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Purpose: Photodynamic therapy (PDT) with spatiotemporal controlled and noninvasive 
advantages has obtained growing attention in cancer treatment. Nevertheless, PDT still 
suffers from self-aggregation-induced photosensitizer quenching and reactive oxygen species 
(ROS) scavenging in cancer cells with abundant glutathione (GSH) pools, leading to 
insufficient performance.
Methods: In this study, we develop a versatile nanocarrier (SSNs) with a disulfide-bond- 
bridged silica framework for enhanced photo-immunotherapy. Such SSNs spatially confine 
photosensitizers Ce6 in the matrix to prevent self-aggregation. Under the high GSH level of 
cancer cells, the disulfide-bond-bridged framework was degradable and triggered the expo-
sure of photosensitizers to oxygen, accelerating the ROS generation during PDT. In addition, 
GSH depletion via the break of the disulfide-bond increased the ROS level, together resulting 
in efficient tumor killing outcomes with a considerable immunogenic cell death effect in 
vitro. Importantly, the SSNs@Ce6 accumulated in the tumor site and exhibited enhanced 
PDT efficacy with low systemic toxicity in vivo.
Results: The GEN-loaded nanoplatform (Ag-MONs@GEN) showed glutathione-responsive 
matrix degradation, resulting in the simultaneous controlled release of GEN and silver ions. 
Ag-MONs@GEN exhibited excellent anti-bacterial activities than Ag-MONs and GEN 
alone, especially enhancing synergetic effects against four antibiotic-resistant bacteria 
including Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and 
Enterococcus faecalis. Moreover, Ag-MONs@GEN showed good biocompatibility on 
L929 and HUVECS.
Conclusion: Notably, SSNs@Ce6-mediated PDT completely eradicated 4T1 tumors when 
combined with the PD-1 checkpoint blockade. Overall, the confinement of photosensitizers 
in a biodegradable disulfide-bridged-framework provides a promising strategy to unleash the 
potential of photosensitizers in PDT, especially in combined cancer photo-immunotherapy.
Keywords: photodynamic therapy, glutathione depletion, photosensitizer confinement, 
degradation, cancer immunotherapy

Introduction
Cancer has become a primary cause of mortality the global population. The current 
treatments, including surgery,1 chemotherapy,2 and radiotherapy,3 are limited by 
off-target toxicity and ineffective outcomes. Photodynamic therapy (PDT) is clini-
cally approved for alternative cancer treatment.4–6 Nontoxic photosensitizers are 
activated by specific light stimuli to produce toxic radical oxygen species (ROS).7–9 

PDT can selectively ablate cancer cells with spatiotemporal and noninvasive 
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advantages including local irradiation, weakened side 
effects, and better tolerance by comparing with conven-
tional cancer treatments.10,11 In addition, PDT triggered 
immunogenic cell death (ICD) causes the release of tumor- 
associated antigens, danger-related molecular patterns 
(DAMPs), and proinflammatory cytokines, facilitating 
robust anti-tumor immune responses for combined cancer 
photo-immunotherapy.12,13,14 However, most photosensiti-
zers, including porphyrins,13 chlorins,15 bacteriochlorins16 

and phthalocyanines17 used for PDT also suffer from poor 
water solubility, photobleaching, and a lack of target 
delivery.

Photosensitizers have a tendency to undergo self- 
aggregation quenching in their excited state, and this com-
promise the therapeutic effect.18 To solve this problem, 
photosensitizers have been functionalized using an ionic or 
hydrophilic group to increase the aqueous solubility and 
prevent π−π stacking.19 In recent years, the 1,3-dipolar 
cycloaddition of the benzyl azomethine ylide that pre-
sented a low tendency to self-aggregate has been adopted 
by de Souza et al to develop a method.20 However, the 
chemical modification process of photosensitizers was 
tedious and had a low yield, and this would inhibit their 
cellular uptake. Increasing evidence has demonstrated that 
nanocarriers are ubiquitously employed to load photosen-
sitizers through encapsulation or conjugation and deliver 
them to the target site safely.21 The metal−organic frame-
works (MOFs) have been used as a promising carrier to 
isolate or confine photosensitizers to reduce aggregation 
and photobleaching.22 But the host-guest interaction 
between an MOF and a photosensitizer is limited by 
their sophisticated physicochemical properties.23 

Therefore, it is urgent to construct versatile nanocarriers 
with simple and effective photosensitizer confinement for 
improved PDT.

