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Abstract
Background  Therapeutic approaches that combine conventional photodynamic therapy (PDT) with gas therapy 
(GT) to sensitize PDT are an attractive strategy, but the molecular structure design of the complex lacks effective 
guiding strategies.

Results  Herein, we have developed a nanoplatforms Cy-NMNO@SiO2 based on mesoporous silica materials loaded 
NIR-activatable small-molecule fluorescent probe Cy-NMNO for the synergistic treatment of photodynamic therapy/
gas therapy (PDT/GT) in antibacterial and skin cancer. The theoretical calculation results showed that the low 
dissociation of N-NO in Cy-NMNO enabled it to dissociate effectively under NIR light irradiation, which is conducive 
to produce Cy and NO. Cy showed better 1O2 generation performance than Cy-NMNO. The cytotoxicity of Cy-NMNO 
obtained via the synergistic effect of GT and PDT synergistically enhances the effect of photodynamic therapy, thus 
achieving more effective tumor treatment and sterilization than conventional PDT. Moreover, the nanoplatforms 
Cy-NMNO@SiO2 realized efficient drug loading and drug delivery.

Conclusions  This work not only offers a promising approach for PDT-GT synergistic drug delivery system, but also 
provides a valuable reference for the design of its drug molecules.

Keywords  Photodynamic therapy, Nanoplatforms, Mesoporous silica materials, Small-molecule photosensitizers, 
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Introduction
In recent years, photodynamic therapy (PDT), an anti-
microbial and antitumor treatment modality that kills 
tumor cells and bacteria by converting oxygen (O2) into 
cytotoxic reactive oxygen species (ROS) through irra-
diation of photosensitizers with minimal invasiveness 
to normal tissues, has received a lot of attention from 
researchers [1–6]. Despite the numerous advantages and 
recent advances in PDT, its clinical translation is lim-
ited due to pre-existing hypoxia within tumor tissues. 
Gas therapy (GT) based on nitric oxide (NO) is consid-
ered a new “green” therapy that can effectively overcome 
hypoxia gradients, and its release is independent of the 
O2 availability [7]. NO-mediated vasodilation increases 
blood perfusion, which then effectively relieves hypoxia 
at the tumor, with negligible side effects [8]. High con-
centrations of NO (> 1 µM) not only significantly inhibit 
tumorigenesis, but also synergistically improve the effi-
cacy of chemotherapy, photodynamic therapy, photo-
thermal therapy, or radiation therapy. In addition, NO 
can react with ROS to produce more toxic reactive nitro-
gen species (RNS), such as peroxynitrite (ONOO-), and 
these molecules exacerbate DNA breakage and trigger 
apoptosis, ultimately enhancing the therapeutic effect 
of ROS on cancer cells and bacteria [9–11]. Therefore, 
combining NO with PDT therapy may be a promising 
strategy for hypoxic tumor treatment and antimicrobial. 

Based on this strategy, researchers have designed and 
reported some complexes that can simultaneously pro-
duce ROS and NO, showing significant tumor treatment 
effects [12]. Noteworthy, the performance of complexes 
is influenced by two factors. Firstly, the dissociation abil-
ity of NO from the complex under illumination affects 
the NO content, which in turn affects the performance 
of GT. Secondly, the ROS generation ability of the matrix 
molecules after NO release will further affect the PDT 
performance. Therefore, the structural design of complex 
should fully consider the above factors, yet most of the 
current studies lack theoretical support in this regard.

Near-infrared (NIR) laser-triggered photodynamic 
therapy based on various nano-agents is one of the most 
effective anti-tumor strategies due to its high spatial res-
olution and depth of tissue penetration. In addition, NIR 
lasers can be focused on the target area to promote blood 
circulation and relieve tissue inflammation. In particular, 
NIR light exhibits low phototoxicity compared to shorter 
wavelengths such as UV or blue light. While anthocy-
anine dyes not only have excellent optical properties, 
including high molar extinction coefficient, high fluores-
cence quantum yield, adjustable absorption and emission 
wavelength range (from visible to near-infrared region), 
but also have the advantages of low cytotoxicity, good 
biocompatibility and low autofluorescence background 
interference [13, 14]. In addition, the anthocyanine dye 
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can also act as a photosensitizer under near-infrared light 
irradiation, producing excellent PDT therapeutic effects 
on tumor cells and bacteria [15]. It has been reported in 
the literature that the -NNO structure with strong elec-
tron absorbing capacity is a typical functional group for 
the release of nitric oxide (NO) from tumor GT under 
irradiation, which is converted to -NH with good elec-
tron supplying capacity. Therefore, using anthocyanins 
as photosensitizers and NO delivery agents is expected 
to achieve the GT and PDT synergistic enhancement of 
anti-tumor performance under NIR conditions. In addi-
tion, with the rapid development of bio-nanotechnology, 
nanomaterials have also shown good application pros-
pects in drug delivery systems (DDSs) due to their spe-
cial properties [16]. Among the many nanomaterials as 
DDSs, mesoporous silica nanoparticles (MSNs), as a type 
of nanomaterials, have become a hot research topic in 
DDSs due to their unique mesoporous structure, large 
pore volume, high specific surface area, good biocom-
patibility, and easy modification of the surface hotspot 
of research [17, 18]. The current study shows that MSN 
is less toxic than other nanocarriers, including carbon 
nanotubes [19]. The enhanced permeability and reten-
tion (EPR) effects suggest that MSN may be an excellent 
candidate for cancer therapy [20]. The ability of MSN to 
target cells, be taken up and retained in the circulation is 
a clinical manifestation of the selectivity and toxicity of 
DDS [21]. 

