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Abstract

Background: Current clinical treatment is confronted with challenges such as low drug delivery efficiency, lagging efficacy evaluation, and a high tumor

recurrence rate. However, chemical exchange saturation transfer (CEST) imaging, with its molecular specificity and non-invasive monitoring advantages,

provides a new path for real-time tracking of the metabolokinetics of nanoprobes.

Objectives: Drug-loaded nanoprobes that self-assembled and had CEST activation imaging capabilities were created, and there in vivo and in vitro CEST

activation imaging efficacy and the value of photodynamic sensitization for pyroptosis treatment of prostate cancer cells were evaluated.

Methods: A self-assembly strategy was adopted to construct a nanoprobe (GC) coloaded with gemcitabine (Gem) and the photosensitizer chlorin e6 (Ce6), and

a scanning electron microscope was used. Scanning electron microscope (SEM), dynamic light scattering (DLS), etc., were used to characterize the in vitro CEST

activation imaging efficacy of the nanoprobe, and the pH, concentration-, and time-dependent drug release were observed. GC was combined with 2',7'-

dichlorodihydrogen fluorescein diacetate ester (2',7'-dichlorodihydrofluorescein diacetate) after laser treatment of prostate cancer cells in mice. The generation

of reactive oxygen species (ROS) was detected with a DCFH-DA probe. By using ELISA, the amounts of inflammatory factors such as interleukin-1β (IL-1β) and IL-18

were determined, and calreticulin was detected via immunofluorescence. CRT and high mobility group box 1 protein (HMGB1) were used to evaluate pyroptosis-

mediated immunogenic cell death (ICD) effects. A mouse prostate cancer tumor model was constructed to observe the CEST-specific activation effect of the GC

nanoprobes in vivo, and its tumor volume was measured, together with the detection of inflammatory substances and ICD markers, in order to assess its

pyroptosis-based anticancer activity.

Results: Scanning electron microscope and DLS analyses revealed that the GC nanoprobes had a uniform spherical-like structure. The release of the drug Gem

by this drug-loaded nanoprobe under acidic conditions at pH 5.0 was as high as 80%, which was significantly greater than that at pH 7.4 (P = 0.003). DCFH-DA

fluorescence staining indicated that photosensitizing pyroptosis mediated by nanoprobes could generate a large amount of ROS. The detection of pyroptosis-

related factors revealed that the levels of IL-1β and IL-18 significantly increased (all P < 0.05), whereas the fluorescence of the ICD marker CRT increased and that

of HMGB1 decreased. The results of in vivo experiments indicated that the CEST signal at the tumor site was significantly enhanced and reached its peak 4 hours

after tail vein injection of the GC nanoprobes. In addition, the results of antitumor treatment in vivo revealed that, compared with those in the control group

treated with PBS, the levels of the inflammatory factors IL-1β and IL-18 in the experimental group treated with GC combined with laser irradiation increased, the

ICD markers HMGB1 and CRT significantly changed, and the tumors were significantly inhibited (all P < 0.05). The CEST imaging of GC nanoprobes demonstrates

excellent diagnostic accuracy in the detection of prostate cancer. The sensitivity reaches 92.3%, the specificity is 88.7%, and the area under the curve (AUC) is 0.95,

which is significantly superior to traditional imaging methods. The specific enhancement of CEST signals at the tumor site reaches its peak 4 hours after

injection, which is highly consistent with the histopathological results, confirming its clinical value in the early diagnosis and precise treatment guidance of

prostate cancer.

Conclusions: The GC nanoprobes successfully prepared in this study can specifically activate CEST imaging, guide the photodynamic sensitization of prostate

cancer tumor cells to pyroptosis, and promote the precise ablation of prostate cancer.
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1. Background

Prostate cancer is one of the malignant tumors with

the highest incidence rates among men worldwide.

Owing to the lack of therapeutic targets and the
susceptibility to metastasis and recurrence, it has

become a clinical difficulty, and new therapeutic

strategies are urgently needed (1). Pyroptosis is a type of
programmed cell death that is jointly mediated by

gasdermin (GSDM) family proteins and caspases
through the release of damage-associated molecules.

DAMPs activate antitumor immune responses and have
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great potential in the treatment of prostate cancer (2, 3).

Conventional chemotherapy drugs (such as cisplatin

and doxorubicin) can trigger GSDME (gasdermin-
E)/caspase-3-mediated pyroptosis. However, owing to

their limitations, such as their fast clearance speed in
the blood circulation, they have difficulty accumulating

effectively at the tumor site. Therefore, these drugs often

fail to achieve the ideal tumor pyroptosis effect (4).
Owing to their enhanced permeability and petention

(EPR) effects, self-assembled drug-loaded nanoprobes
can effectively accumulate at tumor sites. Moreover,

they can control the surface properties of nanoparticles

through intermolecular interactions. This endows

tumors with the characteristics of tumor

microenvironment-responsive drug release and has
advantages in the regulation of tumor pyroptosis (5).

However, pyroptosis induced by a single nanomedicine
alone is insufficient to completely kill tumor cells and is

prone to causing tumor recurrence and metastasis (6).

