imaging of mice over time by intravenous injection. (D) Relative fluorescence signal in tumor at different
time points of tumor bearing mice after intravenous injection of MOF and TCPP in Figure 4C (E) Ex vivo fluorescence images of major organs and
tumor at 4 h post-injection (\ex = 675 nm, Aem = 707 nm). (I: Intestine, H: Heart, LU: Lung, LI: Liver, K: Kidney, SP: Spleen, and T: Tumor).

cancer cells (Figure 3A). Then, the biosafety of MOF was explored via
CCKS assays, and BNL CL.2 cells were selected as the experimental
cells. The MOF was harmless for normal cells, further indicating its
good biocompatibility (Figure 3B). The therapeutic efficiency of the
MOF was further confirmed by the Calcein-AM/PI double assay. The
red fluorescence represented dead cells, while the green fluorescence
represented live cells. Compared with other groups, the highest red/
green ratio was observed for the MOF with laser irradiation treated
group, implied the best therapeutic efficacy in MOF + Laser group
(Figure 3C). It confirmed that neither normal cells nor the cancer cells
viability affected by MOF in absence of light. And the excellent PDT
efficacy of MOF ascribed to the activation of photosensitivity by the
H,S-rich CRC microenvironment.

Targeted fluorescence imaging of metal-
organic framework

The in vivo biodistribution of the MOF was investigated by
fluorescence imaging. The mixture solution of H,S and MOF
exhibited strong fluorescence with 675 nm exciting light, while no
fluorescence was found in MOF alone (Figure 4A). Then, whether
the fluorescence property of MOF could be specifically activated in
the certain microenvironment of CRC was firstly investigated by
observing the fluorescence at subcutaneous and intratumoral
administration sites. After administration for 30 min, the tumor
site showed bright fluorescence, while only the limited fluorescence
signal could be observed in muscle (Figure 4B). It suggested that
MOF-mediated fluorescence imaging could delineate the tumor
regions and have the potential of serving as a targeted probe for
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monitoring and guiding the subsequent laser irradiation. Then, the
distribution and accumulation of nano-photosensitizers were further
verified after intravenous injected with MOF. The tumor site showed
obvious fluorescence in both TCPP and MOF groups, and the
fluorescence intensity for MOF group was higher than TCPP
group (Figure 4C). Moreover, with the time extending,
fluorescence signal was significantly increased and maintained for
longer periods in the MOF group compared to TCPP group
(Figure 4D). At 4h post-injection, the ex vivo fluorescence
images of major organs and tumors were statistical analysis.
Brighter fluorescence of tumor was observed in MOF group than
free TCPP group, suggesting a good targeting and selectivity of MOF
for tumor (Figure 4E). In addition, the observed fluorescence signal
in intestine (Figure 4E) implied that TCPP might metabolize
through the excretion pathway faster than MOF before both
being excreted via feces, consistent with the previous reports (Liu
et al,, 2017). These results suggested that MOF with great tumor
selectivity, specificity, and retention capability was expected to
provide a theranostic nano-photosensitizer for CRC. More
importantly, MOF-mediated fluorescence imaging could provide
temporally and spatially precise guidance for subsequent laser
irradiation to remarkably enhanced PDT therapeutic effect and
avoid normal tissue damage in vivo.

Evaluation of photodynamic therapy
efficacy and side effects

In vivo cancer inhibition of PDT based on MOF was

evaluated by intravenous treatment of mice bearing
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FIGURE 5
Evaluation of PDT efficacy and side effects. (A) H&E staining and Ki67 immunofluorescence of tumors. (B) Tumor volume Body weight and (C)
Body weight of mice after various treatments during a 15-day treatment. (D) H&E staining of the five major organs (heart, liver, spleen, lung and
kidney) with different treatments after 15 days. Scale bar: 100 pm. (*p < 0.05).
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subcutaneous CT26. WT tumors. The mice were divided into
five groups. After different treatment, the tumor slices were
verified by H&E and Ki67 immunofluorescence staining.
Prominent cell necrosis and abundant karyorrhectic debris
was observed in MOF + Laser group (Figure 5A). The tumor
volumes were recorded after different treatment. It is worth
noting that the tumor growth also was moderately inhibited in
MOFs only group, presumably owing to the weak oxidative
damage induced by the daily light in animal facility.
According to the change of tumor volumes during
treatment process, the tumor growth of MOF + Laser
group was remarkably inhibited, and the efficacy of MOE-
mediated PDT was also better than the TCPP + Laser group
(Figure 5B). Next, the biosafety of MOF-mediated PDT was
analyzed. The body weights of all treatment mice showed no
distinct reductions with the increasing treatment time,
indicating the negligible effects
(Figure 5C). Furthermore, the biosafety of MOF was

confirmed by H&E staining of main organs excised from

toxicity and side

different groups. The histopathology slices of major organs
showed negligible morphological change, implying negligible
systemic toxicity (Figure 5D). Therefore, the photosensitivity
effect of MOF could be specifically activated in the certain
CRC microenvironment, and MOF as a H,S activatable nano-
photosensitizer was expected to highly-efficiently suppress
tumor growth while avoiding side effects for normal tissues
under laser irradiation.

