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Abstract: Traditional cancer treatments contain several limitations such as incomplete ablation
and multidrug resistance. It is known that photodynamic therapy (PDT) is an effective treatment
for several tumor types especially melanoma cells. During the PDT process, protoporphyrin
IX (PpIX), an effective photosensitizer, can selectively kill cancer cells by activating a special
light source. When tumor cells encapsulate a photosensitizer, they can be easily excited into an
excited state by a light source. In this study, cold atmospheric plasma (CAP) was used as a novel
light source. Results of some studies have showed that cancer cells can be effectively killed by
using either a light source or an individual treatment due to the generation of reactive oxygen
species and electrons from a wide range of wavelengths, which suggest that CAP can act as a
potential light source for anticancer applications compared with UV light sources. Results of
the present in vitro study indicated for the first time that PpIX can be successfully loaded into
polymersomes. Most importantly, cell viability studies revealed that PpIX-loaded polymersomes
had a low toxicity to healthy fibroblasts (20% were killed) at a concentration of 400 pwg/mL,
but they showed a great potential to selectively kill melanoma cells (almost 50% were killed).
With the application of CAP posttreatment, melanoma cell viability significantly decreased
(80% were killed) compared to not using a light source (45% were killed) or using a UV light
source (65% were killed). In summary, these results indicated for the first time that PpIX-loaded
polymersomes together with CAP posttreatment could be a promising tool for skin cancer drug
delivery with selective toxicity toward melanoma cells sparing healthy fibroblasts.
Keywords: melanoma, polymersomes, protoporphyrin IX, cold atmospheric plasma, photo-
dynamic therapy

Introduction

Cancer is the most distressing and life-threatening disease of modern times that
continues to cause severe death worldwide.! The most common treatment for cancer
is chemotherapy, which is usually accompanied by a number of significant drawbacks,
such as undesirable toxic effects to normal tissue, nonspecified distribution of anticancer
drugs, and multidrug resistance.? For example, chemotherapy kills drug-sensitive cells,
but leaves behind a higher proportion of drug-resistant cells. Among the many kinds
of cancers, malignant melanoma is known to be one of the most difficult metastatic
cancers to cure.? This is because melanoma is generally less sensitive to cytotoxic
chemotherapeutic agents and radiation than other types of tumors.® In other words,
melanoma is strongly resistant to traditional chemotherapy and radiation therapy.
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One of the most promising skin cancer treatments is
photodynamic therapy (PDT), which is a relatively new
therapeutic method that combines the administration of a
photosensitizer, and subsequent targeted irradiation with
visible light to generate an oxygen-dependent destruction
of the diseased tissue.* However, skin cancer also shows
resistance to this new therapeutic tool. One of the melanoma-
resistant mechanisms to PDT is low encapsulation of nano-
particles (used as photosensitizers) and an accompanied
low uptake ratio in cells, which leads to a reduction in accu-
mulation of the intracellular photosensitizers. This reduced
uptake of photosensitizers clearly reduces the effect of PDT
on killing melanoma cells.

To improve on the ability of PDT to kill melanoma cells,
in this study, protoporphyrin IX (PpIX) was encapsulated into
polymersome nanoparticles. PpIX is a naturally occurring
porphyrin constituent of hemoglobin, cytochrome C, and
other biologically relevant molecules.” PpIX can absorb
wavelengths around 400 nm, and then the photo-excited
photosensitizer molecules trigger the formation of singlet
oxygen molecules which subsequently lead to cancer cell
death. Furthermore, the degradation rate of PpIX in cancer
cells is different from normal cells. PpIX metabolism in all
types of healthy cells is based on the bypass of negative
feedback controls in the heme biosynthetic pathway.¢ In this
way, PpIX in normal healthy cells is usually maintained
at a constant level and quickly degrades if it exceeds the
equilibrium level. However, this feedback mechanism does
not work well in cancer cells where PpIX degrades at a
slow rate resulting in accumulation to very high concentra-
tions leading to cancer cell toxicity due to a lack of enough
ferrochelatase in cancer cells. Ferrochelatase is one of the
enzymes involved in converting PpIX into heme, and thus,
plays an important role after PpIX is endocytosed by cells.
Ferrochelatase remains at a low activity level in cancer cells
and results in a limited availability of iron that partially con-
tributes to the high concentration of PpIX in these abnormal
cells.”® According to previous research, PpIX can be totally
degraded within 2—4 hours in normal cells, while it will last
12-24 hours in cancer cells.” However, while promising, it
is difficult to deliver hydrophobic PpIX to cancer cells, since
aggregation in water is a large barrier for its efficacy.