Relevant studies (7) have shown that the use of
photosensitizing pyroptosis can cascade and amplify

antitumor immunity and reduce immunosuppression.
For example, photodynamic therapy (PDT) can be used

as a pyroptosis sensitization method. The tumor might

be totally eradicated by producing a significant quantity
of lethal reactive oxygen species (ROS) at the tumor site,

which would increase the immunogenic cell death (ICD)
effect and pyroptosis effect.

Noninvasive visualization of the pyroptosis process

in tumor cells is crucial for the precise treatment of

prostate cancer and the formulation of personalized

treatment plans (8). Traditional pyroptosis detection

methods rely on invasive tumor sample testing, whereas

noninvasive monitoring of tumor pyroptosis at the in

vivo level has rarely been reported. The development of

molecular imaging technology provides a new

opportunity for the integrated diagnosis and treatment

of prostate cancer. Chemical exchange saturation

transfer (CEST) imaging, an emerging magnetic

resonance molecular imaging technique, can reflect the

metabolic information of the tissue microenvironment

through changes in exchangeable proton signals. It has

great potential for studying pyroptosis in prostate

cancer, monitoring drug release, evaluating drug

efficacy, etc. (9, 10). Endogenous CEST contrast agents

can detect changes in the concentrations of proteins

and peptides in tumor tissues and clearly display tumor

boundaries, but their diagnostic sensitivity is relatively

low (11). In recent years, the introduction of diamagnetic

exogenous contrast agents has provided a new

technique for the early and precise diagnosis of tumors

and the dynamic monitoring of molecular-level changes

during the treatment process. Diamagnetic compounds

do not rely on the labeling of metal ions. Good CEST

imaging contrast can be produced by the chemical

exchange between exchangeable protons on the
molecular structure (such as -OH, -NH- and -NH2) and

the surrounding water molecules. This type of
compound has extremely high biocompatibility, and its

ability to be easily chemically modified further

broadens the imaging function of contrast agent probes
(12). As a diamagnetic compound, gemcitabine (Gem), a

cytosine nucleoside pyroptosis-inducing drug, contains
exchangeable protons such as hydroxyl groups and

amides. It has a wide CEST signal resonance at

approximately 2 ppm and can provide obvious contrast

information in CEST imaging (13-15). Therefore,

diamagnetic chemotherapy drugs such as Gem can
achieve tumor label-free imaging through CEST imaging

technology without the need for exogenous markers. In
this study, a self-assembled nanoprobe (GC) coloaded

with Gem and the photosensitizer chlorin e6 (Ce6) was

designed to induce pyroptosis-based antitumor
immune responses. In addition, this nanoprobe can

specifically activate CEST imaging in the acidic
microenvironment of tumors, which is expected to

achieve noninvasive in vivo monitoring of drug delivery

and pyroptosis-mediated antitumor efficacy evaluation,
thereby providing a new strategy for the precise

diagnosis and treatment of prostate cancer.

2. Methods

2.1. Experimental Animals and Cells

Spf-grade female BALB/c mice aged 4 - 6 weeks were

acquired from Shanghai Jihui Experimental Animal

Breeding Co., Ltd. The production license number of the

experimental animals is SCXK (Shanghai) 2022–0009,

and the usage license number of the experimental

animals is SYXK (Shanghai) 2024–0030. The mice were

allowed to eat freely at intervals of 12 hours, alternating

between light and dark, with a temperature of 25 ± 2°C.

The mouse prostate cancer PNEC30 cell line was

purchased from the Cell Bank of the Chinese Academy of

Sciences, and the human normal prostate epithelial

ATCC cell line was purchased from Wuhan Ponsure Life

Science and Technology Co., Ltd.

2.2. Main Materials and Equipment

1,3-Diphenylisobenzofuran (DPBF) (Shanghai Aladdin

Biochemical Technology Co., LTD.), calreticulin (CRT)

antibody, high mobility group box 1 protein (HMGB1)

antibody (Wuhan Sanying Biotechnology Co., LTD.), and

4% paraformaldehyde (Shanghai Yuli Biotechnology Co.,

LTD.) were used. An ultrasound machine (Ningbo Xinzhi

https://brieflands.com/journals/ijpr/articles/169821
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Biotechnology Co., Ltd.), magnetic resonance imaging

(MRI) equipment (3.0T, Philips from the Netherlands),

an ultraviolet‒visible spectrophotometer (PerkinElmer

from the United States), a particle size analyzer (Malvern

Panalytical, UK), an inverted fluorescence microscope, a
laser confocal microscope (Leica, Germany), a flow

cytometer (Becton Dickinson, USA), and a scanning

electron microscope (SEM) (Thermo Fisher Scientific,

USA) were used.

2.3. Experimental Methods

2.3.1. Preparation of Nanoprobes

This study adopted a prospective design, and the

preparation method of drug self-assembly was used. Ten

milligrams of Gem and 2 mg of Ce6 were dissolved in 1.5

mL of methanol, and an ultrasonic bath was used for 1

min to promote self-assembly of the drug. After the

organic solvent was removed via rotary evaporation, 2

mL of ddH2O was added for dissolution, and the

mixture was then ultrasonically treated for 1 minute to

obtain uniformly dispersed GC nanoprobes. The

samples were stored at 4°C in the dark for future use.

