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Aim: To clarify the effectiveness and safety of x-ray-activated photodynamic therapy (X-PDT) for cutaneous
squamous cell carcinoma (SCC) and melanoma. Materials & methods: Copper-cysteamine nanoparticles
were used as a photosensitizer of X-PDT. The dark toxicity and cytotoxicity were studied in vitro. Tumor
volume, microvessel density and acute toxicity of mice were evaluated in vivo. Results: Without x-ray
irradiation, copper-cysteamine nanoparticles were nontoxic for keratinocyte cells. XL50 cells (SCC) were
more sensitive to X-PDT than B16F10 cells (melanoma). X-PDT successfully inhibited the growth of SCC in
vivo (p < 0.05), while the B16F10 melanoma was resistant. Microvessel density in SCC tissue was remarkably
reduced (p < 0.05). No obvious acute toxicity reaction was observed. Conclusion: X-PDT is a safe and
effective treatment for SCC.
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Photodynamic therapy (PDT) combines the actions of a photosensitizer, light and oxygen into a relatively novel
noninvasive treatment modality for cutaneous tumors [1]. In the body, tumor cells and vascular endothelial cells
preferentially absorb more photosensitizers than other cells. When exposed to light, photosensitizers absorb the
photonic energy and transfer it to nearby triplet oxygen, resulting in the generation of reactive oxygen species
(ROS). ROS can damage or kill tumor cells and vascular endothelial cells directly, by the necrosis and apoptosis
pathways [2]. As a result of the damage caused by ROS, the antitumor immune response is elicited to further
eliminate tumor cells, blocking tumor vessels and leading to the deprivation of nutrients for the tumor. In recent
years, studies on the immune response in PDT attracted more attention than vascular effect in the treatment of
cancers [2,3); however, it cannot be denied that vascular effect is a very important advantage of PDT for cancers [4,5].
In particular, the vascular effect can induce a quick inhibiting effect on solid tumors [6].

Based on its advantages of allowing repetitive applications to multiple lesions, nontrauma and excellent cosmetic
results, PDT became a popular treatment for skin cancers, especially when surgery is unavailable [1]. PDT showed
a remarkable effectiveness for the treatment of superficial cutaneous cancers, such as actinic keratosis, superficial
basal cell carcinoma and Bowen’s disease, also called cutaneous squamous carcinoma (SCC) iz situ [1]. However,
for invasive or massive SCC and melanoma, the effectiveness of conventional PDT is unsatisfactory. The possible
main reasons are: poor tumor targeting of current photosensitizers [7]; low penetration depth of the activation light
which is only 3 mm (8] — much shorter than the depth of common SCC or melanoma in the clinic; the tumor .
regrowth supported by the surviving deep tumor vessels [9] and the tumor resistances to the PDT [10,11]. II\:/Iuet(;’IIE?n.e'
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Figure 1. Schematic illustration of x-ray-activated photodynamic therapy with copper-cysteamine nanoparticles.
Compared with visible light, x-rays can penetrate through the epidermis and dermis to the hypodermis. Upon the
irradiation of x-rays, ROS produced by Cu-Cy NPs and ionizing irradiation are generated in the whole tumor. The
photodynamic effect and radiotherapy exert the antitumor effect at the same space and time to override tumor cell
repairs and lead to the deep tumor vascular effect.

Cu-Cy NP: Copper-cysteamine nanoparticle; C-PDT: Conventional photodynamic therapy; PS: Photosensitizer; ROS:
Reactive oxygen species; X-PDT: X-ray-activated photodynamic therapy.

Scintillator nanoparticle is a class of nanoparticles made of scintillator materials that are able to convert x-rays
into visible fluorescence [12]. In recent years, more and more studies have utilized scintillator nanoparticles to load
and deliver a photosensitizer for PDT [13-15]. In these nanoparticles, the scintillator substance and photosensitizers
are close to each other. After the scintillator nanoparticles are exposed to x-rays, the energy of the x-rays is converted
to photosensitizers by activating the fluorescence resonance energy transfer between scintillator substance and
loaded photosensitizers [16]. Thus, x-rays are able to activate current photosensitizers indirectly [17,18]. Compared
with visible light, x-rays have higher photon energies. They can penetrate through the epidermis and dermis to
the hypodermis. The effective depth of x-rays is significantly deeper than visible light, as well as near-infrared
light [19]. In addition to the tumor damage produced by PDT, the x-rays themselves could directly damage or kill
tumor cells to enhance the effect of PDT (Figure 1). Nanoparticles are also able to enhance the tumor targeting of
photosensitizers by the enhanced permeability retention effect [20,21].

However, the energy of the above X-PDT modality might be worn down in the complicated transfer procedures,
resulting in photosensitizers that could not receive enough optical energy to generate adequate ROS for the tumor
treatment. Copper-cysteamine nanoparticles (Cu-Cy NDPs) were established by Chen and colleagues, and show an
intense x-ray-excited luminescence [22,23]. More interesting is that Cu-Cy NPs can act as a photosensitizer to directly
produce ROS upon the irradiation of x-rays. That means in this X-PDT model (Figure 1), Cu-Cy NPs did not
need to transfer the energy absorbed from x-ray to another photosensitizer, implying an efficient energy conversion
from light energy to chemical energy.