A sufficient interaction between oxygen and a photo-
sensitizer is necessary to produce enough cytotoxic ROS 

for tumor killing. However, in many nanocarriers, the 
photosensitizer confined in the inner framework is not 
adequate to access oxygen, and the lifetime of the ROS 
is very short with a limited distance of action (< 10 nm).7 

Thus, the development of degradable nanocarriers can 
increase the exposure of the photosensitizer to oxygen 
for improved PDT. Moreover, the active glutathione 
(GSH) associated cellular antioxidant defense system in 
cancer cells significantly compromises the efficacy of 
PDT.24 The intracellular GSH as a key antioxidant in 
cancer cells is 100–1000-fold higher than those in normal 
cells, and GSH exerts a great effect on scavenging ROS, 
thus weakening the performance of PDT.25 Various types 
of nanocarriers with GSH depletion properties have been 
reported to amplify oxidative stress and enhance the effec-
tiveness of PDT.26 According to these results, it is 
hypothesized that the development of nanocarriers that 
integrate matrix degradation with GSH depletion might 
hold great promise for PDT treatment.

Organosilica nanoparticles (OSNs) have been recently 
developed as promising drug delivery nanocarriers due to 
a series of advantages including their tunable morphology 
and biodegradability, surface-functionalization, and 
biocompatibility.27–29 The principal methods for synthesiz-
ing OSNs suffer from a long and complicated extraction to 
remove surfactants, which lower the final yield. The 
StÖber method is a promising method to fabricate drug- 
encapsulated silica nanoparticles due to the large scale 
process without the use of any toxic surfactants.30,31 In 
this case, most of the photosensitizers were dissolvable 
and stable for encapsulation into the matrix of silica to 
prevent self-aggregation. Previous researches have 
reported that OSNs exhibit GSH-responsive biodegrad-
ability with controlled matrix degradation for controlled 
drug release.32 We believe that such a GSH-responsive 
nanocarrier might prevent self-aggregation during the 
high encapsulation of photosensitizers and show matrix 
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degradation and GSH depletion for efficient and 
secure PDT.

This research proposes a facile strategy to fabricate 
disulfide-bond-bridged organosilica nanoparticles (SSNs) 
to delivery photosensitizers for highly efficient cancer 
photo-immunotherapy. Regardless of the physicochemical 
properties of the photosensitizers, they have demonstrated 
efficient encapsulation into the framework of versatile 
SSNs. The chlorin e6 (Ce6) is chosen as a model photo-
sensitizer to evaluate drug loading and matrix-degradation 
under the GSH-enriched tumor microenvironment.33–35 

The well-confined Ce6 in Ce6@SSNs efficiently absorbed 
light and avoided aggregation-induced quenching. Such a 
degradable matrix increased the exposure of the photosen-
sitizers to oxygen. In addition, the Ce6@SSNs underwent 
a structure disruption caused by the GSH-based disulfide 
bond cleavage, leading to GSH depletion and ROS 
enhancement for amplified cancer cell death. In vitro and 
in vivo studies validated the efficiency and safety of PDT. 
A further combination with anti-PD-1 effectively eradi-
cated the tumor on a murine breast cancer model.