2.3.2. Characterization of Nanoprobes

The morphology of the GC nanoprobes was observed

via SEM, and their particle size, Polydispersity Index

(PDI), and zeta potential were measured via a particle

size analyzer. The peaks of Ce6 and Gem in the GC

nanoprobes were detected via an ultraviolet

spectrophotometer. The fluorescence spectra of Ce6 and

GC before and after coincubation with acidic buffer

solution at pH 5.0 were detected via a fluorescence

spectrophotometer.

2.3.3. Determination of Singlet Oxygen

The generation of singlet oxygen (1O2) by the GC

nanoprobes under laser irradiation was detected by

DPBF probes. DPBF was dissolved in the organic solvent

DMSO (with a final concentration of 0.5 mg/mL). Thirty

microlitres of DPBF solution was dissolved together

with the GC nanoprobe solution containing 10 μmol/L

Ce6 in 1 mL of ddH2O. After thorough mixing, the

mixture was placed in a 96-well plate. The sample was

subsequently irradiated with a laser at 660 nm (0.4

W/cm²) for 60 seconds. The absorption peaks at

wavelengths ranging from 350 to 550 nm were detected

via a UV-visible spectrophotometer.

2.3.4. Drug Release at Different pH Values

The release capacity of the nanoprobes in an acidic

microenvironment was verified via a dialysis drug

release method. The pH 7.4 group and the pH 5.0 group

were set up, with 3 parallel samples in each group. The

GC nanoprobe mixture was added to the dialysis bags
(with a cutoff molecular weight of 3,500 Da). The

dialysis bags were placed in beakers containing

solutions of pH 7.4 and pH 5.0 and were continuously

stirred at a rotational speed of 200 r/min on a magnetic

stirrer for 24 hours. The solution in 20 μL of the dialysis
bag was drawn every hour and diluted 10 times. The

ultraviolet characteristic absorption peak of the drug

Gem at a wavelength of 269 nm was determined via

ultraviolet‒visible light absorption spectroscopy. The

formula for drug release was as follows: Gem/Ce6
cumulative release (%) = (D0 - Dt)/D0 × 100.

2.3.5. Cytotoxicity Experiment

The toxic effects of the GC nanoprobes on the mouse

prostate cancer PNEC30 cell line were detected via the

MTT method. Five groups were set up in the experiment:

The control group (PBS group), the Gem group, the GC

nanoprobe group (GC group), the photosensitizer Ce6

combined with laser irradiation group (Ce6+L group),

and the GC nanoprobe combined with laser irradiation

group (GC+L group). PNEC30 cells were spread in 96-well

plates and incubated. After the cells had adhered,

culture media containing different concentrations of

drugs (0.1, 1, 10, 50 and 100 μg/mL) were added, and the

culture was continued for 4 hours. The Ce6+L group and

the GC+L group were irradiated with a 660 nm laser (0.4

W/cm²) for 10 seconds and then incubated for 24 hours.

Following the addition of 20 μL of MTT solution (5

mg/mL), the mixture was incubated for four hours. To

make sure the crystals were completely dissolved, 150 μL

of DMSO solution was added when the culture was

stopped, and the mixture was gently agitated on a

shaker for ten minutes. Using a microplate reader, the

absorbance values of each well at a wavelength of 490

nm were calculated. The survival rate of the cells in each

group was calculated according to the formula (D

sample - D blank)/(D control - D blank) × 100%.

2.3.6. Determination of ROS Generation at the Cellular Level

Mouse prostate cancer PNEC30 cells were evenly

spread in 96-well plates. After the cells had adhered,

different intervention regimens (PBS, 50 μg/mL Gem,

GC, 10 μg/mL Ce6+L and GC+L) were used. One milliliter

of DCFH-DA probe diluted with serum-free culture

medium (1:1,000) was added to each well, and the

mixture was incubated for 20 minutes in a cell

incubator at 37°C. After the incubation was complete,
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the cells were washed with PBS, and the generation of

intracellular ROS was detected via inverted fluorescence

microscopy.

2.4. CEST Imaging Study of the GC Nanoprobes

Gem was prepared in solutions of different

concentrations (0, 10, 20, and 30 mmol/L) with PBS for

CEST imaging. The pH values of the GC nanoprobe

solutions (with a Gem drug concentration of 20

mmol/L) were adjusted to 7.4 and 5.0. After incubation

for 24 hours, CEST imaging was performed. 4D

multisource transmission technology and mDIXON XD

TSE acquisition technology were adopted. Imaging

parameters: repetition time/echo time (TR/TE) = 5,864

ms/7.8 ms, field of view (FOV) = 230 mm×180 mm, voxel =

1.8 mm×1.8 mm matrix = 128×100, layer thickness = 1

mm, scan gap = 0 mm, number of layers = 10, average

scan time = 1, saturation intensity (B1) = 2.0 μT,

saturation time (tsat) = 2 s. The saturation RF pulse

frequency of Gem is offset by the resonant frequency of

water within the scanning range of -8 to 8 ppm (in

conventional CEST scanning, the chemical shift of water

is set to 0 ppm). Water-saturation shift referencing

(WASSR) is used for the nonuniformity correction of

field B0.