Cu-Cy NPs-mediated X-PDT was proven to be an effective modality for the treatment of breast cancer, colorectal
cancer and hepatocellular carcinoma [22,24,25]. As in the clinic, skin cancers are the main indications of PDT, x-ray
therapy or other phototherapies. Among them, the treatments on cutaneous SCC and melanoma are the most
important challenges in the clinic. Therefore, in this study we evaluate the effectiveness and safety of Cu-Cy
NPs-mediated X-PDT for treatment of cutaneous SCC and melanoma together.
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Materials & methods

Preparation & characterization of Cu-Cy nanoparticles

Cu-Cy NPs were prepared at the University of Texas using the method as previously described in the literature [24].
Briefly, CuCl,-2H,0O dissolved in deionized water was mixed with cysteamine and the PH value was adjusted
to 8 using sodium hydroxide solution. After a 2-h period of stirring, the solution was heated to its boiling
temperature for 30 min. The Cu-Cy NPs were obtained after centrifuging and washing the crude product with
an ethanol solution five-times. Finally, the nanoparticles were dried in a vacuum oven overnight. A stock solution
was made in phosphate-buffered saline at a concentration of 1 mg/ml. The solution was kept in the dark at -4°C.
The morphology and particle size of Cu-Cy NPs were characterized using a transmission electron microscope
(JEM-2100, Japan Electronics Co., Ltd., Tokyo, Japan).

Cell culture

Human keratinocyte HaCaT cells and melanoma B16F10 cells were purchased from Shanghai Cell Bank (Shanghai,
China). The primary cultured murine cutaneous SCC cell, XL50 cell line, was established from ultraviolet-induced
SCC on SKH-1 hairless mice and stored at China Center for Type Culture Collection (CCTCC No: C201827,
‘Wuhan, China) [26]. The above cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco,
Thermo Fisher Scientific, Shanghai, China) supplemented with 10% fetal bovine serum, penicillin (100 IU ml™")
and streptomycin (100 pg ml™?). The cells were passaged using 0.05% trypsin/0.02% EDTA.

Mouse models

All animal procedures were performed in accordance with the protocol of Animal Ethics Committee of Shanghai
Skin Disease Hospital. The cutaneous SCC mouse model was established using SKH-1 hairless mice purchased
from Shanghai public health clinical center (Shanghai, China). SCC XL 50 cells were mixed with 3T3 fibroblast
cells with a ratio of 5:1. The SKH-1 hairless mice aged approximate 8 weeks were subcutaneously inoculated with
0.1 ml of cellular mixture (5 x 10° XL 50 cells:1 x 10° 3T3 fibroblast cells) on the back to form an iz situ
tumor model of SCC [26]. The melanoma mouse model was established using C57BL/6 mice purchased from
Shanghai Laboratory Animal Center (Shanghai, China) [27. Mice, approximately 7 weeks old, were subcutaneously
inoculated with 0.1 ml of 6 x 10° per ml B16F10 cells on the back to form an 77 situ tumor model of skin
melanoma.

In vitro safety assessment

The safety of Cu-Cy NPs 77 vitro was studied using human keratinocyte HaCaT cells. The dark toxicity in vitro of
Cu-Cy NPs was studied on both SCC XL50 cells and melanoma B16F10 cells. The cell viability was determined
by the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich, Shanghai, China) method. HaCaT, XL50 and B16F10 cells
(1 x 10% per well) were seeded in the 96-well plate and treated by 0.1, 1, 10, 100 or 200 pg/ml of Cu-Cy NPs
for 24 h in the dark, respectively. 10 ul of the CCK-8 solution was added to each well. After 2-h incubation, the
absorbance at 450 nm for each well was measured using a microplate reader. Each experiment was performed in
triplicate and repeated three-times. The cell viability was calculated using the following formula: (optical density
value in treated well [—blank])/ (optical density value in control well [—blank]) x 100.

In vitro effectiveness assessment for cutaneous SCC & melanoma

XL50 cells (2 x 10% per well) and BI6F10 cells (2 x 10% per well) were incubated with 0, 0.1, 1, 10, 100 or
200 pg/ml Cu-Cy NPs in 96-well plates in the dark for 2 h, separately. Cells were irradiated by x-ray (SRT-100",
Sensus Healthcare, FL, USA) at 100 kVp for 150 cGy. After irradiation, the cell medium was changed and cells were
incubated for another 24 h to evaluate the cytotoxicity of Cu-Cy NPs using the CCK-8 method. Each experiment
was performed in triplicate and repeated three-times.

In vivo effectiveness assessment for cutaneous SCC & melanoma

To evaluate the effect of Cu-Cy NPs-mediated X-PDT for cutaneous SCC, a total of 20 SCC mice were randomly
divided into four groups: X-PDT group, x-ray group, Cu-Cy NPs group and control group (five mice/group). The
mice were treated when tumor volume reached 200 mm?. In X-PDT group, 0.1 ml of 0.8 mg/ml Cu-Cy NPs
solution was applied to each mouse by multipoint intratumoral injection. After staying in the dark room for 3 h,
the mice were irradiated by x-ray (SRT-100, Sensus Healthcare) at 100 kVp with a dose of 200 cGy. In the x-ray
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group, 0.9% saline solution was used to replace the Cu-Cy NPs solution. The other procedures were the same
as the X-PDT group. In the Cu-Cy NPs group, the mice were intratumorally injected by 0.1 ml of 0.8 mg/ml
Cu-Cy NPs solution alone without x-ray irradiation. In the control group, the mice were treated with 0.1 ml 0.9%
saline solution alone without x-ray irradiation. After one treatment, mice were observed and tumor volumes were
measured every other day. Tumor volumes were calculated using the following formula: V = (1/2)ab? (a: length,
b: width) (40]. Photographs were taken every 5 days. The mice were euthanized by cervical dislocation when the
major axis of the tumor grew to over 15 mm.

