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Purpose: Photodynamic therapy (PDT) has been an attractive strategy for skin tumor treatment. However, the hypoxic microenvir
onment of solid tumors and further O2 consumption during PDT would diminish its therapeutic effect. Herein, we developed a strategy 
using the combination of PDT and hypoxia-activated bioreductive drug tirapazamine (TPZ).
Methods: TPZ was linked to DSPE-PEG-NHS forming DSPE-PEG-TPZ to solve leakage of water-soluble TPZ and serve as an 
antitumor agent and monomer molecule further forming the micellar. Chlorin e6 (Ce6) was loaded in DSPE-PEG-TPZ forming DSPE- 
PEG-TPZ@Ce6 (DPTC). To further improve tumor infiltration and accumulation, hyaluronic acid was adopted to make DPTC- 
containing microneedles (DPTC-MNs).
Results: Both in vitro and in vivo studies consistently demonstrated the synergistic antitumor effect of photodynamic therapy and TPZ 
achieved by DPTC-MNs. With laser irradiation, overexpressions of PDT tolerance factors NQO1 and HIF-1α were inhibited by this 
PDT process.
Conclusion: The synergistic effect of PDT and TPZ significantly improved the performance of DPTC-MNs in the treatment of 
melanoma and cutaneous squamous cell carcinoma and has good biocompatibility.
Keywords: photodynamic therapy, hypoxia activation, combination therapy, PDT enhancement

Introduction
Photodynamic therapy (PDT) has been an attractive strategy because of its spatiotemporal control effect and minimal 
invasiveness, playing an important role in clinical application especially in the region of skin tumor treatment. PDT 
employs reactive oxygen species (ROS) production to achieve effective cancer therapy through a reaction between 
photosensitizers and O2 presented in tumors triggered by laser irradiation. The delivery of photosensitizers is usually 
a pivotal point because of poor water solubility and insufficient tissue distribution of photosensitizers; thus, drug delivery 
systems are designed to expand the application of photosensitizers.

Owing to the heterogeneous phenotypic characteristics and distance from the blood vessels of solid tumors, a hypoxic 
microenvironment is a typical feature of solid tumors, and oxygen consumption during PDT may aggravate hypoxia, 
which affects the application of PDT. PDT-induced tissue hypoxia is a result of vascular damage and photochemical 
oxygen consumption. Many studies have attempted to improve the O2 supply in tumor treatment, for example, by 
suppressing glucose metabolism to retain adequate amounts of oxygen,1 directly transporting O2 via designed carriers to 
tumors2 and catalyzing H2O2 to produce O2 via a catalyzer.3,4 Besides, photodynamic therapy (PDT) combined with 
chemotherapy drugs that inhibit tumor hypoxia can also enhance the effectiveness and efficacy of anti-tumor therapy. For 
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instance, Song et al developed amphiphilic nanoparticles by conjugating the photosensitive molecule Ce6 with PEG. 
These nanoparticles were utilized for the simultaneous delivery of cisplatin and metformin, a drug commonly used to 
treat diabetes. Metformin enhances sensitivity to tumor therapy by inhibiting tumor hypoxia induced by nuclear factor 
kpab signaling. This innovative approach has demonstrated the ability to effectively eradicate tumors both in vitro and 
in vivo through hypoxia-targeted multimodal therapy.5