Discussion

CRC is the third most common cancer worldwide, and more
than 50% of patients will develop to colorectal cancer liver
metastases due to the absence of early symptoms and
2022).
Surgical resection alone is regarded as the standard of care for

untimely diagnosis (Hernandez-Alejandro et al,
patients with liver metastases, but the recurrence rates remain
high (Nordlinger et al., 2008). PDT is originally developed as an
adjuvant therapy that enhanced the effect of surgery nearly
29 years ago (Dahlman et al,, 1983). It has been approved by
the Food and Drug Administration to treat pre-cancerous skin
lesions of the face or scalp as early as in 1999 (Ch, 2012).
Although PDT has not yet been approved to serve as a
CRC, data

demonstrated that patients with early colon cancer presents a

standard treatment for recent experimental
remarkable prolongation of survival under the treatment with
PDT (Hodgkinson et al., 2017). Therefore, PDT as an adjuvant
therapy is promising for CRC.

The enteroscopes are essential tools for CRC localization
and examination (Sun et al., 2016). Nevertheless, the diagnoses
based on enteroscopy often exist bias due to the lack of the clear
boundaries between cancerous and normal tissues in the white-

field and judgment of the tumor foci through naked eye. Thus,
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for precision treatment of CRC, more accurate imaging
techniques are needed to assist with PDT. In the recent
studies, imaging modalities such as fluorescence imaging and
photoacoustic imaging are used to guide solid tumor treatments
with high sensitivity and excellent contrast (Li et al., 2021a;
Wang et al., 2021). In particularly, the specific contrast agents
mediated novel imaging techniques can provide a more reliable
alternatives for preoperative diagnosis and intraoperative
navigation of CRC.

Recurrence and metastasis are remained the main challenge
for CRC therapy, especially for the patients with unresectable
CRC tumors. Fortunately, earlier studies indicated that PDT-
treated cells induced immunogenic cell death (ICD) by releasing
and danger-associated molecular patterns (DAMPs), and elicits
antitumor immune response by activating CD8" T cell expansion
and function (Jeong et al,, 2021). In the previous studies, nano-
photosensitizers loaded CPG (immunologic adjuvant) can
efficiently boost the host antitumor immuno-responses and
achieve long-term therapeutic effects (Cai et al, 2020). In
addition, immune checkpoint blockade therapy has gained
recognition as promising approaches to overcome various
cancers in the past decade. The combination of immune
checkpoint inhibitors and PDT presented superior synergistic
efficacy in diverse cancers such as triple-negative breast cancer
and non-small cell lung cancer (Duan et al.,, 2016). It is worth
noting that monoclonal antibodies (mAb) against programmed
death receptor-1 (PD-1), pembrolizumab and nivolumab have
shown considerable activity in patients with advanced colorectal
cancer with DNA mismatch repair deficient/microsatellite
instability-high (AMMR/MSI-H) tumors (Chen et al, 2020).
Therefore, it is a potentially therapeutic direction to creating a
nanoplatform to integration of photosensitizers and
immunological agents, which will afford systemic antitumor
effects by combination with immunotherapy and PDT.

Conclusion

In this study, a H,S activatable nano-photosensitizer (MOF)
was developed to precise and highly efficient PDT of CRC. The
fluorescence and photosensitivity effect of MOF was quenched in
storage and during blood circulation due to ACQ. Only if the
MOF accumulated in the tumor regions of CRC, the fluorescence
and photosensitivity effect was “turn on”, accompanying with the
degradation and release of free photosensitizer (TCPP). Firstly, it
was capable to serve as a specific fluorescence imaging probe of
CRC to delineate tumor regions, which was important for precise
planning the irradiation area and reducing the phototoxicity of
a H,S
photosensitizer, it was very suitable for PDT of tumors

normal tissues. Secondly, as activatable nano-
including CRC and breast cancer, etc., and it was promising
for PDT of certain tumor. Last but not least, as a novel

photosensitizer with convenient synthesis, simple composition
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and good biological safety, it had the potential of clinical

translation.
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