Experimental
Materials
Sigma-Aldrich (St. Louis, MO, United States) provided 
tetraethyl orthosilicate (TEOS), Chlorin e6 (Ce6), alumi-
num-tri-sec-butoxide, and and γ-chloropropyl trimethoxysi-
lane (CP). Beijing Chemical Reagent Co. (Beijing China) 
supplied the Bis[3-(triethoxysilyl)propyl]tetrasulfide 
(BTESPT), hydrogen peroxide (30% H2O2), and anhydrous 
ethanol. GIBCO (Carlsbad, CA, United States) offered the 
[3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl] tetrazolium 
bromide (MTT), Dulbecco’s Modified Eagle Medium 
(DMEM), fetal bovine serum (FBS), penicillin-streptomy-
cin, and trypsin (10,000 U/mL). Matrigel was purchased 
from Corning Inc. (Billerica, MA, United States). The 
Thermo Scientific Pierce Ellman (DTNB), reduced GSH 
assay kit, 4, 6-diamidino-2-phenylindole (DAPI), 1,3- 
Diphenylisobenzofuran (DPBF), and 2′,7′-dichlorofluores-
cin diacetate (DCFH-DA) were obtained from Thermo 
Fisher Scientific (Waltham, MA, United States). Assay 
kits for determining alkaline phosphatase (ALP), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), 
blood urea nitrogen (BUN) and creatinine (CRE) were 
purchased from the Nanjing Jiancheng Bioengineering 
Institute (Nanjing, Jiangsu, China). 4T1 mouse breast can-
cer cells purchased from the American Type Culture 

Collection (ATCC) were used in the experiments. The 
above reagents were directly applied with no purification.

Preparation of SSNs
The SSNs was prepared using the typical StÖber method 
below. The mixture of an ammonia aqueous solution (0.75 
mL) with water-alcohol (2: 25.0 mL) was performed. Then 
a certain amount (0.5 mL) of TEOS, BTESPT (0.2 mL), 
and aluminum-tri-sec-butoxide (0.01 mL) were added 
dropwise into the above mixture. The reaction system 
was stirred at room temperature for the overgrowth. In 
the end, ethyl acetate was put to precipitate the generated 
SSNs. The resultant SSNs were purified and collected by 
washing with ethanol and water. The SNs was prepared in 
a similar manner to the above method except in the 
absence of BTESePD. The photosensitizer was mixed 
with saline to prepare the SSNs@FL, SSNs@AD, and 
SNs@Ce6.

Characterization of SSNs
The morphology was observed on a transmission elec-
tron microscope (TEM) (JEOL, Ltd., Japan) and a scan-
ning electron microscope (SEM) (FESEM, S4800, 
Hitachi Co. Ltd., Tokyo, Japan). The fluorescence spec-
troscopy was recorded applying the Shimadzu RF-5301 
PC spectrophotometer. The size distribution and Zeta 
potential was determined with a Nano-ZS 90 Nanosizer 
(Malvern Instruments Ltd., Worcestershire, United 
Kingdom).

Extracellular GSH Depletion Assay
The mixture of GSH solution with the SSNs@Ce6 (0.5 μg/ 
mL Ce6) was performed. The mixtures were gently shaken 
at 37°C, and then the resulting solution was filtered with a 
0.22 μm syringe filter for reacting with the DTNB. The 
UV-vis absorbance at 421 nm was recorded.

Extracellular ROS Detection
1.3-Diphenylisobenzofuran (DPBF) was adopted as a sing-
let oxygen fluorescent label to evaluate the PDT efficacy of 
the preparations. Briefly, the SSNs@Ce6, SNs@Ce6, and 
Ce6 with/without 10 mM of GSH at the same concentra-
tion (0.5 μg/mL Ce6) were rapidly mixed with DPBF. 
After 660-nm laser irradiation (100 mW cm−2) was 
applied for 10 minutes, the UV-vis absorption spectra of 
the solutions were recorded.
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Intracellular GSH Depletion Assay
The 24-hour seeding of 4T1 cells into a six-well plate and 
cultured was made. After 12-hour incubation with 
SSNs@Ce6 (0.5 μg/mL Ce6), the cells were washed with 
phosphate buffered saline (PBS) and analyzed with the 
GSH assay kit on basis of the manufacturer’s protocol.

Intracellular ROS Generation Assay
The intracellular ROS generation was researched using a 
DCFH-DA probe with laser irradiation. The overnight 
culture of 4T1 cells was made in 24-well plates. After 
being treated with SSNs@Ce6, SNs@Ce6, and Ce6 (0.5 
μg/mL Ce6), the 4T1 cells were incubated for 4 h, then 
washed twice with PBS (pH 7.4). The 4T1 cells were 
incubated with DCFH-DA for 2 h, then washed with 
PBS and exposed to 66- nm laser irradiation (100 mW 
cm−2, 10 min). Flow cytometry and fluorescent imaging 
for quantitative and qualitative detection, respectively 
were adopted to measure the fluorescence intensity of the 
DCF immediately.