To evaluate the effect of X-PDT for melanoma, a total of 15 B16F10 melanoma mice were randomly divided
into three groups: low dosage X-PDT group, high dosage X-PDT group and control group (five mice/group). The
procedures for melanoma mice were largely the same as for SCC mice. After intratumoral injection of Cu-Cy NPs
and a light protection for 3 h, mice in the low dosage X-PDT group were irradiated by x-rays at 100 kVp with dose
200 cGy. In the high dosage X-PDT group, the mice were irradiated with dose 400 cGy of x-ray at 100 kVp.

Evaluation of microvessel density

To evaluate the microvessel density (MVD) after the treatment, tumor tissues of SCC and melanoma were taken
from the mice after euthanasia for histopathology and immunohistochemistry examination. Hematoxylin and
eosin stain was used for histopathology examination. The expression of CD31, surface marker of neovascular
endothelial cells, in tumor tissue was marked by immunohistochemical staining with anti-CD31 antibody (Abcam,
Shanghai, China). Images were captured using Leica Application Suite V4.12. The MVD was calculated under a
200x magnification objective lens. For each tumor section, the numbers of CD31 positively stained vessels in top
five hotspot fields of view, which showed the greatest density of CD31 positively stained vessels, were counted.
MVD was defined as the mean number of CD31 positively stained vessels in these five different hotspot fields of
view [11].

In vivo safety assessment

All mice in the study were observed for sudden death or abnormal behavior. One day before mice were euthanized,
the food consumption and bodyweight of each mouse were recorded. After the mice were euthanized, the tissue
samples of heart, liver, spleen, lung and kidney were taken from the mice in X-PDT and control group for a
histopathology examination to assess the safety of Cu-Cy NPs.

Statistical analyses

Descriptive statistics were obtained using SPSS13.0 software and presented as mean =+ standard deviation. The
statistical analyses on dark toxicity, cellular survival rates, tumor volumes and MVD were performed using the
independent-samples t-test. Mixed-effect linear regression models were used to assess the longitudinal effects of
different treatments on tumor volumes while controlling for other factors (time and volume at irradiation), for both
cutaneous SCC and melanoma. AR (1) covariance structure as opposed to other structures was preferable based
on model selection criteria and was assume in the models to account for the correlated nature of longitudinal data.
Tukey’s test was used to compare the overall treatment effects between different groups. All regression analyses were
conducted in SAS version 9.4 using PROC MIXED. P-value <0.05 was considered statistically significant.

Results

Cu-Cy NPs were nontoxic to HaCaT cells without x-ray irradiation

Transmission electron microscope examination showed that Cu-Cy NPs were spherical. The diameter of Cu-Cy
NPs was 95.7 & 8.4 nm (mean = standard deviation) (Figure 2A). The safety of Cu-Cy NDPs iz vitro was evaluated
on HaCaT cells. The survival rates of HaCaT cells are shown in Figure 2B. The results show that Cu-Cy NPs were
nontoxic to HaCaT cells without x-ray irradiation in the range of 0.1-200 pg/ml (p > 0.05). The dark toxicity of
Cu-Cy NPs was observed in both SCC XL50 cells and melanoma B16F10 cells. When the concentration of Cu-Cy
NPs was increased to 200 pg/ml of Cu-Cy NPs, survival rates of both XL50 cells and B16F10 cells were reduced
compared with the control group (p < 0.05) (Figure 2B).

SCC XL50 cells were sensitive to X-PDT while melanoma B16F10 cells were resistant in vitro
The cell killing effectiveness of Cu-Cy NPs-mediated X-PDT for cutancous SCC and melanoma were evaluated
separately. The results, shown in Figure 3, show that SCC XL50 cells are more sensitive to the X-PDT than
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Figure 2. Morphology of Copper-cysteamine nanoparticle and its dark toxicity for HaCat, squamous cell carcinoma
and melanoma cells. (A) Copper-cysteamine nanoparticles (Cu-Cy NP) were spherical with a diameter of about 80 nm
under transmission electron microscope. (B) The survival rates of cells were determined by the CCK-8 method after
treated by 0.1, 1, 10, 100 or 200 ug/ml of Cu-Cy NPs for 24 h in vitro. No dark toxicity of Cu-Cy NPs is observed in
HaCaT cells. The survival rates of XL50 cells and B16F10 cells were reduced at 200 ug/ml of Cu-Cy NPs.

*p < 0.05 compared with the control group.