CEST image postprocessing process: Postprocessing

analysis was carried out via MATLAB software, and the Z-

spectrum (with the horizontal axis being the frequency

offset (unit ppm) and the vertical axis being the

intensity ratio of the saturated signal/unsaturated

signal (S/S0)) and the magnetization transfer ratio

asymmetry curves were plotted. (MTRasym) First, the

CEST data are imported, and B0 field correction is

carried out via the WASSR data. Then, postprocessing of

the CEST signal is conducted through a series of

processes, such as threshold denoising, interpolation,

and quantitative analysis. The CEST signal is quantized

by MTRasym = Ssat (-Δ ω)/S0- Ssat (Δ ω)/S0, where Ssat (-Δ
ω), Ssat (Δ ω), and S0 represent the water signals with

saturation frequency offsets of -Δ ω, Δ ω, and

unsaturated (ω is the saturation pulse frequency),

respectively.

2.5. Cell Uptake

Mouse prostate cancer PNEC30 cells in the

logarithmic growth phase were uniformly distributed

in 6-well plates at a density of 1×105 cells per well and

incubated overnight. After the medium was removed,

medium containing 50 μg/mL GC nanoprobes was

added to each well, and the samples were incubated for

different durations (0, 1, 2, 4, 6 and 12 h). After the

incubation was complete, the cells were washed with

PBS to remove residual nanoprobes. The fluorescence

intensity of the cells was subsequently detected via flow

cytometry and confocal microscopy to evaluate the

ability of the PNEC30 cells to take up the GC nanoprobes.

2.6. Cell-Level Time-Dependent Activation of CEST Imaging

The GC nanoprobes were coincubated with mouse

prostate cancer PNEC30 cells or normal prostate

epithelium ATCC cells for 2 hours. The old culture

medium was subsequently discarded, and new culture

medium was added for continued culture for 0, 2, 4, 6

and 12 hours. The cells were collected and fixed in 1 mL

of agarose (0.5%) for CEST scanning.

2.7. Detection of Pyroptosis Markers in Cells

After mouse prostate cancer PNEC30 cells were
subjected to different protocols (PBS, Gem, GC, Ce6+L

and GC+L), changes in cell morphology were observed

under a bright-field microscope. The supernatants of

PNEC30 cells treated with different drugs were collected

and placed in 96-well plates. ELISAs were used to detect

the concentrations of LDH, interleukin-1β (IL-1β) and IL-

18 in the supernatants of PNEC30 cells after different

treatments.

2.8. Immunofluorescence Detection

Mouse prostate cancer PNEC30 cells from different

groups were collected. They were fixed with 4%
paraformaldehyde for 10 minutes, washed with PBS,

permeated with 0.5% Triton for 15 minutes, rinsed twice

with PBS, blocked with 5% bovine serum albumin (BSA)
for 30 minutes, and washed again with PBS. The samples

were incubated overnight with CRT and HMGB1
antibodies (both diluted at 1:500) at 4°C. The next day,

the sections were incubated with a goat anti-rabbit

secondary antibody labeled with FITC in the dark for 1 - 2

hours and then rinsed 2 - 3 times with PBS, after which

mounting agent containing DAPI was added. The
fluorescence was detected via a fluorescence

microscope.

2.9. In-vivo Imaging Study

A total of 1×106 mouse prostate cancer PNEC30 cells
were subcutaneously injected into the right buttocks of

each female BALB/c mouse to establish a subcutaneous

tumor model in PNEC30 mice. GC nanoprobes and 50
mmol/L Gem were injected into the mice via the tail

vein. Magnetic resonance scans were performed via a
3.0T MRI system at 0, 1, 4, 8 and 12 hours after injection.

Imaging parameters: TR/TE = 5864 ms/7.8 ms, layer

thickness = 1 mm, FOV = 230 mm×180 mm, matrix = 128 ×

https://brieflands.com/journals/ijpr/articles/169821
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100, number of layers = 10, B1 = 2.0 µT, tsat = 2 s,

saturation offset frequency from -5 to 5 ppm (water

resonance frequency is set to 0 ppm). The total

acquisition time was 8.5 minutes, and the equilibrium

magnetization images (M0) collected were normalized.

The T2-weighted imaging (T2WI) scanning parameters

were as follows: TR/TE = 2,300 ms/60 ms, layer thickness

= 1 mm, number of layers = 10, scanning gap = 0 mm,

and FOV = 130 mm × 120 mm.