Cytotoxicity, ICD Effect and DC 
Maturation in vitro
The seeding of cells into 96-well culture plates with 5000 
cells per well was made, next to the overnight culture for 
fully attachment. Then, various final concentrations of the 
formulations were adopted to treat the cells. After 24 h, the 
cell viabilities were measured using MTT.

The seeding of 4T1 cells into a 24-well plate (5×104 

cells/well) was made, next to 24-hour incubation. Then the 
cells were treated with different formulations with/without 
light irradiation. The cells were collected and stained with 
anti-CRT antibody for measuring the calreticulin (CRT) 
expression. The cell culture supernatants were analyzed 
using an ELISA kit for detection of HMGB1 secretion.

For the detection of dendritic cell maturation, DCs 
from the mouse bone marrow were co-incubated with the 
treated 4T1 cells for 24 h. Then the DCs were collected 
and stained with anti-CD11c-FITC, anti-CD80-PE, and 
anti-CD86-APC for the FACS analysis.

In vivo Experiments
This study was approved by the Life Science Ethics 
Review Committee of Zhengzhou University 
(Zhengzhou,Henan, China). Animal experimentation pro-
tocols were in accordance with the guide lines of the 
Institutional Committee for the Ethics of Animal Care 

and Treatment at Zhengzhou University. The subcutaneous 
injection of 4T1 cells (5 × 105) into the left flank of the 
BALB/C mic was conducted. When the tumor volume was 
about 100 mm3, the tumor bearing mice were administered 
an intravenous injections of the formulations at a Ce6 dose 
of 2 mg/kg. All of the drug treatments were monitored 
every three days, and the tumor volume and body weight 
were measured in the meantime. After 21 days, all of the 
mice were sacrificed on day 22. The tumors were weighed. 
Hematoxylin and eosin (H&E) were used to stain the main 
organs (liver, spleen, kidneys, hearts, and lungs). The 
biosafety was evaluated using body weight, pathological 
changes, and serum biochemistry indexes.

Statistical Analysis
All of the experiments were repeated at least three times, 
and the outcomes are displayed as means ± standard 
deviations. A contrast between the groups was calculated 
using a Student’s t-test (two groups) or Bonferroni’s post 
hoc test (three groups or more). The analysis of data was 
performed on SPSS software. Differences were regarded 
statistically significant when the p-values were less 
than 0.05.

Results and Discussion
The disulfide-bond-bridged SSNs were then fabricated 
using a modified Stöber method. Briefly, tetraethyl ortho-
silicate (TEOS) and BTESPT as co-precursors were cata-
lyzed using ammonium hydroxide in an alcohol–water 
mixture at room temperature. The sulfide contents in the 
hybrid SSNs were tunable by the mass ratio of TEOS to 
BTESPT. In the present study, the mass ratio of TEOS to 
BTESPT was defined to be 4:1. In addition, the inorganic 
silica nanocarrier (SNs) was also synthesized in parallel 
for comparison to demonstrate the advantages of the dis-
ulfide -bond-bridged SSNs for enhanced PDT. The trans-
mission electron microscopy (TEM) imaging revealed a 
uniform spherical morphology of the SSNs with average 
diameters (~70 nm) (Figure 1A). This result was consistent 
with the results of the scanning electron microscopy 
(SEM) (Figure 1B). The dynamic light scattering (DLS) 
measurements gave a number averaged size of 80.5 ± 6.1 
nm (Figure S1). The SNs showed comparable morpholo-
gies as the SSNs (Figure S2). The elemental mappings 
showed the uniform distributions of the Si, O, and Se 
elements within the SSNs matrices (Figure 1C), while 
the inductively coupled plasma optical emission spectro-
metry showed sulfide content (8.7%) and aluminum 
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content (0.1%). The zeta potential measurements revealed 
a negative surface charge of the SSNs (−12.1 ± 0.93 mV) 
(Figure S3).