In previous studies, nanoplatforms were often com-
bined with multiple therapeutic modalities such as PDT, 
photothermal therapy (PTT), and GT, without address-
ing the diagnostic function [22]. Here, we designed an 
integrated diagnostic and therapeutic fluorescent probe, 
Cy-NMNO, which rationalized the development of an 
NIR-activatable and multifunctional platform for syn-
ergistic GT and PDT by linking the NIR fluorescent dye 
cyanidin to nitrosamine. It was then loaded into mesopo-
rous silica to form a nanoplatform for drug loading and 
drug delivery (Scheme 1). Notably, the low dissociation of 
N-NO in Cy-NMNO enabled it to dissociate effectively, 
which is conducive to the release of NO. In addition, Cy 
obtained by releasing NO showed better 1O2 generation 
performance than Cy-NMNO. The cytotoxicity of Cy-
NMNO obtained through the synergistic effect of GT 
and PDT is an excellent probe that effectively alleviates 
hypoxia at the tumor site and significantly improves the 
hypoxic environment caused by PDT in an all-in-one 
treatment, achieving effective antitumor therapy at the 
skin cancer site through PDT/GT. Due to the continu-
ous development of photodynamics, antimicrobial agents 
based on photodynamic therapy are also being used more 
and more widely. Therefore, we applied the nanoplat-
form Cy-NMNO@SiO2 to antimicrobial therapy as well. 
We found that the nanoplatform Cy-NMNO@SiO2 was 

equally capable of producing a synergistic PDT/GT effect 
on both Gram-positive and Gram-negative bacteria, real-
izing a broad-spectrum antimicrobial effect. We designed 
nanoplatform Cy-NMNO@SiO2 has the potential to be 
an antimicrobial antitumor therapeutic strategy and pro-
vide a research basis for clinical antimicrobial antitumor 
drug studies.

Experimental methods
The list of instruments, materials, synthetic methods, 
results of the chemical analysis and flow cytometry are 
listed in the ESI.†

Synthesis of Cy
Under the protection of argon, phlorocyanine dye with 
benzindole heterocyclic ring (0.611  g, 1 mmol) and 
methylamine hydrochloride (0.675 g, 10 mmol) were dis-
solved in 10 mL of N, N-dimethylformamide (DMF), and 
then triethylamine (1.012 g, 10 mmol) was added drop-
wise to the mixture dissolved by DMF, and stirred under 
the condition of 40 ℃ until the color of the solution was 
changed from green to blue. After the reaction, the prod-
uct was extracted with CH2Cl2, washed with ultrapure 
water for 5 times, and dried under vacuum to obtain the 
blue product. The crude product was purified by silica 
gel chromatography and eluted with EtOAc/CH3OH 
(5:1, v/v) to obtain the blue solid compound Cy. 1H NMR 
(CDCl3-d1, 500 MHz) δ (ppm): 10.36 (s, 1H), 8.13–8.12 
(d, 2 H), 7.86–7.82 (m, 6 H), 7.54–7.52 (m, 2 H), 7.35 (s, 
2  H), 7.17–7.15 (m, 2  H), 5.59–5.56 (d, 2  H), 3.95–3.93 
(m, 4 H), 3.78–3.60 (m, 4 H), 2.58–2.56 (m, 4 H), 2.02–
1.85 (m, 11  H), 1.67 (m, 2  H), 1.40–1.27 (m, 6  H). 13C 
NMR (CDCl3-d1, 125  MHz) δ (ppm): 170.29, 167.37, 
154.49, 140.01, 135.96, 131.49, 130.56, 129.74, 129.71, 
129.63, 128.75, 127.24, 123.45, 122.15, 119.04, 109.64, 
109.19, 92.20, 49.28, 37.67, 37.25, 28.12, 26.18, 21.25, 
11.61. LC-MS (ESI+): m/z C43H48N3

+ calcd. 606.3843, 
found [M+] 606.5778.

Synthesis of Cy-NMNO
The blue solid compound Cy (0.606 g, 1 mmol), NaNO2 
(0.069  g, 1 mmol) was dissolved in 10 mL of methanol 
under an ice bath, stirred for 20 min and then acetic acid 
(0.060 g, 1 mmol) was added to the reaction for 3 h. At 
the end of the reaction, the product was extracted with 
CH2Cl2, washed with ultrapure water for 5 times, and 
dried in vacuum to obtain the blue product. The crude 
product was purified by silica gel chromatography and 
eluted with CH2Cl2/CH3OH (8:1, v/v) to obtain the probe 
Cy-NMNO. 1H NMR (MeOD-d4, 500  MHz) δ (ppm): 
8.17–8.16 (d, 2 H), 7.93–7.91 (m, 4 H), 7.86–7.83 (d, 2 H), 
7.57–7.54 (m, 2  H), 7.43–7.41 (d, 2  H), 7.39–7.37 (m, 
2  H), 5.83–5.80 (d, 2  H), 4.11–4.10 (m, 4  H), 3.33–3.32 
(t, 4 H), 2.63–2.61 (m, 3 H), 1.97 (s, 12 H), 1.39–1.29 (m, 
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8  H). 13C NMR (MeOD-d4, 125  MHz) δ (ppm): 168.2, 
142.3, 139.7, 138.0, 136.8, 136.7, 131.7, 130.9, 129.8, 
129.6, 128.5, 126.8, 123.2, 121.5, 115.9, 109.6, 107.5, 97.1, 
92.8, 62.6, 54.9, 36.3, 29.3, 27.0, 25.5, 22.3, 21.2, 13.0, 10.6. 
LC-MS (ESI+): m/z C43H47N4O+ calcd.635.37, found 
[M+] 635.29.