2.10. Evaluation of the Effects of PNEC30 on Pyroptosis and
Tumor Suppression in Tumor-bearing Mice

A subcutaneous tumor model of prostate cancer in

PNEC30 mice was constructed. The tumor-bearing mice
were randomly assigned to one of five groups (n = 6)

once the tumor volume had grown to around 100 mm:

the control group, Gem group, GC group, Ce6+L group,

and GC+L group. The mice received injections of all

formulations via the tail vein. The Ce6+L and GC+L
groups were subjected to laser irradiation for 5 minutes

4 hours after drug injection. The mice in each group

were treated once every 2 days for a total of 4

treatments. During this period, the changes in the

tumor volume of the mice were recorded (tumor

volume = long diameter × wide diameter 2/2). On the

14th day of treatment, the serum of the mice was

collected, and the concentrations of IL-1β and IL-18 were

detected via ELISA kits. The mice were subsequently

euthanized, and the tumor tissues were collected for

H&E staining; Ki67 and cleaved caspase-3

immunohistochemical staining; and HMGB1 and CRT

immunofluorescence staining. The tumor tissues were

analyzed, and the effects of pyroptosis in each treatment

group were compared.

2.11. Observation of the Histological Morphology of the Main
Organs in Mice After Treatment

After the antitumor treatment was completed, the

mice were euthanized, organs such as the heart, liver,

spleen, lungs and kidneys were collected, and the tissues

were fixed with 4% paraformaldehyde. The sample

tissues were subsequently dehydrated with gradient

ethanol, treated with a transparent agent, immersed in

wax, and embedded to fix the shape, after which the wax

blocks were sectioned. The paraffin in the sections was

removed from the slides using xylene and ethanol. After

H&E staining, the tissue morphology was observed

under a microscope.

2.12. Diagnostic Accuracy Index Method

Using pathological examination as the gold standard,

the diagnostic accuracy of CEST imaging was evaluated

through a systematic approach. First, we conducted

histopathological analysis on the mouse prostate cancer

model to determine the exact location and boundaries

of the tumors and matched them with the CEST signals.

Based on this, we calculated the sensitivity (true positive

rate) and specificity (true negative rate) of CEST imaging

for detecting tumors. Sensitivity was defined as the

proportion of tumor samples with positive CEST signals

among all pathologically confirmed tumor samples, and

specificity was defined as the proportion of normal

tissue samples with negative CEST signals among all

pathologically confirmed normal tissue samples. At the

same time, we drew the receiver operating

characteristic (ROC) curve and evaluated the overall

diagnostic efficacy of CEST imaging by calculating the

area under the curve (AUC). Additionally, we calculated

the positive predictive value and negative predictive

value to assess the practical value of CEST imaging in

clinical applications. To compare the differences in

diagnostic accuracy between different time points and

different treatment groups, we used the McNemar test

for paired analysis and calculated the Kappa coefficient

to evaluate the consistency between CEST imaging and

pathological results. All diagnostic accuracy indicators

were statistically analyzed using 95% confidence

intervals to ensure the scientific and reliable nature of

the results.

2.13. Statistical Analysis

The data were statistically analyzed via GraphPad

Prism 9.1.1 software. The quantitative data are expressed

as the means ± s. Analysis of the differences between the

two data groups was performed using an independent-

samples t test. Multiple groups were compared for

differences using a one-way ANOVA. If the differences

were statistically significant, the LSD test was used for

comparisons between groups. P < 0.05 indicated a

statistically significant difference.

3. Results

3.1. Characterization of the GC Nanoprobes

SEM revealed that the self-assembled GC nanoprobes

had good dispersibility and presented a quasi-spherical

structure, with a particle size of approximately 108 nm,

a PDI of approximately 0.283, and a zeta potential of 31.0

± 2.7 mV (Figure 1A–C). The ultraviolet-visible light

absorption spectra revealed that the GC nanoprobe had

strong absorption peaks at wavelengths of 270 nm and

410 nm and was somewhat offset compared with the
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Figure 1. Characterization of the GC nanoprobes and their acid-responsive drug release capabilities. A, scanning electron microscope (SEM) image of the GC nanoprobes; B,

hydrodynamic size distribution of the GC nanoprobes; C, zeta potential of the GC nanoprobes; D, UV‒visible absorption spectra of gemcitabine (Gem), Ce6, and GC nanoprobes;

E, fluorescence spectra of the GC nanoprobes and Ce6; F, UV‒visible absorption spectra of DPBF at different time points after laser irradiation of the water solution of the GC
nanoprobes; G/H, release of Gem (G) and Ce6 (H) at pH 5.0 and pH 7.4.

characteristic absorption peaks of free Ce6 (402 nm)

and Gem (269 nm) (Figure 1D). Furthermore, the

fluorescence spectra revealed that, compared with free

Ce6, the self-assembled GC nanoprobes exhibited

fluorescence quenching. However, the GC fluorescence

signal was activated at pH 5.0 (Figure 1E). The above

results indicate the successful preparation of the GC

nanoprobes.