Cu-Cy NP: Copper-cysteamine nanoparticles; SCC: Squamous cell carcinoma.
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cell carcinoma.

melanoma B16F10 cells. Only 67.5% SCC cells survive at a Cu-Cy NPs concentration of 0.1 pg/ml after X-PDT,
which is significantly lower than 0 pg/ml Cu-Cy NPs (p < 0.05). And almost 100% of SCC cells are killed at
the highest concentration of 200 pg/ml. However, X-PDT cannot induce melanoma B16F10 cell death at Cu-Cy
NPs particle concentrations of 0.1-100 pg/ml. Only when the concentration reaches 200 pg/ml, the survival rate
(66.8%) is lower than 0 pg/ml Cu-Cy NPs (p < 0.05), implying melanoma B16F10 cells are relatively resistant to
X-PDT in vitro.

X-PDT significantly inhibited the growth of SCC in vivo

The effectiveness of Cu-Cy NPs-mediated X-PDT for cutaneous SCC in vivo was evaluated using tumor volumes
shown in Figure 4. Mice were euthanized at day 16 after treatment. Despite all tumor groups growing, the tumors
on the mice in the X-PDT group grew much more slowly than other groups. At day 16 after treatment, the tumor
volume in the X-PDT group was significantly smaller than the control group and the x-ray group (p < 0.05). The
tumor volume in the X-PDT group was smaller than Cu-Cy NPs group, but the difference was not statistically
significant. The tumor volume in the Cu-Cy NPs group was also smaller than control group (p < 0.05), while there
was no difference between x-ray group and control group (p > 0.05). Representative pictures for the therapeutic
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Figure 4. X-ray-activated photodynamic therapy successfully inhibited the growth of squamous cell carcinoma while it only temporarily
inhibited the growth of B16F10 melanoma. The tumor volumes of squamous cell carcinoma and melanoma were recorded before and
after treatments. X-PDT: copper-cysteamine nanoparticle-mediated x-ray (100 kVp, 200 cGy) activated photodynamic therapy. Low
dosage: 200 cGy of irradiation, high dosage: 400 cGy of irradiation.

*p < 0.05 compared with the control group.

Cu-Cy NP: Copper-cysteamine nanoparticle; X-PDT: X-ray activated photodynamic therapy.

Table 1. Mixed-effect linear regression models for the longitudinal effects of different treatments on tumor volumes for

cutaneous squa

mous cell carcinoma.

Effect

Time

Cu-Cy NPs
X-ray
Cu-Cy NPs * x-ray

Volume at
irradiation

Solution for fixed effects

Estimate Standard error t value Pr > |t| F value Pr>F
56.75 <0.0001

2 0 - - -

4 0.1107 0.06756 1.64 0.1038

6 0.1979 0.06696 2.96 0.0037

8 0.3014 0.06594 4.57 <0.0001

10 0.4474 0.06416 6.97 <0.0001

12 0.5511 0.06103 9.03 <0.0001

14 0.6940 0.05529 12.55 <0.0001

16 0.8357 0.04387 19.05 <0.0001
-0.3688 0.08301 19.73 0.0005
-0.1834 0.08544 4.61 0.0486
0.03859 0.1161 0.11 0.7441
2.1729 1.7740 1.50 0.2395

Cu-Cy NP: Copper-cysteamine nanoparticle.

effect are shown in Figure 5. It could also be observed that the growth of tumor in X-PDT group was slower than
other groups. At day 15 after treatment, the major axes of the tumors in the control and x-ray groups increased
to around 15 mm. Superficial ulcerations arose on the surface of tumors at day 5 after treatment in the control,
x-ray and X-PDT groups but not in the Cu-Cy NPs group. The ulcerations grew larger and deeper with time.
However, the area and depth of ulceration in X-PDT groups increased more slowly than in the control and x-ray
groups (Figure 5). Table 1 shows the results of the mixed-effect linear regression model. Time (p < 0.05) had
a positive significant effect on the growth of tumor. However, Cu-Cy NPs (p < 0.05) and x-ray (p < 0.05)
had significant negative effects, indicating that both treatments can significantly reduce the tumor volumes. The
Tukey’s test was further conducted to compare the overall performances between different groups in the whole
16-day treatment period (Table 2). The differences between X-PDT and x-ray (adjusted p < 0.05) are negatively
significant, indicating that the X-PDT group performed better than the x-ray group, in terms of reducing the tumor
volumes. However, the difference between X-PDT group and Cu-Cy NPs group was not statistically significant.
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Squamous cell carcinoma

Before treatment Day 5 Day 10 Day 15

X-PDT

X-ray

Cu-Cy
NPs

Control

Figure 5. Representative photographs of squamous cell carcinoma mice before treatment, at days 5, 10 and 15 after
the treatment of copper-cysteamine nanoparticles mediated x-ray-activated photodynamic therapy, x-rays only or
copper-cysteamine nanoparticles only.

Cu-Cy NP: Copper-cysteamine nanoparticle; X-PDT: X-ray activated photodynamic therapy.

Table 2. The Tukey's test to compare the overall effectiveness of different treatments for the whole 16-day treatment

period.