Synthesis of SiO2
SiO2 were synthesized based on available literature 
[23]. Hexadecyl trimethyl ammonium Bromide (CTAB, 
200  mg) was dissolved in distilled water (100 mL) and 
then NaOH aqueous solution (0.7 mL, 2 M) was added. 
The mixture was stirred at 80  °C for 30  min and then 
Tetraethyl orthosilicate (TEOS, 1 mL) was added with 
vigorous stirring. Stirring was continued for 4  h. The 
mixture was allowed to cool to room temperature and 

Scheme 1  (a) Schematic illustration of the synthesis route of Cy-NMNO@SiO2. (b) The mechanism of the Cy-NMNO@SiO2 for the PDT/GT
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the precipitate was collected by filtration. The products 
(MSNs) were washed three times thoroughly with deion-
ized water and ethanol and dried under vacuum at room 
temperature for 2 days. The final product was heated in a 
muffle furnace at 500 °C for 5 h to remove the CTAB.

Synthesis of Cy-NMNO@SiO2
The mesoporous silica was immersed in Cy, Cy-NMNO 
solution, respectively, and then the suspension was 
physically stirred to load the small molecule photosen-
sitizer into the mesoporous structure. Vacuum filtration 
and decompression drying remove the solvent and the 
nanoparticles can be isolated.

Establishment of A375 tumor xenograft model mice
Establishing A375 tumor xenografts models, Athymic 
nude mice (aged 4–5 weeks, weighing 18–20 g) were pur-
chased from Binzhou Medical University. For the A375 
tumor xenografts, 2 × 106 A375 cancer cells suspended 
in 200 µL PBS were subcutaneously implanted into the 
right flank of each athymic nude mouse. All animals were 
maintained under aseptic conditions and were housed 
in groups of five in standard cages with free access to 
food and water and a 12  h light/dark cycle. The tumor 
is allowed to grow for about 8–10 days until it reaches a 
volume of 150 mm3.

Statistical analysis
All results were analyzed using GraphPad Prism 
9.5 software, and the results were expressed as the 
mean ± standard deviation (SD) of three measurements 
per experiment. The significance of differences between 
groups was determined with one-way ANOVA and t-test 
analysis. The significance levels were *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001.

Ethical statement
All animal procedures were performed in accordance 
with the Guidelines for Care and Use of Laboratory 
Animals of Binzhou Medical University and approved 
by the Institutional Animal Care and Use Committee of 
Binzhou Medical University (Yantai, China) (Approval 
Number: 2023 − 125).

Results and discussion
Design strategy for nanoplatform Cy-NMNO@SiO2
Scheme 1a outlines the synthesis of nanoplatform 
Cy-NMNO@SiO2. All synthesized compounds were 
confirmed by 1H NMR, 13C NMR and liquid chromatog-
raphy ion trap mass spectrometry (LC-MS). The synthesis 
details of the nanoplatforms are shown in the Supporting 
Information. Typically, hypoxia is one of the major thera-
peutic barriers to PDT, whereas hyperoxia promotes ROS 
production and enhances the killing effect on tumors and 

bacteria. Therefore, we first designed a fluorescent probe, 
Cy-NMNO, which can release both NO and photosensi-
tizer under near-infrared laser irradiation for the treat-
ment of tumors and antibacterials and to ameliorate the 
hypoxia problem in photodynamic therapy (Scheme 1b). 
In this scheme, we chose a benzoheptamethine cyanine 
dye with a benzo-indole heterocycle as a photosensi-
tizer, which is due to the fact that when the heterocycle 
in the structure of the benzoheptamethine cyanine dye 
is changed from an indole heterocycle to a benzo-indole 
heterocycle, the nature of the push-pull electronic struc-
ture of the a benzoheptamethine cyanine dye is changed. 
This affects the conjugated nature of the phorbol ester 
system, resulting in a red shift in the absorption and flu-
orescence spectra, which gives it a longer near-infrared 
excitation wavelength and improves the shortcomings of 
the traditional laser light scattering. And it can penetrate 
deeper tissues and thus excite more photosensitizer-
enriched regions. We then combined the nitrosamine 
group with the fluorophore Cy to obtain the compound 
Cy-NMNO with a high molar absorption coefficient and 
near-infrared (NIR) emission.

In addition, MSN particle size controls cellular interac-
tions as well as distribution and elimination. It has been 
reported in the literature that the optimal MSN size to 
promote accumulation at the tumor site and provide a 
longer circulating half-life is in the range of 50–300 nm. 
Smaller MSNs (less than 50  nm) have poor porosity, 
while larger MSNs (greater than 300 nm) have impaired 
diffusion into the tumor mesenchyme [24]. Therefore, 
we synthesized MSNs with sizes around 50–100 nm for 
loading small molecule photosensitizers.