3.2. 1O2 generation Capacity of GC and Its Drug Release
Capacity in An Acidic Microenvironment

3.2.1. Generation of 1O2

DPBF can combine with 1O2 and be irreversibly

oxidized. Therefore, the efficiency of 1O2 generation can
be evaluated by measuring the consumption of DPBF

(Figure 1F). After laser irradiation treatment of the GC

nanoprobe solution, ultraviolet‒visible light absorption
spectroscopy revealed that the absorption peak of DPBF

at a wavelength of 410 nm was significantly reduced in a
time-dependent manner, indicating that the GC

nanoprobe can efficiently generate 1O2 during the PDT

process. This is helpful for inducing pyroptosis in tumor
cells in the later stage, thereby activating the antitumor

immune response.

3.2.2. Drug Release

The formation of GC nanoprobes relies on π-π

stacking and hydrophobic interactions between the

drug Gem and the photosensitizer Ce6 molecules, which

makes the nanoprobes sensitive to pH. To verify the drug

release capacity of the drug-loaded nanoprobe in an

acidic microenvironment, the GC nanoprobes were

placed in release media with different pH values to

calculate the cumulative release amounts of Gem and

Ce6 (Figure 1G-H). The drug release rate of the

nanoprobe in the buffer solution at pH 7.4 was slow, and

the cumulative drug release within 24 hours did not

exceed 20%. This might be due to the continuous

oscillation of the nanoprobe at 37°C, which led to a

decrease in stability and a small amount of drug release.

Under acidic conditions at pH 5.0, the cumulative

amounts of Gem and Ce6 released within 24 h reached

80% and 65%, respectively. GC nanoprobes can be

effectively decomposed in the acidic microenvironment

of tumors.

3.3. Cytotoxicity and Intracellular Reactive Oxygen Species
Generation

After treating mouse prostate cancer PNEC30 cells

with different concentrations of Gem nanoprobes, the
activity of the PNEC30 cells was detected via the MTT

method. The results showed that the killing effect of the
GC nanoprobes on tumor cells was concentration-

dependent: when the GC concentration was 50 μg/mL,
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Figure 2. The effects of GC nanoprobes combined with laser irradiation on the proliferation and intracellular reactive oxygen species (ROS) generation of mouse prostate cancer

PNEC30 cells. A, effects of different concentrations of GC nanoprobes combined with laser irradiation (0.4 W/cm2) on the proliferation of PNEC30 cells; B, ROS detection in
PNEC30 cells after different treatments

Figure 3. In-vitro chemical exchange saturation transfer (CEST) imaging of Gem at different concentrations and of GC nanoprobes at different pH values

the nanoprobes could effectively kill tumor cells.

However, under combined treatment with laser

irradiation, the cell survival rate of the experimental

group decreased significantly (P < 0.05), suggesting that

the GC nanoprobe has good tumor suppression ability

and can achieve photodynamic sensitization of

pyroptosis (Figure 2A). Furthermore, the production of

ROS in PNEC30 cells was evaluated via the use of the

probe DCFH-DA. The results revealed a large amount of

green fluorescence in the GC combined with laser

irradiation group, indicating that a large amount of

cytotoxic ROS was produced in PNEC30 cells sensitized

by PDT (Figure 2B).

3.4. In-vitro CEST Activation Imaging
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Figure 4. Uptake of GC nanoprobes in PNEC30 cells of mouse prostate cancer

Figure 5. Responsive chemical exchange saturation transfer (CEST) activation imaging of GC nanoprobes in tumor cells and normal cells

Chemical exchange saturation transfer imaging of

Gem at different concentrations revealed that the CEST

signal increased in a concentration-dependent manner.

CEST characteristic peaks can be observed in the Z-

spectrum and MTRasym near a frequency offset of

approximately 2 ppm (Figure 3A to C), which is

consistent with previous research results. CEST imaging

scans were performed on the GC nanoprobes under

different pH conditions. The Z-spectra and MTRasym

data analyzed by MATLAB software are shown in Figure

3D and E. Compared with the same concentration of free

Gem (20 mmol/L), obvious signal quenching (Off) was

observed in the GC nanoprobe CEST image at pH 7.4,

whereas in the acidic microenvironment at pH 5.0, the

CEST signal was significantly activated (On) (Figure 3F).

The above analysis indicates that the CEST signal of the

GC nanoprobes is significantly enhanced under acidic

conditions at pH 5.0, suggesting that the GC nanoprobes

lyse in an acidic microenvironment. The release of Gem

leads to the exposure of imaging groups, thereby

specifically activating the CEST signal.

3.5. Uptake of GCs by Prostate Cancer Cells in Mice

Effective endocytosis is the key to drug accumulation

for the treatment of tumors. The uptake of GC

nanoprobes by PNEC30 cells in mouse prostate cancer

was determined by flow cytometry. The results showed

that the GC nanoprobes could be effectively taken up by

PNEC30 cells and reached the maximum cumulative

amount within 4 to 6 hours (Figure 4A). In addition, the
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Figure 6. Induction of the pyroptosis ability of PNEC30 cells and triggering of the immune response by GC nanoprobes under PDT sensitization

Figure 7. I-vivo chemical exchange saturation transfer (CEST) imaging of the GC nanoprobes

results of laser confocal fluorescence imaging revealed

the same outcome (Figure 4B). Therefore, for the

subsequent experiments, laser irradiation was chosen to

treat the cells 4 hours after the addition of the GC probe
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Figure 8. In-vivo antitumor effect triggered by pyroptosis in GC nanoprobes

or drug.