Differences of least squares means

Effect Estimate Standard error t value Pr > |t| Adj p

(X-PDT) - (Cu-Cy NPs) -0.1448 0.08257 -1.75 0.0998 0.3321
(X-PDT) - (x-ray) -0.3302 0.08162 -4.05 0.0011 0.0052
(X-PDT) - (Control) -0.5136 0.08630 -5.95 <.0001 0.0001
(Cu-Cy NPs) - (x-ray) -0.1853 0.08219 -2.26 0.0395 0.1534
(Cu-Cy NPs) - (Control) -0.3688 0.08301 -4.44 0.0005 0.0024
(X-ray) — (Control) -0.1834 0.08544 -2.15 0.0486 0.1834

Cu-Cy NP: Copper-cysteamine nanoparticle; X-PDT: X-ray activated photodynamic therapy.
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Melanoma
Before treatment Day 5 Day 10
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X-PDT
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X-PDT

Figure 6. Representative photographs of B16F10
melanoma mice before treatment, at days 5 and 10 after
the treatment of copper-cysteamine
nanoparticles-mediated x-ray-activated photodynamic
therapy under low dosage (200 cGy, 100 kVp) or high
dosage (400 cGy, 100 kVp) of irradiation.

Control

In addition, the X-PDT group outperformed the control group (adjusted p = 0.0001) and the Cu-Cy NPs group
outperformed the control group (adjusted p = 0.0024). The above results imply X-PDT successfully inhibited the
growth of SCC tumors and X-PDT was an effective modality for the treatment of SCC.

Only high dosage of X-PDT displayed a limited inhibition on B16F10 melanoma in vivo

As shown in Figure 4, the experiment ended and mice were euthanized at day 10 after treatment. In all groups, the
tumors volumes increased with time. Though there was no difference between each group (p > 0.05) at the end of
the experiment, X-PDT slowed down the growth of B16F10 melanoma in the middle of treatment temporarily. The
tumor volume in the high-dosage X-PDT group was significantly smaller than the low-dosage X-PDT (p < 0.05)
and control groups (p < 0.05) at day 4; and the tumor volume in either high-dosage or low-dosage X-PDT group
at day 6 was smaller than control group (p < 0.05). The representative pictures show the major axis of the tumors
in all groups was longer than 15 mm and erosion or ulceration arose on the surface of the BI6F10 melanoma
at day 10 after treatment (Figure 6). Results of the mixed-effect linear regression model are shown in Table 3.
As for SCC, time (p < 0.05) also had a significant positive effect on the growth of tumor. However, the dosage
of x-ray for X-PDT (p < 0.05) had a negative effect on the growth of BI6GF10 melanoma. Table 4 shows the
results of the Tukey’s test for the whole 10-day treatment period. We observed that the low-dosage X-PDT group
was not significantly different from the control group (adjusted p > 0.05); the low-dosage X-PDT group was not
significantly different from the high-dosage group (adjusted p > 0.05); and the high-dosage X-PDT group was
significantly better than the control group (adjusted p < 0.05), in terms of overall treatment effects. The above
results indicate BI6F10 melanoma is resistant to X-PDT. The effect of X-PDT was temporary. If considering
overall effect, only high dosage of X-PDT displayed an inhibition on B16F10 melanoma in a certain degree.

X-PDT induced an inhibition of vascularization in SCC

The results of histopathology and immunohistochemistry (Figure 7) show the tumor vessels and CD31 expression
(brown staining) of SCC tissue in X-PDT, x-ray and Cu-Cy NPs group was obviously less than control group. For
B16F10 melanoma, the images (Figure 8) show that there was no apparent difference in the tumor vessels and
CD31 expression between each group. The results of MVD stained by anti-CD31 antibody is shown in Figure 9.
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Table 3. Mixed-effect linear regression models for the longitudinal effects of different treatments on tumor volumes for

B16F10 melanoma.
Solution for fixed effects

Effect Estimate Standard error t value Pr > |t| F value Pr>F
Time 362.90 <0.0001
2 0 - - -
4 0.3370 0.04247 7.94 <0.0001
6 0.6023 0.04167 14.45 <0.0001
8 0.8904 0.03956 22.51 <0.0001
10 1.2382 0.03355 36.90 <0.0001
Dosage 8.58 0.0057
Control 0 - - -
Low -0.1161 0.04820 -2.41 0.0348
High -0.2282 0.05509 -4.14 0.0016
Volume at -1.0578 1.1397 0.86 0.3733
irradiation

Table 4. The Tukey's test to compare the overall effectiveness of different treatments for the whole 10-day treatment

period.

Differences of least squares means

Effect Estimate Standard error tvalue Pr> |t| Adj p

(Low) - (High) 0.1122 0.04707 2.38 0.0363 0.0853
(Low) - (Control) -0.1161 0.04820 -2.41 0.0348 0.0819
(High) — (Control) -0.2282 0.05509 -4.14 0.0016 0.0043

HE

CD 31

Figure 7. X-ray-activated photodynamic therapy induced the inhibition of vascularization in squamous cell
carcinoma tissue. Histopathology examination stained by hematoxylin and eosin and immunohistochemistry
examination stained by anti-CD31 antibody were used to assess the tumor vessels in squamous cell carcinoma tissue at
day 16 after the treatments. CD31 positively stained tumor vessels in x-ray-activated photodynamic therapy (X-PDT),
x-ray and copper-cysteamine nanoparticles groups were obviously less than control. Especially, there was nearly no
tumor vessels observed in X-PDT group.