In addition, there is an alternative approach: the use of bioreducing drugs, such as telaprazine (TPZ), which can 
selectively induce the production of cytotoxic substances only in hypoxic conditions. TPZ specifically targets mildly 
hypoxic tissues, while remaining non-toxic to normal tissue. Interestingly, TPZ exhibits 300 times higher toxicity in 
hypoxic conditions compared to aerobic conditions. TPZ has already undergone a Phase II/III clinical trial for squamous 
cell carcinoma of the head and neck. However, the clinical results indicate that not all patients benefit equally due to 
variations in hypoxia levels among different tumor sites and different types of tumors.6 By the combination of TPZ and 
photosensitizers, PDT-induced hypoxia can further activate TPZ, leading to the accurate destruction of solid tumors. For 
example, Zhang et al developed a novel semiconducting molecule (ITTC) with excellent photostability, high photothermal 
conversion efficiency and good 1O2 generation ability and combined it with TPZ to achieve chemotherapy after oxygen 
consumption by the photodynamic therapy of ITTC nanoparticles.7 However, the problem of drug leakage during the 
delivery of water-soluble drug also need to be solved. Thus, to prevent the leakage of soluble TPZ and achieve simultaneous 
administration of TPZ and Ce6, Ce6 was loaded into DSPE-PEG to prepare nano assemblies (DPC), and TPZ was 
connected with DSPE-PEG-NHS to further prepare DSPE-PEG-TPZ@Ce6 nano assemblies (DPTC). The most common 
and the second most common skin cancers—melanoma and cutaneous squamous cell (cSCC), respectively—were selected 
as the skin tumor models for the present study.8,9 Upon 660-nm laser illumination, DPTC showed obvious inhibition of the 
growth of both melanoma and cutaneous squamous cell carcinoma (cSCC) models.

Hypoxia-inducible factor-1a (HIF-1a) is a major transcription factor involved in angiogenesis, hematopoiesis, and 
anaerobic energy metabolism, which allows tumor cells to adapt to hypoxia and promote their proliferation.10 In 
normoxic cells, HIF-1a is continuously degraded. However, in hypoxic cells, it translocates to the nucleus and hetero
dimerizes with HIF-1b. The formed HIF-1 protein can activate hypoxia-responsive genes, such as vascular endothelial 
growth factor, growth factors, and glycolytic enzymes,11 which could be considered as compensatory mechanisms that 
allowed tumor cells to escape from hypoxic stress.12 NAD(P)H-quinone oxidoreductase 1 (NQO1) is overexpressed in 
many tumors including melanoma.13 The upregulation of NQO1 was reported to protect cells against various cytotoxic 
quinones and oxidative stress.14 Recently, NQO1 was found to directly bind to the oxygen-dependent domain of HIF-1a 
and inhibit the proteasome-mediated degradation of HIF-1a.14 Thus, strategies to reduce NQO1 activity in cancer cells 
along with the combination therapy of bioreductive drugs might be promising.15

Melanoma is one of the most aggressive and dangerous types of skin cancers. In the United States, the incidence of 
melanoma ranks the fifth in cancer incidence. The mortality rate of melanoma is 64% of skin tumors. Melanoma easily 
becomes resistant to conventional therapies such as radiotherapy and chemotherapy. In recent years, targeted therapy and 
immunotherapy drugs have been developed rapidly for clinical applications in melanoma treatment; however, these drugs 
continue to show a low response rate.16 The incidence of cSCC has been increasing worldwide and surgical resection, 
radiotherapy, chemotherapy, immunotherapy, as well as biological therapy have remained relatively common 
treatments.8,17,18 However, topical treatment can still be an important and direct therapeutic modality besides those 
system treatment with rather high compliance and minimized systemic adverse effects.19,20 Moreover, transdermal 
delivery technology can help realize precise delivery of therapeutic agents into skin tumor lesions.21 However, stratum 
corneum is considered as a barrier for drug penetration.22 Traditional means of improving transdermal drug delivery 
include chemical penetration enhancers,23 electroporation,24 iontophoresis,25 nanoemulsions,26 liquid crystals,1 and 
transfersomes27 among others. Specifically, microneedles (MNs) can help directly pierce the stratum corneum to allow 
painless delivery of photosensitizers to the solid portion of the skin tumor. Accordingly, we chose hyaluronic acid (HA) 
as a material for our soluble MNs to integrate DPTC (or DPC) for better tissue penetration.28 DPTC-containing HA MNs 
(DPTC-MNs) were finally developed to achieve sufficient accumulation of photosensitizers in tumors and avoid systemic 
phototoxicity, which may be caused by its distribution throughout the body. We subsequently investigated the effective 
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internal logical mechanism of DPTC, antitumor effects and biocompatibility, and regulation of NQO1 and HIF-1α after 
treatment with DPTC, providing clues for possible clinical treatment of skin tumors (Figure 1).