Characterization of Cy-NMNO@SiO2
Cy-NMNO@SiO2 was then characterized in detail. 
Transmission electron microscopy (TEM) imaging and 
DLS analysis showed that the size of Cy-NMNO@SiO2 
was about 50–100  nm with good particle homogeneity 
(Fig. 1a and b). The spectral properties of Cy@SiO2, Cy-
NMNO@SiO2 were investigated under simulated physi-
ological conditions (10 mM HEPES, pH 7.4). As shown in 
Fig. 1c, Cy@SiO2 has a strong absorption around 800 nm, 
which is favorable for its application in NIR laser-based 
photodynamic therapy. After substitution and nitra-
tion of the exposed amino group, the electron-donating 
ability of the amino group is greatly reduced, leading to 
the PET process accompanied by fluorescence burst. 
We hypothesized that under the excitation of 808  nm 
light, the uniform breakage of the N-N bond leads to the 
departure of the substituent and the fluorescence turns 
on. To verify the role of Cy-NMNO@SiO2 in response to 
NIR laser light, we divided the Cy-NMNO@SiO2 solu-
tion into two groups. The fluorescence activation behav-
ior in the NIR was verified by fluorescence spectroscopy. 
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As shown in Fig. 1d, the fluorescence emission intensity 
of Cy-NMNO@SiO2 solution after NIR laser irradia-
tion was significantly enhanced, reaching the maximum 
emission wavelength at 810  nm. Both the maximum 
absorption wavelength and fluorescence emission wave-
length were located in the near-infrared region. Energy 
dispersive X-ray spectroscopy (EDS) elemental mapping 
(Fig. 1e) showed that Cy-NMNO is uniformly distributed 
in mesoporous silica.

Study on the activation and release of Cy-NMNO@SiO2 in 
vitro
To demonstrate that our synthesized nanoplatforms 
have the function of activation under NIR light irradia-
tion, we imaged the live cells with confocal laser scan-
ning microscopy (CLSM) to observe the activation 
process. Human malignant melanoma cells (A375 cells) 
were treated with Cy-NMNO@SiO2 (6  µg/mL) for 2  h, 
washed, and subjected to NIR laser irradiation (808 nm, 
5  min, 1.5  W cm-2). The cells were then washed three 

Fig. 1  (a) A representative TEM image for Cy-NMNO@SiO2. (b) DLS data of the Cy-NMNO@SiO2. (c) Absorption spectra of Cy@SiO2, Cy-NMNO@SiO2. (d) 
After laser irradiation (5 min, 808 nm), the fluorescence emission spectrum of Cy-NMNO@SiO2 changed. All data were collected in HEPES (pH 7.4) at 37 ℃ 
(λex = 730 nm, λem = 810 nm). (e) EDS elemental mapping of Cy-NMNO@SiO2. Scale bar = 20 nm
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times with Dulbecco’s modified eagle medium (DMEM) 
to remove excess Cy-NMNO@SiO2. As shown in Fig. 2a, 
there was almost no fluorescence in the cell group irradi-
ated by NIR laser alone with the addition of Cy-NMNO@
SiO2 alone. In contrast, after incubation and irradiation 
with the addition of Cy-NMNO@SiO2, significant fluo-
rescence appeared in the cells, and the fluorescence sig-
nal became stronger and stronger. The mean fluorescence 
intensity was shown in Fig.  2d. These results indicated 
that the nanoplatform was able to deliver the probe into 
tumor cells and activate it under NIR laser irradiation. 
We further validated the obtained results by flow cytom-
etry analysis Fig. 2c.

Inspired by the well-characterized cascade reaction 
of Cy-NMNO@SiO2 in solution, in vitro assays were 
performed to visualize the intracellular NO and 1O2 
production in Cy-NMNO@SiO2 cells by laser confocal 
microscopy using DAF-FM (a commercial NO probe) 
and single-linear-state oxygen green sensor (SOSG) 

fluorescent probes, respectively, to visualize the Cy- 
NMNO@SiO2 intracellular 1O2/NO production. As a 
result, both the NIR group alone and the cells treated 
with Cy-NMNO@SiO2 alone showed fluorescence inten-
sities similar to the background signal (Fig.  2b). How-
ever, in the Cy-NMNO@SiO2 + NIR group had enhanced 
fluorescence, which indicated that the probe was effec-
tively released to produce 1O2 with NO under 808  nm 
near-infrared laser irradiation, and 1O2 was produced 
by photosensitizer under laser irradiation. In addition, it 
has been shown in the literature that NO can react with 
superoxide anions in the tumor environment to form the 
oxidant peroxynitrite (ONOO-), which stimulates the 
production of matrix metalloproteinases (MMPs) in the 
tumor mesenchyme, thereby degrading virtually all of 
the collagenous components of the ECM and facilitating 
the penetration of therapeutic agents at the tumor site 
[25]. Therefore, we used TPNIR-FP detection to show 
that ONOO- was indeed produced during the process. 