Polymersomes can be used as a novel carrier for PpIX
since they are synthesized from amphiphilic-block copo-
lymers. They have advantages over other drug delivery
vesicles, such as liposomes, due to enhanced stability and
longer circulation times, and most importantly, they have an
ability to carry both hydrophilic and hydrophobic drug mol-
ecules.’” Because they have higher molecular weights than

single polymers, the bilayer membranes of polymersomes are
generally thicker and stronger, resulting in greater stability
than conventional drug delivery vesicles, such as liposomes
and micelles.

Another barrier to the use of PDT to fight cancer is the
light source. Traditional light sources such as lasers and
X-rays damage both tumors and their surrounding healthy
cells. In this study, cold atmospheric plasma (CAP) was
used in combination with the above polymersomes as a light
source. CAP is an ionized gas where the ion temperature is
close to room temperature. It contains electrons, charged
particles, radicals, various excited molecules, UV photons,
and transient electrical fields.!" These various composi-
tional elements have the potential to either enhance and
promote cellular activity or disrupt and destroy cells based
on different cellular structures and different cell resistance
to this treatment. For example, a combined treatment may
easily improve cancer cell permeability since cancer cell
membranes are more vulnerable than healthy cells resulting
in a greater uptake of nanoparticles. Based on this unique
property, CAP could offer a minimally invasive surgical
approach allowing for specific cancer cell or tumor tissue
removal without influencing healthy cells.!? In addition, CAP
spectra cover the range of 250-800 nm, where especially at
400 nm, CAP has a very strong peak and can induce PpIX
release inside cells.!?

Therefore, the objective of this in vitro study was for the
first time to design a new nano-carrier (PpIX embedded in
polymersomes) and use it in combination with a new light
source (CAP) to selectively kill melanoma cells. In this study,
two different light sources (CAP and UV light) were com-
pared to highlight the efficiency of CAP posttreatment.

Materials and methods

Materials

PpIX and dialysis bags (molecular weight: 10,000 Da)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Monomethoxy poly (ethylene glycol)-b-poly(D,L-lactide)
(mPEG-PDLLA) copolymers were purchased from Poly-
scitech (West Lafayette, IN, USA). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and all other
reagents were obtained from Sigma at reagent grade or higher
and were used without further purification in the studies.

Polymersome synthesis and physical
characterization

Nanoparticle synthesis

PpIX was encapsulated inside polymersomes by self-
assembly." First, 10 mg of the mPEG-PDLLA copolymer
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(Polyscitech) was added to 1 mL of tetrahydrofuran (THF;
Sigma-Aldrich), which was ultrasonicated until the copolymer
was completely dissolved. Then, PpIX was added to the
mixture and again ultrasonicated until the drugs/polymers
were dissolved in THF. This organic drug/polymer solution
was then injected through a syringe atomizer (MAD300;
LMA, San Diego, CA, USA) into a phosphate-buffered saline
(PBS) solution (Sigma-Aldrich) in a 15 mL glass round-
bottom tube with stirring. Finally, the entire polymersome
solution was transferred to a 50 kDa dialysis tube (Spectra/
Por Float-A-Lyzer G2; Spectrum Labs, Rancho Dominguez,
CA, USA) and was allowed to dialyze against pure PBS for
48 hours, with two buffer changes, to remove all traces of
the organic solvent and unencapsulated drug.

Physical characterization of polymersomes

Particle size was determined using dynamic light scattering
(DLS) (Wyatt, Santa Barbara, CA, USA). Size measure-
ments were performed in triplicate followed by diluting
the polymersome suspension 10 times in distilled water at
25°C. Zeta potential was measured in the same instrument at
25°C using the above protocol. All the measurements were
performed in triplicate.

Polymersomes were fixed to sample stubs with double-
sided carbon tape and sputter coated with platinum for view-
ing by a scanning electron microscope (XL30 ESEM; FEI
Company, Hillsboro, OR, USA). The internal structure of
the polymersomes was determined by transmission electron
microscopy (TEM) measurements, for which a drop of a
diluted solution of the polymersomes loaded with and without
PpIX was placed in carbon-coated copper transmission elec-
tron microscope grids (150 mesh; Ted Pella Inc., Redding,
CA, USA), negatively stained with 1% uranyl acetate (w/v)
for 10 minutes, and was allowed to air-dry. The samples were
imaged using a Philips 201 transmission electron microscope
(FEI Company) at 120 kV.