Materials and Methods
Regent and Materials
TPZ and coumarin 6 were purchased from Sigma-Aldrich (Shanghai, China). Ce6 was purchased from Frontier Scientific 
(Logan, UT). HA (molecular weight [Mw], 10 kDa) was obtained from Freda Biochem Co., Ltd. (Shandong, China). 
DSPE-PEG-NHS and DSPE-PEG-OCH3 were obtained from Ponsure Biotechnology. All chemicals were of analytical 

Figure 1 Schematic illustration of DPTC-MNs for topical treatment of skin tumor. (A) Preparation route of DPTC. (B) Application of DPTC-MNs and topical delivery of 
DPTC. (C) Synergistic effect of PDT and TPZ significantly improved the performance of DPTC-MNs in the treatment of skin tumor.
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reagent grade and available from commercial sources. Milli-Q water was used throughout this study. Dulbecco’s 
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and PBS were obtained from Gibco (Grand Island, 
USA). DAPI, Lyso-Tracker Red, and Mito-Tracker Red were bought from Beyotime Biotech. Inc., (Shanghai, China).

Cell Culture
Melanoma B16 cells and cutaneous squamous carcinoma were both obtained from Hunan Fenghui Biotechnology Co., 
Ltd. (China). Melanoma B16 cells were cultured in DMEM supplemented with 10% FBS, penicillin (100 units/mL), and 
streptomycin (100 μg/mL). Cutaneous squamous carcinoma SCL-1 cells were cultured in RPMI1640 supplemented with 
10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL). Both cells were cultured in a humid atmosphere 
containing 5% CO2 at 37°C.

Animals
Female Balb/c nude mice (4–6 weeks old) were purchased from Shanghai JieSiJie Laboratory Animal Co., Ltd. 
(Shanghai, China). All procedures performed were in accordance with Tongji University’s guidelines for the welfare 
of experimental animals. The animal study was approved by the ethics committee of Shanghai Skin Disease Hospital 
(Approval number: 2020–002).

Preparation and Characterization of DSPE-PEG-TPZ
TPZ was attached to DSPE-PEG-NHS via the amidation reaction between NHS and amino of TPZ. Briefly, DSPE-PEG 
-NHS and TPZ were mixed in dimethylformamide (DMF) and kept stirred for 48 h. Then, the mixture was transferred 
into a dialysis bag with Mw cutoff of 3500 kd and dialyzed with 1 L of Milli-Q water to eliminate the unreacted TPZ 
for 48 h. The dialysate was changed every 2 h. The yellow product was finally collected, lyophilized, and then stored 
at −20°C.

Preparation and Characterization of DPC, DPTC, and DPTC6 NPs
First, 1 mg of L-Ce6 was dissolved in 100 μL of DMF to formulate into 10 mg/mL. The C6 solution was prepared with 
1 mg of C6 dissolved into 1 mL of ethyl alcohol. DSPE-PEG-TPZ (5 mg) and Ce6 (50 μL, 10 mg/mL) were mixed in 
500 μL of methylene dichloride at a mass ratio of 10:1. Then, the mixture was added to 2 mL of double distilled water. 
An emulsion was formed via ultrasonic emulsification and then stirred for at least 3 h to evaporate the methylene 
dichloride. Finally, the DPTC was formed. DPC and DPTC6 were fabricated similarly, except that DSPE-PEG-TPZ was 
replaced by DSPT-PEG-OCH3 in the former one, and 50 μL of the Ce6 solution prepared was replaced by the C6 solution 
(1 mg/mL). The TEM images of those NPs were captured by a Tecnai G2 spirit (Thermo FEI). The NP solutions 
(0.25 mg/mL) were dipped onto a copper grid, stained with uranyl acetate solution (2wt %), and dried at room 
temperature until imaging. The hydrodynamic diameters of freshly prepared solutions of NPs were assessed using 
a Malvern Nano-ZS90 instrument (Malvern Instruments, Malvern, UK) at 25°C.