Fig. 2  (a) Photographs of fluorescence brightness at different incubation times under laser confocal microscopy for the NIR group, Cy-NMNO@SiO2 
group, and the NIR + Cy-NMNO@SiO2 group. Scale bar = 20 μm. (b) ROS, NO and ONOO- production in A375 cells were detected by SOSG, DAF-FM, TPNIR-
FP probes, respectively. Scale bar = 20 μm. (c) The flow cytometry analysis of (a). (d) The mean gray value of (a). (e) The mean gray value of (b). Mean 
fluorescence intensity (Mean) = Sum of fluorescence intensities in the area (IntDen) / Area of the region (Area)
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These results indicate that the photoactivation of Cy-
NMNO@SiO2 in living cells is successful and produces 
potent class I and class II responses due to the photore-
lease of ·NO, providing the basis for a synergistic anti-
hypoxic photodynamic effect. The above results indicate 
that the fracture response properties of the probe can 
specifically respond to NIR light, and that fracture pro-
duces both photosensitizer and NO, and in the process, 
additionally generates ONOO-, which enhances the pho-
totoxicity of Cy. Meanwhile, we quantitatively analyzed 
the fluorescence intensity in Fig. 2d and 2e using ImageJ 
software.1O2, NO and ONOO- were all significantly 
enhanced under laser irradiation. Mean fluorescence 
intensity (Mean) = Sum of fluorescence intensities in the 
area (IntDen) / Area of the region (Area).

According to the above experimental results, Cy-
NMNO showed excellent NO and 1O2 production per-
formance. Theoretical calculations were used to reveal 
the effect of the molecular structure of Cy-NMNO on the 
NO and 1O2 production. The ability of NO to dissociate 
from Cy-NMNO under NIR irradiation determines the 
NO content. The dissociation ability can be evaluated by 
the bond dissociation energy (BDE) of N-NO. The bond 
dissociation energy (BDE) for Cy-NMNO was calcu-
lated as 32.8 kcal/mol (Figure S2). The photon energy of 
808 nm infrared light is 35.4 kcal/mol, which can realize 

N-NO bond breaking of Cy-NMNO under NIR irradia-
tion. In addition, we also calculated the N-NO BDE of the 
molecule reported in the literature. The results showed 
that the value of BDE is closely related to the molecular 
structure (Figure S2). Therefore, screening suitable pho-
tosensitizers can regulate the NO release performance by 
affecting BDE of N-NO bond, which provides a reference 
for the synthesis of complex.

The N-NO bond of the Cy-NMNO breaks under NIR 
light irradiation, releasing the small molecule photo-
sensitizer Cy. The performance difference between Cy-
NMNO and Cy for 1O2 generation will affect the PDT 
performance. Efficient intersystem crossing (ISC) offers 
the opportunity to improve the triplet excited state yield, 
which is highly desirable for efficient 1O2 generation [26]. 
The small ΔEST (the energy gap between singlet excited 
state and triplet excited state) is favor to improve the ISC 
process. TDDFT was used to investigate the ΔEST differ-
ences between Cy and Cy-NMNO [27]. The ΔEST value 
of Cy and Cy-NMNO were 0.87 eV and 1.06 eV, respec-
tively (Fig. 3a and b). From the above investigations, Cy 
produced by releasing NO from Cy-NMNO exhibited 
smaller ΔEST, which is more conducive to promoting the 
ISC process and 1O2 generation. The excellent 1O2 yield 
improved the PDT performance.

Fig. 3  Selected frontier molecular orbitals involved in excitation and singlet/triplet excited states of Cy (a), and Cy-NMNO (b)
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Cytotoxicity assay and photoinduced cytotoxicity
The magnitude of cytotoxicity of nanoplatforms deter-
mines whether they can be applied in the clinic or not, 
therefore, we examined the cytotoxicity under non-laser 
irradiation using Cell Counting Kit-8 (CCK-8 kit). First, 
we divided the cells into three groups, control, Cy@SiO2 
group, and Cy-NMNO@SiO2 group. The Control group 
was left untreated, and the Cy@SiO2, Cy-NMNO@
SiO2 groups were added with 0, 2, 4, 6, 8, 10  µg/mL of 
Cy@SiO2, Cy-NMNO@SiO2, respectively. As shown in 
Fig. 4a, after incubation of A375 cells with Cy-NMNO@
SiO2 at a concentration of 10 µg/mL for 24 h, more than 
85% of the cells survived. This proves that our synthe-
sized nanoplatform Cy-NMNO@SiO2 has low cytotoxic-
ity and can be applied to cell viability. After confirming 
the good in vitro biosafety of Cy-NMNO@SiO2, we pro-
ceeded to evaluate its tumor cell killing ability. As can 
be seen in Fig.  4b, the cell survival rate of the control 
group did not significantly decrease under 808 nm laser 
irradiation (1.5 W/cm2, 5 min). The cytotoxicity of Cy@

SiO2, Cy-NMNO@SiO2 showed a concentration-depen-
dent pattern, and as the concentration of Cy@SiO2, Cy-
NMNO@SiO2 (0–10 µg/mL) increased, the survival rate 
of the cells gradually decreased, and the cell survival rate 
was almost zero when the Cy-NMNO concentration 
was 10  µg/mL. And it can be seen from the figure that 
the phototoxicity of Cy-NMNO@SiO2 was significantly 
higher than that of Cy@SiO2 group. This confirms our 
speculation that under NIR laser irradiation, the chemi-
cal bond between Cy-NMNO is broken, producing both 
Cy and NO. Cy has a photodynamic therapeutic effect, 
and nitric oxide (NO) binds to the oxygen-binding site of 
mitochondria, inhibiting cellular respiration and reduc-
ing endogenous O2 consumption, and also synergisti-
cally enhances the photodynamic therapy efficacy. NO 
can react with superoxide in the tumor environment to 
form oxidant peroxynitrite (ONOO-) and synergisti-
cally enhance the anti-hypoxic photodynamic effect. NO 
can react with superoxide anions in the tumor environ-
ment to form the oxidant peroxynitrite (ONOO-), which 