To judge the effect on the UV-visible absorption of 
photosensitizer Ce6 in SSNs, the UV-visible absorption 
test was performed on the Ce6 and SSNs@Ce6 (Figure 
1D). We found that the SSNs@Ce6 enhanced absorption 
peak in the range of 400–800 nm. Taking into account the 
light penetration, red light 660 nm is used for subsequent 
photodynamic therapy. Photosensitizers suffer from fluor-
escence aggregation-caused quenching (ACQ) due to exci-
tonic coupling when they pack together at high 
concentrations or in a solid state. We suspected that the 
SSNs as a versatile carrier encapsulated and confined the 

photosensitizers in the matrix to circumvent ACQ. 
Fluorescein (FL), Adriamycin (AD), and Chlorin e6 
(Ce6) are typical aggregation-induced fluorescence 
quenching fluorophores with neutral, positive, and nega-
tive charges, respectively. The FL, AD, and Ce6 were 
effectively encapsulated into the framework obtained 
SSNs@FL, SSNs@AD, and SSNs@Ce6, respectively. 
The strong fluorescence emissions of the SSNs@FL, 
SSNs@AD, and SSNs@Ce6 (Figures 1E and S1) con-
firmed that fluorophore encapsulated and confined in the 
matrix to prevent fluorescence aggregation-caused 
quenching.

Given Ce6 is widely used in PDT, SSNs@Ce6 was 
used as a model formulation to validate the enhanced 

Figure 1 Preparation and characterization of SSNs. 
Notes: (A) TEM and (B) EDX mapping images of SSNs. (C) EDX mapping images of SSNs. (D) absorbance spectra of free Ce6 and SSNs@Ce6. (E) Emission spectra of Ce6 
and SSNs@Ce6. 
Abbreviations: TEM, transmission electron microscopy; EDX, energy dispersive X-ray spectroscopy; SSNs, disulfide-bond-bridged organosilica nanoparticles; FL, 
fluorescein; SSNs@FL, fluorescein-loading disulfide-bond-bridged organosilica nanoparticles; AD, adriamycin; SSNs@AD, adriamycin-loading disulfide-bond-bridged orga-
nosilica nanoparticles; Ce6, chlorin e6; SSNs@Ce6, chlorin e6-loading disulfide-bond-bridged organosilica nanoparticles.
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photodynamic therapy. The degradation behavior of 
SSNs@Ce6 was investigated in the media mimicking 
tumor micro-environment (10 mM GSH). The TEM 
images showed that after one day of incubation, the 
SSNs@Ce6 underwent rapid degradation into fragments 
similar to two-dimensional sheets (Figure 2A). In contrast, 
the SNs@Ce6 only showed a stable structure in the 
mimicking media (Figure 2B). Our previous studies had 
confirmed that that the disulfide-bond bridged matrix 
could be reductively broken by GSH. In addition, reduc-
tive GSH was consumed. Then, the amount of GSH in the 
mimicking media was measured after incubation with 
SSNs@Ce6 for 24 h. As shown in Figure 2C, the content 
of GSH was decreased in a concentration dependent man-
ner, indicating excellent GSH depletion. In contrast, 
SNs@Ce6 did not consume the GSH, consistent with the 
results of degradation.

GSH, a significant intracellular antioxidant, exerts a 
great effect on scavenging the ROS produced by PDT. 
We further investigated that degradation and GSH deple-
tion influence on the PDT efficiency. ROS generated from 
PDT were detected using 1,3-Diphenyl-2-benzofuran 
(DPBF) (Figure 2D), and the UV-vis absorbance of the 
DPBF incubated with SNs@Ce6 was decreased signifi-
cantly. However, the UV-vis absorbance of the DPBF 
displayed stain stability in the presence of 10 mM GSH 