Fourier transform infrared (FTIR) spectra (PerkinElmer,
Waltham, MA, USA) were taken in order to investigate
the possible chemical interactions between the PpIX and
the polymers. Blank polymersomes, free PpIX, and PpIX-
loaded polymersomes were measured by applying a pressure
of 300 kg/cm?. FTIR spectra of the above samples were
obtained by averaging 32 interferograms with a resolu-
tion of 4 cm™ and 100 scans per sample in the range of
1,000-4,000 cm™. X-ray diffraction (XRD) (Bruker 9XS;
G8ADVANCE) analysis was completed to determine the
crystallographic structure of the PpIX-loaded polymersome
formulations. The patterns of free PpIX, blank polymer-
somes, and PpIX-loaded polymersomes were obtained using

an X-ray diffractometer. The measurements were performed
at a voltage of 40 kV and 25 mA. The scanned angle was set
from 3°=260=40°, and the scan rate was 2 minute™'.

Analysis of photophysical properties of PplX loaded
in polymersomes and free PplX

Encapsulation and binding of PpIX between the hydro-
philic layers during polymersome formulation was further
examined by spectroscopic analysis. The absorbance and
fluorescence spectra were measured for both free PpIX
(dissolved in PBS) and PpIX loaded in polymersomes (PpIX
was dissolved in a THF solution) for different concentra-
tions (Particle Size Analyzer 90 Plus; Brookhaven Instru-
ments Company, Holtsville, NY, USA). Since the ratio of
the drug to the polymer was 1-5 when polymersomes were
made, the same PpIX concentration should hold for the free
PpIX and PpIX-loaded polymersomes. Therefore, the con-
centrations of free PpIX measured were 50, 25, 12.5, 6.25,
and 3.125 pg/mL, while the corresponding concentrations
of PpIX-loaded polymersomes were 250, 125, 62.5, 31.25,
and 15.625 pg/mL. Aqueous free PpIX solutions and PpIX-
loaded polymersome suspensions were vortexed followed by
sonication for 1 minute to obtain a well-dispersed solution
for spectroscopic studies. Fluorescence emission spectra
of different concentrations of free PpIX and PpIX-loaded
polymersomes were recorded from 500 to 700 nm with an
excitation wavelength of 405 nm (PerkinElmer).

Cell studies

Cell culture

The cells used in the present study were purchased through
a commercial vendor (American Type Culture Collection,
ATCC, Manassas, VA, USA). Malignant melanoma cells
A375 (ATCC CRL-1619) were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Human healthy dermal fibroblast cells (ATCC PCS-201-012)
were maintained in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin. All cells were incubated
in a standard incubator at 5% CO, at 37°C. Both cells were
used at population numbers less than 3.

Cytotoxicity

For cell viability studies, melanoma A375 cells and human
dermal fibroblasts were separately seeded on a 96-well plate
at a density of 30,000 cells/cm?®. MTT assays were used to
evaluate the cytotoxicity of the prepared polymersomes, as
this is a colorimetric test based on the selective ability of
viable cells to reduce the tetrazolium component of MTT into
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purple-colored formazan crystals. Five different concentra-
tions of PpIX-loaded polymersomes (0, 50, 100, 300, and
500 pg/mL) were prepared by dilution with cell media. Since
the ratio of drug to the polymer was 1-5, the corresponding
concentrations of free PpIX and blank polymersomes were
also prepared. For free PpIX, the concentrations were 10, 20,
60, and 100 pg/mL, while blank polymersome concentra-
tions were 40, 80, 240, and 400 pg/mL. The media for the
melanoma cells and fibroblasts were used as controls. Since
PpIX fluoresces, polymersomes were suspended in cell cul-
ture medium alone and were used as a negative control. After
being cultured for 24 hours, 3 days, and 5 days, the cells were
washed with a PBS buffer, and different concentrations of
PpIX-loaded polymersomes, free PpIX, and blank polymer-
somes (100 uL) were added and incubated for 4 hours. Fifteen
microliters of the MTT solution was added and further incu-
bated for 4 hours. About 100 uL of the solubilization solution
(10% Triton X-100, 0.1 N HCl, and isopropanol) was added
to each well and incubated at room temperature overnight
to dissolve the formazan crystals. The optical density of the
solution was measured at a wavelength of 570 nm using a
UV spectra reader (UV-1700 Pharma Spec). All samples were
analyzed in triplicate for each experiment.

Photodynamic therapies

Melanoma A375 cells were seeded into a 96-well plate at
a density of 5x10* cell/mL and were incubated overnight
at 37°C in a humidified 5% CO, atmosphere. After being
rinsed with PBS, the cells were incubated with 100 uL
of varying concentrations of PpIX-loaded polymersomes
for 24 hours under the same conditions. Then, cells with
medium were placed under the CAP effluent. CAP was
used in this study at a 3.7 kV output voltage. The distance
between the CAP nozzle and plate bottom was 20 mm dur-
ing all treatment conditions. All treatments were conducted
in a laminar flow hood at room temperature. Immediately
after incubation for 24 hours, the medium was discarded
and washed with PBS. After removing the PBS, 100 uL
of fresh medium with 15 UL of the MTT reagents was
added to each well. MTT results were measured by a UV
spectrophotometer. Samples were analyzed in triplicate
for each experiment.