Fig. 4  (a) (b) The cytotoxicity of A375 cells treated with PBS, Cy@SiO2, Cy-NMNO@SiO2 under laser irradiation and without laser irradiation (****P < 0.0001). 
(c) Calcein AM/PI co-staining imaging of A375 cells treated with PBS, Cy@SiO2, Cy-NMNO@SiO2 under laser irradiation and without laser irradiation was 
observed using laser scanning confocal microscopy. Scale bar = 200 μm. (d) Apoptosis was analyzed using flow cytometry under laser irradiation and 
without laser irradiation in control, Cy@SiO2, Cy-NMNO@SiO2 (808 nm, 1.5 W/cm2, and 5 min)
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synergistically enhances the anti-hypoxic photodynamic 
effect.

Next, we continue to confirm our speculation by Cal-
cein AM/PI Cell Activity and Cytotoxicity Assay Kit, 
Annexin V-FITC Apoptosis Kit, Western blot, etc. Cal-
cein/PI Cell Activity and Cytotoxicity Assay Kit is a very 
convenient kit for the detection of dead and alive animal 
cells based on double fluorescence staining method of 
Calcein-AM (calcineurin) and PI (Propidium Iodide) dual 
fluorescence staining method to detect the dead and alive 
animal cells, which is based on the principle that the two 
probes detect the intracellular esterase activity and cell 
membrane integrity, respectively, and thus respond to the 
cell’s live and dead status. Calcein AM stained live cells 
in green, while Propidium Iodide (PI) stained dead cells 
in red. As can be seen from the Fig.  4c, in the absence 
of laser irradiation, all A375 cells were green and not 
dead. While some cells in the Cy@SiO2 group died under 
laser irradiation, almost all cells in the Cy-NMNO@
SiO2 group died. This is consistent with the results of our 
CCK-8 assay, which showed that the phototoxicity of Cy-
NMNO@SiO2 was significantly higher than that of Cy@
SiO2 group. In addition, we also verified the results with 
Annexin V-FITC apoptosis kit and statistically analyzed 
to obtain that the apoptosis rate of Cy-NMNO@SiO2 was 
significantly higher than that of Cy@SiO2 group (Fig. 4d, 
S5) (P < 0.0001).

It is well known that the microenvironment of many 
solid tumors is hypoxic. In particular, the constant con-
sumption of oxygen to generate cell-damaging ROS dur-
ing PDT further exacerbates tumor hypoxia, severely 
impeding the generation of efficient ROS and leading 
to suboptimal PDT efficiency [28]. Hypoxia-inducible 
factor-1α (HIF-1α) is a nuclear transcription factor pro-
duced by cells in response to hypoxia and is a major 
member of the hypoxia-inducible factor family. It is 
normally located in the cytoplasm, and the α-subunit is 
rapidly ubiquitinated and degraded when the intracel-
lular oxygen partial pressure is normal. However, under 
hypoxia, HIF-1α accumulates, translocates from the cyto-
plasm to the nucleus and binds to the β-subunit, initiat-
ing a series of genes that contribute to the adaptation of 
cells to hypoxia, and HIF-1α is the major hypoxia-associ-
ated gene [29–31]. To verify the hypoxia tolerance of Cy-
NMNO@SiO2, the expression of HIF-1α was detected 
by Western blot after Cy-NMNO@SiO2 was applied to 
A375 cells with different irradiation times. As shown in 
Fig.  5a, b, c, d and e, the cell-related apoptotic proteins 
Bax, Caspase-9, Cytochrome C increased with irradiation 
time, which proved that our nanoplatform Cy-NMNO@
SiO2 did have a therapeutic effect on PDT. However, the 
expression of HIF-1α decreased with irradiation time. 
This suggests that our nanoplatform Cy-NMNO@SiO2 
can ultimately generate NO under NIR laser irradiation. 

NO, as an important vasotension-regulating messenger, 
can achieve the alleviation of tumor hypoxia [32]. 

To reconfirm our speculation, we injected different 
therapeutic drugs Cy@SiO2, Cy-NMNO@SiO2 intrave-
nously into the homozygous BALB/c mice using PBS as 
a control, respectively. As shown in the Fig. 5f, g, h, i and 
j, the apoptotic protein expression of Cy-NMNO@SiO2 
group was significantly higher than that of the control 
group and the Cy@SiO2 group (P < 0.05), but the expres-
sion of HIF-1α was significantly lower than the control 
and Cy@SiO2 groups (P < 0.05). These results above sug-
gest that Cy-NMNO@SiO2 on the one hand can generate 
sufficient ROS to significantly amplify oxidative stress in 
vivo for tumor PDT therapy. However, in the case of PDT 
alone, the treatment exacerbates the hypoxic environ-
ment at the tumor site, whereas the precisely controlled 
release of NO at the tumor site helps to alleviate the 
hypoxia at the tumor site and synergistically enhances 
the effect of PDT treatment. The above experiments con-
firm that our nanoplatform can indeed achieve the treat-
ment of skin cancer and improve the high hypoxia at the 
tumor site due to the consumption of oxygen by PDT.