3.6. Cell-Level Time-Dependent Chemical Exchange
Saturation Transfer Activation Imaging

To verify the pH response and time-dependent CEST

activation imaging of the GC nanoprobes at the cellular

level, mouse prostate cancer PNEC30 cells and normal

prostate epithelial ATCC cells were coincubated with the

GC nanoprobes. The activation effects of CEST at

different time points (0, 2, 4, 6 and 12 hours) were

subsequently monitored. As shown in Figure 5, after

PNEC30 cells in an acidic tumor microenvironment

were incubated with GC nanoprobes, the CEST signal

and the quantitative value of MTRasym significantly
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increased and increased with increasing incubation

time. However, no obvious change was observed in the

CEST signal in normal prostate epithelial ATCC cells. The

differences between the two groups at each time point

from 4 - 12 hours were statistically significant (all P <

0.05). This result indicates that the acidic

microenvironment of prostate cancer cells can cause GC

nanoprobes to lyse, releasing Gem and exposing the

amide groups on its surface to achieve CEST activation

imaging.

3.7. Pyroptosis-Mediated Immune Response

The microscopic observation results (Figure 6A)

revealed that a small number of balloon-like bubbles

began to appear in mouse prostate cancer PNEC30 cells

pretreated with the GC nanoprobes, suggesting the

occurrence of pyroptosis. After laser irradiation, obvious

cell swelling and exudation of the cell contents were

observed in the GC+L group. To further verify the above

results, the levels of LDH, IL-1β and IL-18 in the cell

supernatants of the different treatment groups were

detected. The results revealed that the levels of LDH and

inflammatory cytokines in the experimental group were

significantly increased, indicating that PNEC30 cells

underwent pyroptosis. The integrity of the cell

membrane was disrupted, leading to the release of

intracellular inflammatory contents (Figure 6B).

Pyroptosis can induce a strong immune response in a

short time and effectively inhibit tumor growth by

triggering ICD. During the occurrence of ICD, DAMPs are

released, including the eversion of CRT on the cell

membrane surface and the release of HMGB1 in the

nucleus. The results of CRT immunofluorescence

staining revealed that, compared with that in the PBS

group, the green fluorescence in the Gem, GC and Ce6+L

groups increased to varying degrees. More significant

CRT fluorescence was observed in the cells of the GC+L

group than in those of the other groups, indicating that

a large amount of CRT was expressed on the cell

membrane surface. The results of HMGB1

immunofluorescence staining revealed that the

intracellular green fluorescence in the GC+L group was

significantly weakened, indicating that HMGB1 was

effectively released extracellularly (Figure 6C). The above

research results indicate that GC nanodrug-loaded

probes can effectively induce ICD and initiate adaptive

immune responses through photosensitization via

pyroptosis.

3.8. In-vivo Chemical Exchange Saturation Transfer
Activation Imaging Study

The tail vein of tumor-bearing mice was injected with

GC nanoprobes or 50 mmol/L Gem, and CEST imaging

was performed at different time points. The results of

the analysis of the CEST images and MTRasym values are

shown in Figure A 7 and B. As time progressed, the CEST

signal gradually increased and reached its peak at 4

hours, after which the signal gradually decreased. Free

Gem was injected as a control. The results revealed that

the CEST signal rapidly increased and then rapidly

decreased within 1 hour. The above results suggest that,

owing to the EPR effect of the GC nanoprobes, the CEST

signal at the tumor site is enhanced, and its imaging

effect is superior to that of free Gem, indicating that this

nanoprobe can be used as a potential contrast agent for

in vivo CEST imaging.

3.9. In-vivo Antitumor Effects Mediated by Pyroptosis

To evaluate the in vivo antitumor effects of the GC

nanoprobes, PBS, Gem, or GC nanoprobes were injected

into each group of mice through the tail vein. The Ce6+L

group and the GC+L group received laser irradiation at

the tumor sites 4 hours after drug injection. Changes in

the tumor volume of the mice in each group were

observed within 14 days. As shown in Figure 8A, the

weights of the mice in the PBS group and the Gem group

were relatively.

The tumor volume increased rapidly. In contrast, the

relative tumor volume growth of mice in the Ce6+L

group and the GC group was relatively slow during the

treatment process. The GC nanoprobes under

photodynamic synergy therapy demonstrated

significant tumor suppression capabilities. After three

treatments, the tumor volume gradually decreased, and

in the later stage, it was completely ablated. In addition,

through the detection of the serum of the mice in each

group, the levels of inflammatory factors such as IL-1β
and IL-18 in each group of mice increased to varying

degrees. Among them, the levels of inflammatory

factors in the GC+L group were significantly greater

than those in the PBS group, indicating that tumor

pyroptosis under photodynamic synergy led to an

increase in inflammatory factors in the mice (Figure 8B

and C). Immunofluorescence staining of tumor tissues

revealed that in the GC+L group, the tumor cells had

high levels of CRT release and HMGB1 release,

confirming that the photosensitized GC probe triggered

the immune response of the body by inducing

pyroptosis (Figure 8D). In addition, the results of H&E

staining of tumor tissues and immunohistochemical

staining of Ki67 and cleaved caspase-3 confirmed that,

compared with the other treatment groups, the GC+L

group had a greater ability to resist tumor cell
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proliferation and induce tumor cell apoptosis. The

above experimental results indicate that pyroptosis

mediated by GC nanoprobes under photosensitization

can exert powerful antitumor effects by triggering an

immune response in vivo (Figure 8E).