Fabrication and Morphological Analyses of DPC-MNs, DPTC-MNs, and DPTC6-MNs
A polydimethylsiloxane (PDMS) micromold with a base diameter of 200 μm and the height of each needle cavity of 600 
μm were utilized. These needle cavities were arranged in a 10×10 array with a tip-to-tip distance of 500 μm. To fabricate 
the DPTC-MNs, 1 mL of the aqueous solutions of DPTC (equivalent to 0.25 mg/mL Ce6) and 200 mg of HA were well- 
mixed, and 100 μL of the mixture was deposited on the PDMS micromold, followed by centrifugation at 4000 rpm for 10 
min to force the mixture into the needle voids. The micromold containing the mixture was placed in a desiccator at room 
temperature overnight. The process was repeated with another 100 μL added. Finally, the dried DPTC-MN patch was 
formed and carefully detached from the micromold. DPC-MNs and DPTC6-MNs were fabricated similarly, except that 
DPTC was replaced by DPC or DPTC6. The morphology of those MN patches was determined through SEM (TM-1000, 
Hitachi) and stereomicroscopy (SMZ18, Nikon).
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Intracellular Uptake Evaluation
The intracellular uptake of DPC and DPTC with the equivalent Ce6 concentration (0.5 μg/mL) was imaged by CLSM. B16 
or SCL-1 cells were seeded in 12-well dishes at a density of 2×105 cells/well with cell slide. After 24 h of incubation, a fresh 
medium without FBS containing free Ce6, DPC or DPTC was added. Cells were incubated for 1 or 4 h. Subsequently, the 
supernatant was removed, and cells were rinsed with PBS three times. Finally, cells were fixed with 4% paraformaldehyde 
and counterstained with DAPI for CLSM observations (FV3000, Olympus, Japan). B16 or SCL-1 cells were seeded in 
6-well dishes at a density of 5×105 cells/well. Fresh medium without FBS containing DPTC6 was added at different times 
followed by digestion. Cells were washed with PBS and centrifuged at 1200 rpm for 5 min for three cycles. Then cells were 
resuspended for detection of intracellular fluorescence of C6 via flow cytometry (Cytoflex, Beckman). For Co-localization 
assay, DPTC (2.5μg/mL) was incubated with B16 or SCL-1 cells for 4 h. Then the cells were subjected to fresh medium 
containing 75 nM Lyso-Tracker Red or Mito-Tracker Red for 60 min followed by rinsed with PBS, counterstained with 
DAPI for CLSM observations.

In vitro ROS Generation of DPC and DPTC
ROS generation was detected using DCFH-DA, a ROS-sensitive fluorescence sensor. B16 cells were seeded at a density 
of 5×104 cells/well. After 24 h with cells adhering to the wells, the medium was replaced by a new medium without FBS 
containing PBS or DPTC. Cells were then incubated for 4 h, and a DCFH-DA-containing medium (10 μM) was added 
and then incubated for another 30 min. Later, the cells were irradiated with a 660-nm laser at 75 mW/cm2 for 1 min. 
Finally, the intracellular fluorescence of DCF was observed by VS200 (Olympus).

In vitro Cytotoxicity Assays
CCK-8 was used to evaluate the cytotoxicity of DSPE-PEG-TPZ NPs, DPC, and DPTC. Briefly, B16 or SCL-1 cells 
were seeded into 96-well plates at a density of 5×103 cells/well and incubated at 37°C for 24 h. Cells were then treated 
with serial dilutions of DSPE-PEG-TPZ NPs, DPC, and DPTC for 4 h in a fresh medium without FBS. Then, the cells 
were irradiated with a 660-nm laser at 75 mW/cm2 for 1 min. The untreated cells were taken as controls. After incubation 
for another 20 h, the cell medium was replaced by 100 μL of a blank medium without FBS containing 10 μL of the 
CCK-8 solution. After incubation for another 1 h, the absorbance of the CCK8 was determined at 450 nm using 
a microplate reader (Multiskan FC, Thermo Fisher Scientific). The relative percentage of the untreated cells was adjusted 
to represent 100% cell viability.