Cu-Cy NP: Copper-cysteamine nanoparticle; HE: Hematoxylin and eosin; X-PDT: X-ray-activated photodynamic therapy.

MVD of SCC tissue in X-PDT, x-ray, and Cu-Cy NPs group was significantly lower than control group (p < 0.05).
Among them, X-PDT group showed the lowest value of MVD, which implied that X-PDT displayed the strongest
inhibition of vascularization in SCC tissue. For BI6F10 melanoma, there was no significant difference in the
number of CD31 positively stained tumor vessels (Figures 88 9) between each group.
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Control

HE

CD 31

Figure 8. No apparent inhibition of vascularization caused by x-ray-activated photodynamic therapy was observed
in B16F10 melanoma tissue. Histopathology examination stained by hematoxylin and eosin and
immunohistochemistry examination stained by anti-CD31 antibody were used to assess the tumor vessels in
melanoma tissue at day 10 after the treatments. The number of CD31 positively stained tumor vessels in the control
group was similar to the low-dosage x-ray-activated photodynamic therapy (X-PDT) and high-dosage X-PDT groups.
HE: Hematoxylin and eosin; X-PDT: X-ray-activated photodynamic therapy.
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Figure 9. X-ray-activated photodynamic therapy reduced the microvessel density in squamous cell carcinoma tissue
significantly. A high-dosage x-ray-activated photodynamic therapy (X-PDT) with an irradiation of 400 cGy reduced
the microvessel density in B16F10 melanoma tissue but no significant difference.

*p < 0.05 compared with the control group.

Cu-CyNP: Copper-cysteamine nanoparticle; MVD: Microvessel density; X-PDT: X-ray-activated photodynamic therapy.

In vivo safety assessment

The safety of Cu-Cy NPs in vivo was evaluated on both SCC mice and melanoma mice. During the observation
period, no mice died or showed abnormal behavior. At the end of treatment, there was no significant change of food
consumption (p > 0.05) or bodyweight (p > 0.05) between treatment groups and the control group (Figure 10).
Histopathology examination for the heart, liver, spleen, lung and kidney did not show any metastatic tumor cell,
inflammation or necrosis (Figures 11 & 12). The results suggest that no organ damage occurred in this topical
X-PDT treatment. Generally, no obvious acute toxicity reaction observed in the study.

Discussion

Treatments for cutaneous SCC and melanoma are still big challenges in the clinic. PDT is a less invasive treatment
composed of targeted ablation and immune activation. Based on its good effect and minor adverse reactions,
PDT has been widely used in the treatments for various cancers. It was successfully applied to treat superficial
cutaneous SCC in the clinic. However, the effectiveness of PDT for the deep cutaneous SCC or melanoma remains
inconclusive. X-PDT is a potentially effective treatment for deep tumor and melanoma. X-rays are able to penetrate
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Figure 10. The food consumption and bodyweight of each mouse were recorded 1 day before mice were
euthanized. There is no significant change of food consumption (p > 0.05) or bodyweight between treatment groups
and the control group (p > 0.05).

Cu-Cy NP: Copper-cysteamine nanoparticle; X-PDT: X-ray-activated photodynamic therapy.

Control *

Figure 11. Histopathologic examination of the tissues from the heart, liver, spleen, lung and kidney of the
squamous cell carcinoma mice in the x-ray-activated photodynamic therapy group and the control group. No
metastatic tumor cell, inflammation or necrosis was seen in these organs.

X-PDT: X-ray-activated photodynamic therapy.
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Figure 12. Histopathologic examination of the tissues from the heart, liver, spleen, lung and kidney of B16F10
melanoma mice in the low-dosage (200 cGy, 100 kVp), high-dosage (400 cGy, 100 kVp) x-ray-activated photodynamic
therapy group and the control group. No metastatic tumor cell, inflammation or necrosis was seen in these organs.
X-PDT: X-ray-activated photodynamic therapy.

into the deep skin and activate the photodynamic effect in tumor tissues. Both the photodynamic effect and the
ionizing irradiation induced by x-rays exert the antitumor effect at the same space and time to override tumor cell
repairs (Figure 1) [28].