due to the ROS scavenging by GSH. Conversely, after red 
light irradiation, the UV-vis absorbance of the DPBF incu-
bated with SSNs@Ce6 rapidly decreased compared with 
that of SNs@Ce6 in the presence of 10 mM GSH. The 
results indicated that SSNs@Ce6 consumed GSH to pre-
vent ROS scavenging by GSH and facilitated PDT effi-
cacy. In addition to the GSH depletion to inhibit ROS 
scavenging, the degradation may mediate exposure of 
inner Ce6 to oxygen to increase ROS generation. 
SNs@Ce6 and SSNs@Ce6 showed higher UV-vis absor-
bances of DPBF than the free Ce6 at the same concentra-
tion, and this verified that Ce6 in the matrix prevented 
aggregation-induced quenching to increase ROS genera-
tion. In summary, the SSNs@Ce6 enhanced their PDT 
efficiency, and this was attributed to photosensitizer con-
finement, the degradation mediating exposure of the 
photosensitizer to increase ROS generation, and GSH 
depletion to prevent ROS scavenging.

The potent fluorescence of SSNs@Ce6 was suitable for 
real-time imaging. The cellular uptake of SSNs@Ce6 was 
evaluated with confocal laser scanning microscopy 
(CLSM) subsequently. After the 4T1 cells were incubated 
with SSNs@Ce6 for 24 h, the red fluorescence signal of 
SSNs@Ce6 gradually grew with incubation time and 
showed a much higher fluorescence than the free Ce6 
(Figure 3A and B). The quantitative analysis using flow 

Figure 2 Extracellular GSH depletion assay and extracellular ROS detection. 
Notes: Degradation of (A) SSNs@Ce6 and (B) SNs@Ce6 in 10 mM GSH solution. (C) GSH depletion of free Ce6, SNs@Ce6 and SSNs@Ce6. (D) ROS generation of free 
Ce6, SNs@Ce6 and SSNs@Ce6 upon 660 nm light irradiation. Scar bar repesents 100 μm. 
Abbreviations: GSH, glutathione; ROS, radical oxygen species; Ce6, chlorin e6; SNs, inorganic silica nanocarrier; SNs@Ce6, chlorin e6-loading inorganic silica nanocarrier; 
SSNs@Ce6, chlorin e6-loading disulfide-bond-bridged organosilica nanoparticles.
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cytometry verified a 15-fold higher uptake of SSNs@Ce6 
than that of free Ce6 in the 4T1 cells (Figure 3B). These 
results confirmed the efficient cellular uptake of 
SSNs@Ce6.

The ROS production of SSNs@Ce6 in the 4T1 cells 
was further analyzed using fluorescence imaging and flow 
cytometry, and the cellular GSH depletion was evaluated 
as well. A commercial kit measurement was adopted to 
measure the depletion by SSNs@Ce6. According to Figure 
4A, after incubation with SSNs@Ce6, greater than 66.4% 
of the GSH was consumed in the 4T1 cells. However, the 
free Ce6 and SNs@Ce6 showed a fewer influence on the 

intracellular GSH level. These results verified that the 
disulfide-bond containing SSNs@Ce6 played a key role 
in decreasing the intracellular GSH concentration. A fluor-
escent indicator 2′, 7′-dichlorofluorescein diacetate 
(DCFH-DA) was adapted to further measure the intracel-
lular ROS production. The quantitative results were 
obtained using flow cytometry (Figure 4B). Under 660 
nm of light irradiation (100 mW/cm2, 10 min), the fluor-
escence intensity (MFI) in the group was 6.3-fold and 2.3- 
fold higher than that of the free Ce6 and SNs@Ce6 
groups, respectively, verifying that the SSNs@Ce6 
increased ROS generation. A similar phenomenon was 

Figure 3 Fluorescence imaging and quantitative analysis in 4T1. 
Notes: (A) Fluorescence imaging of cellular uptake of SSNs@Ce6 and free Ce6 in 4T1. (B) Quantitative analysis of the internalization of SSNs@Ce6 and free Ce6 in 4T1. 
Abbreviations: Ce6, chlorin e6; SSNs@Ce6, chlorin e6-loading disulfide-bond-bridged organosilica nanoparticles.

Figure 4 Intracellular GSH depletion ROS generation assay in 4T1. 
Notes: Quantitative analysis of (A) GSH depletion and (B) ROS generation in 4T1 cells. (C) Fluorescence imaging of ROS generation in 4T1 cells. 
Abbreviations: GSH, glutathione; ROS, radical oxygen species.
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observed in the fluorescence imaging (Figure 4C). The 
enhanced ROS generation of SSNs@Ce6 could be caused 
by the decrease in ROS consumed by GSH depletion and 
the isolation effect and exposure of the photosensitizer to 
an increase in ROS generation.