Expression of NQO1 and HIF-1α
B16 or SCL-1 cells were seeded in 6-well dishes at a density of 5×105 cells/well. After 24 h of incubation, a fresh 
medium without FBS containing DPC or DPTC (concentration of Ce6 was 0.266 μg/mL) was added. The cells were 
incubated for another 4 h and then irradiated with a 660-nm laser at 75 mW/cm2 for 1 min. Cells were incubated for 
another 24 h and then harvested in a lysis buffer, sonicated, and centrifuged for 5 min at 12,000 g. The BCA assay was 
adopted to determine the protein concentration of the supernatant. Sodium dodecyl sulfate−poly-acrylamide gel electro
phoresis (SDS-PAGE) was performed, and proteins on gels were then transferred to polyvinylidene difluoride membranes 
and blocked with 5% nonfat milk in TBST (pH 8.0) buffer for 1 h. After incubation with primary and secondary 
antibodies, the blots were visualized with the ECL Plus Western blotting detection reagents.

Establishment of the B16 and SCL-1 Xenograft Model
The study was approved by the Animal Ethics Committee of Tongji University. To establish the xenograft mouse model, 
B16 (5 × 105) or SCL-1 (106) cells were inoculated subcutaneously into the right flanks of Balb/C nude mice. At 1 (B16) 
or 2 (SCL-1) weeks later, the tumor diameter can be approximately 6 mm. Tumor-bearing mice could be included for 
further experiments.
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Skin Insertion Capacity Evaluation
To evaluate the skin insertion and infiltration capacity, DPTC6-MNs were applied to the tumor region of B16 or SCL-1 
tumor-bearing mice for 24 h until the DPTC6-MNs dissolved. The mouse was anesthetized, and the tumor was separated, 
embedded in OCT compound, frozen, and sectioned into 5 μm-thick serial slices perpendicular to the skin (Leica 
Microsystems). Skin sections were then examined under a digital slide scanner to evaluate the fluorescence intensity and 
distribution of C6 (VS200, Olympus). DPTC6 aqueous solutions were also smeared topically in the tumor area or 
injected via the tail vein both at the equivalent dose of C6, and the tumors were separated for comparison.

Antitumor Efficacy and in vivo Safety Evaluation of DPC and DPTC
Tumor-bearing mice were randomly assigned into four groups (n = 5 for each group), namely, untreated group, DPC + laser group, 
DPTC + laser group, and DTPC group. The last three groups of mice were anesthetized and administered with DPC or DPTC. 
A patch of DPC or DPTC containing approximately 50μg of Ce6 was pressed on the tumor to insert from the skin surface for 24 
h until the MNs dissolved. Subsequent, in the DPC + laser and DPTC + laser groups, the tumor areas of mice were treated with 
660-nm laser at 75 mW/cm2 for 5 min every day. The DPTC (without irradiation) and untreated groups (without any treatment) 
served as controls. The tumor volume of each mouse was measured with a caliper and recorded and calculated every day using the 
following formula: tumor volume mm3� �

¼ width2 mm2� �
� length mmð Þ� 0:5. Body weight of mice was also recorded for 

in vivo safety evaluation. After 14 days, the mice were sacrificed, and the major organs and tumor tissues of mice were collected.

Histological and Immunofluorescence Staining
Major organs (such as the heart, liver, spleen, lung, and kidney) and tumors were harvested from the mice in different 
groups after 14 days of treatment and fixed with formaldehyde (4%, w/v). After dehydration, the fixed tissues were 
subsequently embedded in paraffin, and sections of 5-μm thickness were prepared for H&E staining and then visualized 
under a microscope (Olympus IX53, Japan). Apoptosis of tumor sections was also assessed with a TUNEL and DAB kit 
and observed under a microscope (Olympus IX53, Japan).

Statistical Analysis
All results are presented as mean ± standard deviation. The statistical significance of measurements was evaluated by 
One-Way ANOVA. The threshold for statistical significance was as follows: *p < 0.05; **p < 0.01; ***p < 0.001. All 
statistical analyses were carried out with Prism (PRISM 6.0, GraphPad Software).