Antimicrobial testing
Current clinical strategies to combat bacteria focus on 
antibiotic therapy. However, these strategies face increas-
ing challenges due to the development of drug-resistant 
bacteria. The era of antibiotic drugs as the mainstay 
against harmful bacteria is reportedly over. Therefore, 
in order to protect public health, there is an urgent need 
for research and development of innovative antimicro-
bial agents with high antimicrobial activity and without 
inducing bacterial resistance. Photodynamic therapy 
(PDT)-based antimicrobial agents may be a promising 
alternative.

Next, we validated the antibacterial effect of the 
nanoplatform Cy-NMNO@SiO2. The dilution plate 
method was used to evaluate the synergistic PDT/NO 
bactericidal effect of Cy-NMNO@SiO2 against Gram-
positive bacteria (Staphylococcus aureus). Staphy-
lococcus aureus was inoculated in liquid medium of 
Luria-Bertani (LB) and incubated overnight at 37  °C 
in an incubator with shaking. Staphylococcus aureus 
was randomly divided into three groups, control 
group, Cy@SiO2 group and Cy-NMNO@SiO2 group, 
and according to their groupings, the same concentra-
tion of PBS, Cy@SiO2, Cy-NMNO@SiO2 were added 
and irradiated (808  nm, 1.5  W/cm2, 5  min) with and 
without irradiation, respectively. As shown in Fig.  6a, 
the number of colonies in the Cy@SiO2 + NIR-treated 
group was significantly reduced compared with the 
control, Cy@SiO2 group and Cy-NMNO@SiO2 with-
out 808  nm laser irradiation. The inactivation rate 
reached 36.4% in the Cy@SiO2 + NIR group (Fig.  6b). 
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Cy, as a photosensitizer, can produce reactive oxygen 
species, which has a therapeutic effect on photoche-
motherapy. In the Cy-NMNO@SiO2 + NIR group, only 
a small amount of bacteria survived, and the inactiva-
tion rate was as high as 94.4%.

This indicates that NO was released from the pho-
tosensitizer during laser irradiation. NO is a typical 
lipophilic biosignaling molecule, a broad-spectrum 
antimicrobial candidate, and its antimicrobial process 
does not depend on the type of bacteria compared 
with traditional antibiotics. NO is able to produce 
additional ONOO-, RNS, etc. in bacteria and the by-
products of NO are able to disrupt bacterial cell mem-
branes due to nitrosation and oxidative stress [33]. It 
also induces significant DNA damage, which makes 
the bacteria more susceptible to damage and thus has 
a bactericidal effect. Gram-negative bacteria have an 
additional membrane layer in their cell wall structure 
compared to Gram-positive bacteria, which makes 
it often difficult for typical PDT agents to penetrate 
these bacteria. However, our small molecule photo-
sensitizer Cy has a positive charge and bacteria have 
a negative charge, which can enhance the interaction 

between the photosensitizer and the bacterial outer 
membrane and improve its PDT antimicrobial proper-
ties. Therefore, we similarly tested the antimicrobial 
effect of Cy-NMNO@SiO2 against E. coli (Gram-nega-
tive bacteria). As shown in Fig. 6c, the bacterial growth 
was normal without NIR laser irradiation, but only a 
small amount of bacteria survived in the Cy-NMNO@
SiO2 + NIR group, with an inactivation rate of 96.6% 
(Fig.  6d). This proves that the Cy-NMNO@SiO2 also 
has a good antibacterial effect on Gram-negative bac-
teria under NIR light irradiation.

In vivo imaging and anti-tumor therapy in tumor-bearing 
mice
In vivo bioimaging plays a crucial role in the accurate 
diagnosis and treatment of tumors. Since Cy-NMNO 
can have “off-on” fluorescence activation under near-
infrared laser irradiation, we utilized this property to 
study the in vivo activation of Cy-NMNO@SiO2 in 
mice. When the tumor volume of A375 ruffed mice 
increased to about 150 mm3, Cy-NMNO@SiO2 was 
injected through the tail vein. The fluorescence sig-
nal at the tumor site of ruffed mice was gradually 

Fig. 5  (a) Protein expression of Bax, Caspase-9, Cytochrome C, HIF-1α of A375 cells treated with PBS, Cy@SiO2, Cy-NMNO@SiO2 were laser at different 
times using western blot analysis and using the expression of β-actin as a control. (b) (c) (d) (e) Quantitative analysis of Bax, Caspase-9, Cytochrome C, HIF-
1α expression in (a). (f) Protein expression of Bax, Caspase-9, cytochrome C, and HIF-1α in A375 tumor-bearing mice with various treatments, and β-actin 
expression was used as a control. (g) (h) (i) (j) Quantitative analysis of Bax, Caspase-9, Cytochrome C, HIF-1α expression in (f)
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enhanced after 808  nm laser irradiation. We eutha-
nized the mice at 0 h, 6 h, 12 h, 24 h and 36 h, respec-
tively, and quantitatively analyzed the fluorescence 
intensity of each group by ImageJ software after being 
photographed by a fluorescence imaging system. The 
schematic illustration of treatment route was shown 
in Fig.  7a. As shown in Fig.  7b, the fluorescence of 
the tumor tissue appeared 6  h after the intravenous 
injection of Cy-NMNO@SiO2, reached the maximum 
intensity at 12 h, and then gradually weakened. These 
data indicate that Cy-NMNO@SiO2 can be activated 
under near-infrared light irradiation to produce Cy 
and realize fluorescence imaging.