For the evaluation of the therapeutic efficacy of 
SSNs@Ce6, the cytotoxicity was evaluated using an 
MTT assay. The 4T1 cells were treated with different 
concentrations of formulations. According to Figure S5, 
ignorable toxicities were observed in all the groups with-
out laser irradiation, indicating a good biocompatibility. In 
addition, under laser irradiation (660 nm, 50 mW/cm2 for 
10 min), SSNs@Ce6 showed a remarkable cytotoxicity in 
a dosage dependent way (Figure 5A), and this was greatly 
higher cytotoxicity than that of the free Ce6 and 
SNs@Ce6. These results revealed that SSNs@Ce6 pro-
moted highly efficient PDT in vitro.

Previous research has reported that PDT could evoke 
immunogenic cell death (ICD) effects with the characters 
such as the high expression of calreticulin (CRT) on the 
surface of dying cancer cells and the release of chromatin- 
binding protein high mobility group B1 (HMGB1). We 

characterized that the PDT of the SSNs@Ce6 mediated 
ICD and the immune activation (Figure 5B–D). Under 
light irradiation, the SSNs@Ce6 induced a higher percen-
tage of CRT-positive cells (Figure 5B), a higher level of 
HMGB1 (Figure 5C), and a greater DC maturation (Figure 
5D) in vitro than that of free Ce6 and SNs@Ce6. This 
result indicated that SSNs@Ce6 based on the combination 
of enhanced ROS generation and GSH depletion amplified 
the PDT and ICD efficiency. These results confirmed that 
PDT of SSNs@Ce6 promoted ICD to expose tumor anti-
gens and danger signals for immune activation.

One challenge of PDT is achieving a long blood circu-
lation time and a sufficient cumulation of photosensitizers 
in a tumor. The pharmacokinetic profiles of SSNs@Ce6, 
SNs@Ce6, and Ce6 in blood were monitored by measur-
ing the fluorescence signal of Ce6 in serum (Figure 6A). 
The SSNs@Ce6 exhibited a remarkably longer elimination 
half-life (T1/2, 18.4 h) that was higher than that of free Ce6 
(T1/2, 4.1 h). This extended blood retention suggested that 
the PEGylated nanocarrier conferred colloid stability and 
reduced the uptake of the host immune system in vivo. 
The biodistribution of SSNs@Ce6 treated 4T1 tumor- 

Figure 5 Cytotoxicity, ICD effect and DC maturation in vitro. 
Notes: (A) Cytotoxicity of free Ce6, SNs@Ce6 and SSNs@Ce6 against 4T1 cells with light irradiation (0.1 W cm−2, 10 min) after 24 h incubation. (B) Percentage of CRT- 
positive cells and (C) amount of released HMGB1 after 24 h. (D) Percentage of mature DCs (CD11c+CD80+CD86+) after co-incubation with 4T1 cells with different 
treatments for 24 h. 
Abbreviations: Ce6, chlorin e6; SNs, inorganic silica nanocarrier; SNs@Ce6, chlorin e6-loading inorganic silica nanocarrier; SSNs@Ce6, chlorin e6-loading disulfide-bond- 
bridged organosilica nanoparticles; CRT, calreticulin.
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bearing mice was evaluated by determining the silicon (Si) 
content of the tumor tissue and major organs at 16 h post 
intravenous injection (Figure 6B). The high accumulation 
of Si at the tumor site indicated that SSNs@Ce6 was 
efficiently delivered to the tumor tissue. Enrichment in 
the reticuloendothelial system, including the liver and 
spleen, was observed (Figure S6), indicating that the reti-
culoendothelial system may involve the metabolism of 
SSNs@Ce6 for clearance.