Results and Discussion
Fabrication and Characterization of DPC and DPTC
DSPE-PEG-TPZ was synthesized by an amide reaction between DSPE-PEG-N-hydroxysuccinimide (NHS) and TPZ 
(Figure 2A) and FT-IR spectrum and 1H-NMR spectra spectrum (Figures S1 and S2) indicated the successful connection 
of DSPE-PEG-NHS and TPZ by amide bond. Ultrasonic emulsification was utilized to form DSPE-PEG-TPZ@Ce6 
(DPTC) with the final mass ratio of DSPE-PEG-TPZ and Ce6 of 10:1. The loading capacity of TPZ and Ce6 were 
calculated to be 0.16% and 6.21%, respectively.

DSPE-PEG@Ce6 (DPC) was also prepared by a similar method, except that DSPE-PEG-TPZ was replaced by an 
equal mass of DSPE-PEG-OCH3. Transmission electron microscopy (TEM) images showed that the DPTC and DPC 
nanoparticles (NPs) were both spherical, with particle sizes between 100 nm and 200 nm (Figures 2B and S3), which 
correlated with the hydrodynamic diameters determined by dynamic light scattering (DLS) measurement as ~142.7 nm 
and ~126.6 nm. DLS was adopted to observe the short-term stability of DSPE-PEG-TPZ, DPC, and DPTC for 15 days. 
Results showed good stability in phosphate-buffered saline (PBS) (Figure 2C). UV-vis-NIR absorption spectra and 
fluorescence spectra confirmed the formations of DPC and DPTC (Figure 2D and E).
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Fabrication and Characterization of DPC-MNs and DPTC-MNs
DPC or DPTC was integrated into fast-dissolving HA MNs forming DPC or DPTC patch containing equivalently 
approximately 0.05 mg of Ce6 per patch, and the MNs were arranged in a 10×10 array. This showed the differences 
between blank HA MNs and DPTC-MNs, of which the latter was green, showing that the DPTC was successfully loaded 
(Figure 3A). With photon microscopy and scanning electron microscopy (SEM), the DPTC-MNs were pyramid-shaped, 
with a needle height of 495.1 ± 2.9 μm and a base diameter of 293.2 ± 4.5 μm (Figure 3B and C).

Cellular Uptake and Cytotoxicity of DPTC
Confocal microscopy (CLSM) and flow cytometry were utilized to investigate the cellular uptake behaviors of DPTC by 
B16 melanoma cells and cutaneous squamous carcinoma cells of SCL-1. The CLSM image showed that the red 

Figure 2 Construction and characterization of DPTC. (A) Composition of DSPE-PEG-TPZ. (B) TEM images of DPTC. (C) Size distribution of DSPE-PEG-TPZ NPs, DPC, 
and DPTC. (D) UV–vis spectrum of Ce6, DPT, DPC, and DPTC after demulsification. (E) Fluorescence spectrum of Ce6, DPT, DPC, and DPTC after demulsification.
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fluorescence intensity in B16 (Figures 4A and S4) and SCL-1 (Figures 4B and S5) cells was stronger after 4 h of 
treatment by DPC or DPTC than 1 h. However, no red fluorescence was observed in the blank control. The red 
fluorescence intensity in B16 or SCL-1 cells treated with DPTC were also higher than free Ce6 after 4 h incubation 
(Figures S6 and S7). Flow cytometry also revealed time-dependent enhancement of the red fluorescent intensity of 
DPTC6 (Figure 4C). As shown in Figure 4D and E, DPTC was localized in the cytoplasm. The red fluorescence of DPTC 
and the fluorescence of mitochondria or lysosomes were mostly located in the same region. The co-localization index of 
fluorescence between mitochondria and DPTC was calculated to be 0.795 and 0.706 in B16 and SCL-1 cells, 
respectively. Additionally, the co-localization index of fluorescence between lysosomes and DPTC were calculated to 
be 0.717 and 0.812 in B16 and SCL-1 cells, respectively.