In order to study the therapeutic effect of Cy-
NMNO@SiO2 on the mouse skin melanoma model, 
when the volume tumor volume of A375 loaded mice 
reached about 150 mm3, we randomly divided the 
loaded mice into 6 groups: PBS group, PBS + Laser 
group, Cy@SiO2 group, Cy@SiO2 + Laser, Cy-NMNO@
SiO2, and Cy- NMNO@SiO2 + Laser groups, 10 mice 
in each group. We recorded the body weights and 
tumor volumes of the mice (at 2-day intervals after 

irradiation) and calculated the relative tumor volumes 
of the mice. (Fig. 7c, d, and f ). The relative tumor vol-
umes of the PBS + Laser group both increased by about 
5.5-fold, indicating that single laser irradiation had lit-
tle effect on tumor growth.

Although the Cy@SiO2 + Laser group had a certain 
inhibitory effect on the tumor treatment, the tumor 
volume was still increasing gradually, and it failed to 
achieve the effect of completely treating the tumor. 
Notably, the Cy-NMNO@SiO2 + NIR group showed 
significant tumor inhibition with no regrowth. Mean-
while, combined with the results of Western blot 
above, Cy-NMNO was shown to be an effective syn-
ergistic PDT-GT tumor therapeutic agent. In order 
to further observe the killing ability of Cy-NMNO@
SiO2 on tumor tissues after treatment to verify its anti-
tumor effect. We observed the status of tumor tissues 
by hematoxylin & eosin (H&E) staining (Fig. 7e). H&E 
staining showed that the tumor tissue damage in Cy-
NMNO@SiO2 + Laser group was obvious, and the effi-
cacy was significant. While PBS, PBS + Laser, Cy@SiO2 
group, and Cy-NMNO@SiO2 did not show significant 

Fig. 6  Photographs of bacterial colonies formed by (a) S. aureus (c) E. coli based on plate count method. The corresponding bacterial viabilities of b) S. 
aureus d) E. coli. Treated with PBS, Cy-Cy@SiO2, Cy-NMNO@SiO2 without or with 808 nm laser irradiation (1.5 W cm− 2, 5 min) (****P < 0.0001)
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Fig. 7  (a) Schematic illustration of treatment route. (b) Real-time fluorescence imaging in A375 tumor-bearing mice (c) Body weight change, (d) Relative 
tumor volume, (e) Probability of survival, (f) Tumor volume of A375 tumor-bearing mice with various treatments. (g) H&E staining of tumor after various 
treatments. Scale bar = 20 μm. (h) Results of H&E staining of heart, liver, spleen, lung and kidney of surviving mice in the Cy-NMNO@SiO2 + laser treatment 
group. Scale bar = 20 μm
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tumor damage. The Cy@SiO2 group + Laser group 
had some therapeutic effect on the tumor, but the 
therapeutic effect was limited. Meanwhile, in order to 
explore the in vivo safety during antitumor treatment, 
the weight of the hormonal mice was recorded during 
the tumor suppression experiments in hormonal mice, 
and the mice were weighed every other day. And the 
survival rate of mice was calculated (Fig. 7e). As shown 
in Fig. 7c, there was no significant change in the body 
weight of all mice, and the mice in the Cy-NMNO@
SiO2 + Laser treatment group always survived. In 
order to prove the safety of the nanoplatform again, 
we observed the normal organs (heart, liver, spleen, 
lung and kidney) of the surviving mice in Cy-NMNO@
SiO2 by sectioning and found that there was no obvi-
ous damage to the heart, liver, spleen, lungs, kidneys 
and other organs of the mice. This indicates that Cy-
NMNO@SiO2 has good biosafety in the therapeutic 
dose range with negligible side effects. It can be seen 
that Cy-NMNO@SiO2 can effectively treat tumors 
under near-infrared laser irradiation without obvious 
toxic side effects.

Conclusion
In summary, we designed and synthesized a multi-
functional nanoplatform Cy-NMNO@SiO2, which is 
a probe Cy-NMNO loaded into mesoporous silica to 
achieve drug delivery. Cy-NMNO is capable of releas-
ing small molecules of photosensitizer and NO at the 
same time by coupling NO donor to photosensitizer 
Cy, which is capable of releasing small molecules of 
photosensitizer and NO simultaneously by break-
ing the N-N bond between the probes under the NIR 
laser irradiation, to achieve the synergistic treatment 
of anti-tumor antibacterial PDT-GT. In this system, Cy 
can be used as a photosensitizer to generate 1O2 under 
808 nm irradiation to achieve PDT therapeutic effect, 
and NO can inhibit cellular respiration, reduce endog-
enous O2 consumption, widen the tumor blood vessels, 
and improve the hypoxia of the tumor site. At the same 
time, NO can generate toxic ONOO- with superox-
ide anion in the cells to directly kill tumor cells, thus 
achieving more effective tumor treatment than con-
ventional PDT. Meanwhile, Cy-NMNO@SiO2 also 
showed significant bactericidal effects against Gram-
negative and Gram-positive bacteria. In summary, Cy-
NMNO@SiO2 has good antimicrobial and antitumor 
therapeutic effects, and the NO produced can alleviate 
the hypoxia caused by PDT and improve the therapeu-
tic efficacy of PDT, and this work may provide a prom-
ising approach for synergistic PDT-GT.
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