Cu-Cy NPs were first prepared and reported by Chen and colleagues in 2014 [22]. Cu-Cy NPs used in this study
had a diameter of 95.7 £ 8.4 nm (mean = standard deviation) (Figure 2A). The nanoparticles of around this size
usually showed a collective advantage of deep tumor tissue penetration and efficient cancer cell internalization as
well as slow tumor clearance, resulting in a strong tumor-suppressing activity [29,30). It was demonstrated that Cu-Cy
NPs could generate plentiful singlet oxygen under x-ray irradiation [22,24,51]. Beside x-rays, ultraviolet light [22],
microwave [32] and ultrasound [33] can also excite Cu-Cy NPs to produce singlet oxygen, hydroxyl radicals and
other ROS to inhibit the growth of tumors. Even when in an acidic environment, Cu-Cy NPs can release copper
ions and accelerate the production of ROS in biological systems without light (34-37). Copper ions as a reactive
metal can convert oxygen to hydrogen peroxide (H,O;). Then, H,O, can further generate singlet oxygen via
disproportionation [34,35,37]. In the absence of any above activating factors, Cu-Cy NDPs alone were nontoxic to
nontumorous keratinocyte HaCaT cells in the range of 0.1-200 pg/ml in vitro. For SCC XL 50 cells and melanoma
B16F10 cells, there is no dark toxicity of Cu-Cy NPs in the range of 0.1-100 pg/ml in vitro. However, Cu-Cy NPs
alone showed the dark toxicity to XL50 cells and B16F10 cells when the concentration increased to 200 pg/ml
(Figure 2B). Therefore, we did not increase the concentration of the Cu-Cy NPs beyond 200 pg/ml in this study.
The results of 772 vitro effectiveness assessment of X-PDT showed even a lowest concentration of 0.1 pg/ml of Cu-Cy
NPs-mediated X-PDT could induce a significant inhibition of the proliferation of SCC XL50 cells indicating that
Cu-Cy NPs were activated to induce the photodynamic response under the irradiation of x-ray (Figure 3). In the
in vivo study, although X-PDT did not completely eliminate the tumor, it still significantly inhibited the growth
of SCC (Figures 4, 5 & Tables 1, 2). In addition, it was found that time had a positive effect on the growth of
tumor (Table 1), which implies that a better result might be achieved if SCC had been treated earlier. In this study,
X-PDT was performed only one time. In the clinic, several times of PDT are needed to eliminate even superficial
SCC. The effectiveness of X-PDT would be further improved if it was repeated. The interesting result was that
Cu-Cy NPs alone also inhibited the growth of SCC on the mice (Figures 4, 5 & Tables 1, 2) [22,24]. This might
be because the acidic environment inside the tumor tissue induced the release of copper ions from Cu-Cy NPs.
Copper ions contribute to the production of H,O; and singlet oxygen as mentioned above. Though tumor volume
in the X-PDT group was smaller than Cu-Cy NPs group, there was no statistically significant difference between
the two groups. This could be because the x-ray irradiation was used in a low dosage and for only one time in the
study. In addition, ulcerations arose on the surface of SCC in the control, x-ray and X-PDT groups (Figure 5). The
ulceration occurred on the tumor because the fast growth of tumor outstrips its blood supply, leading to the tumor
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necrosis [38]. The ulceration in the x-ray group grew as fast as the control group mostly because x-ray treatment
could not significantly inhibit the growth of SCC. Although the growth of SCC was significantly inhibited in both
the X-PDT group and the Cu-Cy NPs group, a small and relatively superficial ulceration occurred only on the
tumor in the X-PDT group. On the one hand, X-PDT significantly inhibited tumor angiogenesis, which largely
reduced the blood supply of tumor resulting in the necrosis of tumor. On the other hand, x-rays also damaged
the surrounding normal cells, such as the keratinocytes and fibroblasts, which caused ulceration and hindered the
healing of ulcerations [39]. The above results imply that ulceration should be monitored when X-PDT is used for
SCC, to avoid massive hemorrhage or excessive destruction on special sites.

In this study, B16F10 melanoma was found to be resistant to X-PDT in both iz vizro and in vive. In vitro, the
survival rate of melanoma B16F10 cells was reduced only at a highest concentration of 200 pg/ml of Cu-Cy NPs
(Figure 3). In vivo, only at the early stage of treatment, X-PDT slowed down the growth of B16F10 melanoma
temporally (Figures 4 & 6). There was no difference of volumes in different groups at the end of treatment, although
the high-dosage X-PDT group showed a significant overall treatment effect if using the Tukey’s test to compare the
volumes in the whole 10-day treatment period (Table 4). In generally, antitumor efficacy of X-PDT in B16F10
melanoma was unsatisfied in this study. As shown in the analysis summarized in Table 3, time had a positive effect
while the dosage of x-ray for X-PDT had a negative effect on the growth of BI6F10 melanoma indicating an earlier
treatment or a higher dosage of x-ray irradiation might improve the effectiveness of X-PDT on melanoma. However,
due to the high mortality rate of melanoma, surgery is usually the first choice for early-stage melanoma [40]. For
mouse experiments in the study, even a 400 cGy of high-dosage x-ray irradiation could not remarkably inhibit the
growth of B16F10 melanoma for a long time. A higher dosage of modality of x-ray irradiation would be hard to
applied because of the side effects of x-ray [41]. There seems to be no room for the potential application of a higher
dosage of X-PDT for melanoma. In addition, it is well known that melanoma is insensitive to either x-ray radiation
therapy or PDT [10,42]. The mechanism of its radio-resistance is linked to the overexpression of tyrosinase-related
protein 2 in melanoma cells (43]. The mechanisms of its PDT-resistance include optical interference, antioxidant
defense of melanin and cytoprotective response through the induction of autophagy of melanoma cells [44-46).
Melanin plays an important role in resistance of melanoma to PDT. It may act as a filter to prevent any in-depth
penetration of light, shielding certain cellular targets from light and also may act as a ROS scavenger decreasing
high levels of ROS [44,47].