Cell Counting Kit-8 (CCK-8) was used to investigate the cytotoxicity of DSPE-PEG-TPZ NPs, DPC, and DPTC 
against B16 and SCL-1 cells under 660-nm laser with an intensity of 75 mW/cm2 for 1 min in an obviously 
concentration-dependent manner. In B16 cells, the viability of DPC was higher than that of DPTC in each concentration 
if irradiated by laser. The IC50 values of DPC and DPTC were 0.8179 and 0.2559 μg/mL, respectively (Figure 4F). In 
SCL-1 cells, with laser irradiation, both DPC and DPTC showed a concentration-dependent cell-killing effect, with IC50 
values of approximately 0.5764 and 0.4640 μg/mL of DPC and DPTC, respectively (Figure 4G). DPTC showed 
significantly higher cytotoxicity than DPC for TPZ activation caused by a PDT-triggered hypoxic state. However, DSPE- 
PEG-TPZ NPs exhibited minimal harm to cells, with or without laser treatment, under normoxic conditions. However, 
under hypoxic conditions, concentration-dependent toxicity was observed in both B16 and SCL1 cells (Figures S8–S10). 
Free Ce6 showed significantly lower cytotoxicity to B16 (Figure S11) and SCL-1 (Figure S12) cells. DPTC demonstrated 
negligible harm to normal HaCat cells in the absence of light, indicating good biosafety (Figure S13).

ROS Generation and Expression of NQO1 and HIF-1α
We used the 2′,7′-dichlorofluorescein diacetate (DCFH-DA) probe to detect ROS levels in B16 cells. DCFH can react 
with intracellular ROS to generate the green fluorescent product DCF, which could not spread out of cells. The 
fluorescence intensity of DCF was significantly higher in the DPTC group irradiated with a laser than the other three 

Figure 3 Image acquisition of DPTC-MNs. (A) Blank HA MN and DPTC-MNs. (B) Photon microscope images of DPTC-MNs. (C) SEM images of DPTC-MNs.
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circumstances, including the DPTC group without laser and the two PBS groups. It indicated that DPTC (and DPC) 
could increase the production of intracellular ROS after 660-nm laser irradiation (Figure 5A).

Loredana et al investigated the regulation of NQO1 expression after PDT. Although PDT was expected to induce 
NQO1 expression,15,29 the normalized fold expression tended to become lower than the baseline 3 h after treatment.30 

The expression of NQO1 in B16 and SCL-1 cells was verified by Western blot. The expressions in the DPC and DPTC 
groups were significantly lower than those in the others. NQO1 inhibits proteasome-mediated degradation of HIF-1α. 
NQO1 knockdown was dedicated to suppressing HIF-1 signaling and tumor growth in some cell lines.10 In B16 and 
SCL1 cells, HIF-1α downregulation was also observed in DPC and DPTC (Figure 5B and C). Conceivably, DPC- or 
DPTC-induced PDT process might suppress NQO1 expression, thus downregulating HIF-1α that activate hypoxia- 
responsive genes allowing tumor survival12 and destroying the defense of tumor cells against oxidative stress.31

Infiltration Behavior of DSPE-PEG-TPZ-Based NPs and MNs
To evaluate the infiltration of DSPE-PEG-TPZ-based NPs, coumarin 6 was loaded instead of Ce6 forming DSPE-PEG- 
TPZ@coumarin 6 (DPTC6) to work as a tracer of NPs under a fluorescence microscope. DPTC6 was administered 
through HA MNs (DPTC6 MNs) or given by DPTC6-containing aqueous solution topically. After treatment for 24 h in 
both B16 and SCL-1 models, coumarin 6 fluorescence signals were detected throughout the skin and deep into the tumor 
of mice treated with DSPE-PEG-TPZ@C6 MNs (Figure 6A and B), whereas only a small amount of coumarin 6 
fluorescence was observed in B16 or SCL-1 tumor of mice treated with DSPE-PEG-TPZ@C6 aqueous solution, 
especially accumulating in the skin corneum and hair follicles (Figure 6C and D), indicating that the MNs could help 