Next, the therapeutic effect of SSNs@Ce6 in vivo was 
studied. The 4T1 tumor-bearing mice were treated with 
PBS, anti-PD-1+L, SSNs@Ce6, Ce6+L, SNs@Ce6+L, 
SSNs@Ce6+L, or SSNs@Ce6+anti-PD-1+L (Ce6=2 mg/ 
kg, anti-PD-1=3 mg/kg), and some of the mice received 
light irradiation (660 nm, 0.2 W/cm2, 10 min) 16 h post 
injection. According to Figure 6C and D, treatment with 
PBS, anti-PD-1+L, and SSNs@Ce6 led to negligible 
tumor development inhibition. In contrast, SSNs@Ce6+L 
showed more efficient tumor growth inhibition than Ce6 
+L and SNs@Ce6+L, demonstrating the advantage of the 
combination of enhanced ROS generation and GSH deple-
tion for enhanced PDT. In addition, extensive evidence has 

demonstrated that ICD generating tumor-associated anti-
gens can produce antitumor immunological responses to 
ablate tumor cell residues. Considering SSNs@Ce6+L 
inducing ICD effects in the 4T1 cells, the combination of 
PDT with anti-PD-1 was performed. Compared with treat-
ment by the SSNs@Ce6+L groups, the 4T1 tumor bearing 
mice treated with SSNs@Ce6+anti-PD-1+L groups com-
pletely ablated the tumor, indicating the effective combi-
nation of photo-immunotherapy.

The potential side effects of cancer therapy are a great 
concern for application. The bodyweight alterations after 
treatment were similar to those of the PBS group as contra 
(Figure 7A), suggesting no greatly systemic toxicity. The 
systemic toxicity was evaluated by adopting the blood 
biochemical indices and H&E staining of organ slices. 
The functions of the liver were evaluated by measuring 
the alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and lactate dehydrogenase (LDH) levels in 
the serum. The functions of the kidney and heart, respec-
tively were evaluated with blood urea nitrogen (BUN) and 
the creatinine kinase (CK) level in the serum. By compar-
ing with those in the PBS group, the treatment groups 

Figure 6 In vivo experiments. 
Notes: (A) Blood circulation time of free Ce6, SNs@Ce6 and SSNs@Ce6 in 4T1-tumor-bearing mice. (B) Accumulation of SSNs@Ce6 in tumor tissue. (C) Tumor volume 
and (D) tumor weight after treating with formulations in 4T1-tumor-bearing mice. 
Abbreviations: Ce6, chlorin e6; SNs, inorganic silica nanocarrier; SNs@Ce6, chlorin e6-loading inorganic silica nanocarrier; SSNs@Ce6, chlorin e6-loading disulfide-bond- 
bridged organosilica nanoparticles.
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showed no abnormal alterations in the ALT, AST, LDH, 
BUN, and CK levels (Figure 7B-F). Moreover, all of the 
treatment groups did not display obvious pathological 
alterations in the heart, liver, spleen, lung, and kidney 
(Figure S7). These results collectively corroborated that 
all of the treatment groups exhibited no great toxicity, 
suggesting safety and efficient PDT.

Conclusions
In summary, we constructed a disulfide-bond-bridged 
SSNs as a versatile nanocarrier to encapsulate photosensi-
tizers for combined cancer photo-immunotherapy. The 
encapsulated Ce6 in SSNs@Ce6 efficiently prevented 
self-aggregation-induced quenching and facilitated the 
exposure of inner photosensitizers to oxygen for enhanced 
ROS generation. In addition, the matrix of the disulfide- 
bond-bridged matrix was degradable to consume excess 
abundant intracellular GSH and increase the ROS level, 
resulting in efficient PDT potency and evoking a robust 
ICD effect in vitro. After systemic administration, the 
SSNs@Ce6 exhibited long blood circulation and high 
tumor accumulation behavior, and this enhanced the PDT 
efficacy on 4T1-breast tumor bearing mice. With the aid of 
anti-PD-1, SSNs@Ce6 mediated PDT eradicated the tumor 
without systemic toxicity. This work suggests a design for 

a degradable nanocarrier with a disulfide-bond-bridged 
framework for the confinement of photosensitizers that 
provides a promising and safe strategy for cancer PDT, 
particularly for combination photo-immunotherapy.
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