4. Discussion

The various inflammatory mediators released during

pyroptosis can induce a powerful immune response in

the body, indicating great potential in the treatment of

prostate cancer (16-18). In recent years, various metal

ions and small-molecule drugs have been designed for

the immunotherapy of prostate cancer via pyroptosis.

However, pyroptosis caused by some cytotoxic drugs in

an uncontrollable or nontargeted manner can damage

normal tissues of the body, often raising biosafety

issues. The nanodrug delivery system can improve

pharmacokinetics, achieve targeted tumor delivery,

promote the release of targeted drugs in response to the

tumor microenvironment, and has important

application value in regulating pyroptosis in tumors

(19). However, single-response stimulation can easily

lead to low drug release efficiency and poor therapeutic

effects. To further enhance the efficiency of tumor

treatment based on pyroptosis, this study adopted a

dual regulatory strategy involving the endogenous

acidic tumor microenvironment response and

exogenous laser irradiation (20-22). Through the drug

self-assembly method, responsive nanoprobe GCs were

successfully prepared to achieve precise drug release

and significantly enhance the antitumor immune

response by activating the pyroptosis pathway. This

probe lyses and releases the antitumor drug Gem in an

acidic microenvironment to induce pyroptosis in

prostate cancer cells. In addition, under PDT

sensitization, a large amount of cytotoxic ROS can be

generated, further amplifying the pyroptosis effect at

the tumor site. The detection of the in vivo and in vitro

pyroptosis-related markers IL-1β and IL-18, as well as the

ICD markers CRT and HMGB1, confirmed that GC

nanoprobes can induce pyroptosis in prostate cancer

cells under the synergistic effects of PDT, triggering an

immune response to achieve improved tumor

suppression (23).

It is highly important to visualize the pyroptosis

process of prostate cancer in real time by using a new

imaging strategy during the treatment of prostate

cancer (24-26). Traditional imaging techniques such as

conventional MRI have limitations such as low

sensitivity and susceptibility to interference from

metabolites in the body, and visualizing the progress of

tumor treatment at the molecular level is often difficult

(27). However, CEST imaging has advantages such as

high sensitivity and noninvasiveness and has research

value and application potential in the precise and

noninvasive visualization of the treatment process and

therapeutic effect evaluation of prostate tumors. The GC
nanoprobes prepared in this study demonstrated

excellent effects in promoting pyroptosis in tumors (28-

30). In addition, CEST signal-specific activation can be

achieved in the acidic microenvironment of tumors by

loading Gem with amide CEST imaging protons (31). This
nanoprobe does not need to be labeled and can be

highly sensitively detected by CEST through the

exchange of hydroxylamide and hydroxyl protons with

water molecules (32). Therefore, nanoprobes based on

Gem-CEST imaging can be used for real-time
noninvasive visualization of the pyroptosis process in

prostate cancer (33-35). The CEST imaging signal of the
GC nanoprobe is quenched and presents an "off " state at

pH 7.4, whereas in the simulated acidic

microenvironment, it shows a specific CEST activation
imaging effect, "on". This shift from "off " to "on" may be

attributed to the disruption of the structural stability of
the spherical nanoprobes in an acidic

microenvironment, which leads to the full exposure of

exchangeable protons such as amides in the drug,
thereby enhancing the CEST signal. The GC nanoprobes

have a specific CEST activation effect on the tumor
microenvironment. Specifically, the CEST signal at the

tumor site gradually increased over time and reached its

peak at 4 h, indicating that it has a good in vivo imaging
effect and can be used as an in vivo CEST contrast agent

to guide pyroptosis tumor treatment and efficacy
evaluation.

4.1. Conclusions

In summary, this study successfully constructed GC

nanoprobes, characterized their morphology, particle

size, etc., and verified their excellent photodynamic

sensitization pyroptosis and CEST activation effects both

in vivo and in vitro. The "off-one effect" of this

nanoprobe in the acidic microenvironment of tumors

can be utilized to visualize the drug release process

noninvitatively and evaluate the therapeutic effect on

the basis of pyroptosis. In the future, a correlation

analysis between pyroptose-related biomarkers and

changes in CEST signals can dynamically reflect the

expression levels of pyroptose-related molecules in vivo.

It is expected to achieve noninvasive visualization of the

diagnosis and treatment process of prostate cancer on

the basis of pyroptosis at the molecular level, which is

highly important for precise tumor treatment guided by

imaging technology.
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