The histopathology and immunohistochemistry examinations showed that the vascularization inside the SCC
tissue were inhibited by X-PDT and tumor vessels became less most apparently (Figure 7). MVD in SCC tissue was
significantly reduced by x-ray, Cu-Cy NPs and X-PDT (Figure 9). It is demonstrated that x-rays can damage or kill
tumor vascular endothelial cells, inducing a denudation of the tumor vascular endothelium, which causes a decrease
in number of vessels, leading to a decrease in perfusion and to tumor hypoxia (48]. In addition, it is reported that
the endothelial cells from tumor tissue are significantly more radiosensitive than the endothelial cells from normal
tissue [49]. As we known, the effect of tumor vessels is also a main mechanism of PDT for antitumor treatments [50,51].
In this study, Cu-Cy NPs alone might induce the reduction of MVD through the photodynamic response activated
by the acidic environment inside SCC. X-PDT showed the most apparent inhibition of vascularization in SCC
tissue because of simultaneous or even synergistic effect of x-ray and PDT on tumor vascular endothelium. The
damage of tumor vascular endothelium by X-PDT mightily promoted the release of thromboxane and nitric oxide,
which further resulted in vessel constriction, collapse and blocking [52,53]. The collapse of vessels inside tumors
contributes to the long-term tumor control by the deprivation of oxygen and nutrients in the tumor and consequent
tumor infarction [51,54]. However, for BI6F10 melanoma, no apparent inhibition of vascularization was observed
(Figures 8 & 9), indicating the vascular endothelium in B16F10 melanoma is resistant to X-PDT. Based on the
strong effect on tumor vessels in SCC induced a strong inhibition on the growth of SCC, it was concluded that
a stronger vascular effect could induce a more effective tumor response to PDT [5]. In intravenous PDT, short
drug-light interval (15 min — 2 h) allows for more photosensitizers to accumulate in the tumor vascular endothelial
cells and causes stronger suppressions of tumor growth than long drug-light interval (3—6 h), indicating that the
damage of vascular endothelial cells plays an important role in the inhibition of tumors in these studies [55-58].
Furthermore, the vascular effect by PDT could be used to enhance the effectiveness of other therapies on tumors. In
the early stage of vessel damage, the contraction of endothelial cells caused by PDT increases tumor vessel leakiness;
this leakiness augments the enhanced permeability retention effect of nanometer-scale antitumor drugs [591. In the
advanced stage of vessel damage, tumor vessels collapsed and blocked, leading to a decrease in the interstitial fluid
pressure inside tumors. The low interstitial fluid pressure facilitated the convection of an antitumor chemical drug
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inside the tumor tissue from the intravascular to extravascular side, enhancing the homogeneous distribution or
effective permeability of an antitumor drug in tumor tissue [60]. Therefore, the vascular effect caused by PDT plays
an important role in an antitumor treatment. In addition, the vascular effect caused by PDT is normally limited to
the tumor tissue, leaving normal tissue unaffected, because of the high proliferative capacity of cancerous vascular
endothelial cells [611.

The results for safety showed that Cu-Cy NPs alone were nontoxic to HaCaT cells 77 vitro. No acute toxicity
reaction occurred after the X-PDT iz vivo, such as sudden death, abnormal behavior, significant changes of food
consumption, significant changes in bodyweight (Figure 10) or damages observed in the heart, liver, spleen, lung
and kidney of mice (Figures 11 & 12). Because skin cancers are usually limited in local skin, topical PDT is more
suitable approach than intravenous PDT for the treatment of skin cancers (1. Considering the concerns about
the potentially toxicity of nanoparticles, the use of topical administration might diminish the potential systematic
damage caused by nano-photosensitizers. Therefore, topical PDT for skin cancers might be a pioneering advance
to transfer the nanotechnology to the clinic.

Conclusion

Cu-Cy NPs-mediated X-PDT is a safe modality for skin cancers. /n vitro, it exhibited a strong cytotoxicity to SCC
cells. In vivo, it induced a strong inhibition of vascularization and successfully suppressed the growth of SCC.
However, BI6F10 melanoma was resistant to X-PDT both iz vitro and in vive.

Future perspective

Based on its feasibility, effectiveness and safety, topical X-PDT might be an optional therapy for cutaneous SCC in
the clinic in the future. Before the clinical transformation, the safety of nanoparticles for human being, the effect of
immune activation of X-PDT need to be further clarified. Once X-PDT is transformed to the clinic, it also can be
applied to the treatment of other cancers, such as nasopharynx cancer, bladder cancer, breast cancer, osteosarcoma
and so on. For melanoma, the combination of X-PDT with immune checkpoint therapy might become a research
hotspot in the future.

Summary points

e Copper-cysteamine nanoparticles (Cu-Cy NPs) were nontoxic for human keratinocyte cells without the x-ray
irradiation.

e Squamous cell carcinoma (SCC) XL50 cells are sensitive to the treatment of Cu-Cy NPs-mediated x-ray-activated
photodynamic therapy (X-PDT) in vitro.

e Melanoma B16F10 cells are resistant to the X-PDT in vitro.
e X-PDT successfully inhibited the growth of SCC significantly in vivo (p < 0.05).

e The vascularization inside SCC was inhibited by X-PDT and the expression of CD31 and the microvessel density
were reduced indicating that tumor angiogenesis was inhibited by X-PDT.

e For B16F10 melanoma, X-PDT did not decrease the microvessel density of melanoma significantly and only slowed
down the growth of melanoma temporary at the early stage of the treatment (p < 0.05).

e No obvious acute toxicity reaction was observed in the study.
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