Figure 4 Cellular uptake and cytotoxicity determined on B16 and SCL-1 cells. (A) CLSM images of B16 cells treated with DPT or DPTC for 1 h and 4 h (×1000). (B) CLSM 
images of SCL-1 cells treated with DPT or DPTC for 1 h and 4 h (×1000). The scale bar represents a length of 10 μm. (C) Flow cytometry of B16 cells treated with DPTC6. (*p 
< 0.05, **p < 0.01, and ***p < 0.001). (D) Colocalization of DPTC and mitochondria or lysosome in B16 cells. (E) Colocalization of DPTC and mitochondria or lysosome in 
SCL-1 cells. The scale bar represents a length of 10 μm. (F) Cytotoxicity of DPTC investigated on B16 cells. (G) Cytotoxicity of DPTC investigated on SCL-1 cells. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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penetrate the skin effectively and DSPE-PEG-TPZ-based NPs could infiltrate solid tumors. Besides, DPTC6 was injected 
in the vein in SCL-1 tumor-bearing mouse. However, the DPTC6 fluorescence intensity appeared to be lower than that of 
DPTC6 MNs. Moreover, the fluorescence was more obvious in a deep solid tumor area than in the skin, which might be 
due to the enhanced permeability and retention effect of NPs (Figure S14).

In vivo Antitumor Effects and Biosafety of DPC and DPTC
The in vivo anticancer efficacy and biosafety of B16 and SCL-1 xenograft mice were investigated with the regimen 
illustrated in Figure 7A. During 14 days of treatment, the DPC + laser group and the DPTC + laser group showed 

Figure 5 Synergistic mechanisms of DPTC. (A) Fluorescent images of intracellular ROS levels with different treatments of DPTC in B16 cells. The scale bar represents 
a length of 100 μm. Western blot results of NQO1 and HIDF-1α on (B) B16 cells and (C) SCL-1 cells.

Figure 6 Fluorescence signal distribution on xenograft tumors. DSPE-PEG-TPZ@C6 MNs was administered to B16 (A) and SCL-1 (B) xenograft tumors. DPTC6- 
containing aqueous solution was administered to B16 (C) or SCL-1 (D) xenograft tumors.
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significant inhibition of tumor growth compared with the untreated group. However, no significant difference was found 
between the two groups, although the in vitro experiments can exaggerate the difference. The effect of PDT was too 
strong to cover up the chemotherapy effect of TPZ. Without laser, the antitumor effect could not be triggered in the 
DPTC group (Figure 7B). As shown in Figure 7C, the body weight of mice from all groups remained almost stable in 14 
days. The treatment was relatively safe for mice. The same results could be observed in SCL-1 cells (Figure 7D and E). 
The apoptosis of tumors was evaluated using hematoxylin and eosin (H&E) and terminal-deoxynucleotidyl transferase- 
mediated dUTP-biotin nick end labeling (TUNEL) staining. As shown in Figure 8A, the weakest cell proliferation and 
the most severe apoptosis and necrosis were observed in DPC + laser and DPTC + laser groups, which were consistent 
with the therapeutic outcomes. The same results could be observed in SCL-1 cells (Figure 8B). Furthermore, H&E 
staining of major organs, such as the heart, liver, spleen, lung, and kidney, showed no obvious damage in the B16 tumor- 
bearing mice compared with the control group, suggesting that DPTC has good biocompatibility (Figure S15).

Figure 7 In vivo therapeutic efficacy of DPC-MNs and DPTC-MNs on B16 tumor-bearing mice. (A) Treatment regimen of tumor-bearing mice. (B) Relative tumor volume 
curves of B16 tumor-bearing mice after various treatments in 14 days (*p < 0.05, **p < 0.01, and ***p < 0.001). (C) Body weight trend of B16 tumor-bearing mice after 
during 14 days of treatment. (D) Relative tumor volume curves of SCL-1 tumor-bearing mice after various treatments in 14 days (*p < 0.05, ***p < 0.001). (E) Body weight 
trend of SCL-1 tumor-bearing mice during 14 days of treatment.
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Conclusion
DPTC-MNs were designed and used as an effective platform for B16 and SCL-1 skin tumors. The well-designed DPTC 
nanoplatform presented a powerful therapeutic effect on hypoxic tumors by the combination of PDT- and PDT-triggered 
hypoxic response of TPZ. In vitro and in vivo studies consistently demonstrated the remarkable antitumor effect of 
DPTC. MNs can help the DPTC to better accumulate at tumor sites for targeted therapy while causing less toxicity to 
normal tissues, making DPTC-MNs attractive for skin tumor therapy.
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