Confocal laser microscopy

Melanoma cells were grown in sterile coverglasses until
60% confluent, and then were exposed to the polymersomes
as described above. After culture and PDT, cells were fixed

with a 4% formaldehyde solution. Fixed cells were visualized
using confocal laser microscopy. Confocal imaging was
performed with a near-infrared reflectance confocal laser
scanning microscope (CompuCyte Corporation, Westwood,
MA, USA) with laser excitation at 488 nm using a 60X oil
immersion objective.

Statistical analysis

The cellular experiments were run in triplicate and repeated
three times for each treatment group. Data are presented
as the mean value + standard error of the mean and were
analyzed with a Student’s #-test for pair-wise comparison.
Statistical significance was considered at P<<0.05.

Results

Physical properties of polymersomes
loaded with PplX

After free PpIX was encapsulated by the polymersomes, the
polymersomes had an average size of 100+8.6 nm as mea-
sured by DLS with a narrow monodispersed unimodal size
distribution pattern (Table 1). Empty polymersomes, that is,
polymersomes without PpIX, were 70+6.7 nm in diameter
(Table 1). The zeta potentials of the empty polymersomes
and PpIX-loaded polymersomes were —12+2 and —18+1 mV,
respectively (Table 1), which indicated a relatively stable
state in solution.

TEM confirmed that the resultant polymersomes were
spherical (Figure 1). The mean size distribution observed
using DLS measurements correlated to that observed with
TEM. Most of the polymersomes loaded with PpIX were
around 100 nm. SEM images showed that the morphology
and shape of the polymersomes were consistent with TEM
results (Figure 2). However, the diameter of the polymer-
somes under SEM was much larger than what was shown
using TEM and DLS results. This was expected due to the
change of morphology during SEM sample preparation.

Besides demonstrating a small size, results also showed
a higher zeta potential for the PpIX-loaded polymersomes at
around —20 mV. Such higher zeta potential values can help
repel polymersomes to guarantee long-term stability and

Table | Properties of PplX-loaded polymersomes

Type of Particle Zeta potential
polymersomes size (nm) (mV)
Blank 72,430 —12+2
PpIX loaded 96.7%15 —184

Abbreviation: PplX, protoporphyrin IX.
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Figure | Dynamic light scattering results of (A) polymersomes without PplX and (B) polymersomes with PpIX. Transmission electron microscopy of (a) empty polymersomes
as well as (b) polymersomes loaded with PpIX. Magnification: A, 30,000%; B, 30,000x; a, 75,000x; b, 100,000x.

Abbreviation: PplX, protoporphyrin IX.

avoid aggregation. Further, to confirm the presence of PpIX
in polymersomes, FTIR was used and showed strong peaks
at 2,360 and 668 cm™!, characteristic peaks of PpIX, which
were not found for the blank polymersomes (Figure 3).1
Similarly, XRD demonstrated a highly crystalline
structure of PpIX and the polymer. The same crystalline

structure was found for the blank polymersomes (Figure 4).
However, there were no characteristic peaks observed for
PpIX when entrapped in polymersomes. This absence of
detectable crystallinity of PpIX in polymersomes provides
evidence that PpIX was encapsulated by the polymersomes.
This is because if there was no PpIX, the curve would

Figure 2 Scanning electron microscopy of (A) empty polymersomes and (B) polymersomes loaded with PplX.

Abbreviation: PplX, protoporphyrin IX.
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Figure 3 Fourier transform infrared spectroscopy of blank polymersomes, polymer-
somes loaded with PplX, and free PpIX.
Abbreviation: PplX, protoporphyrin IX.

show peaks of the polymer, and only PpIX and the polymer
mixture would show no peak on XRD, similar to the results
shown. The XRD results were, thus, consistent with the
FTIR results.

Analysis of photophysical properties of
polymersomes loaded with PplX and
without PplX

To investigate the encapsulation of PpIX as well as binding
of PpIX between the hydrophilic layers of the polymer-
somes, the photophysical properties of PpIX were taken
into consideration. The results (Figure 5SA and B) showed
that both free PpIX in PBS and polymersomes loaded with
PpIX dissolved in THF showed the same absorbance peaks
and similar tendency. Free PpIX in PBS showed absor-
bance peaks at around 615 and 663 nm. The absorbance of
free PpIX in PBS was relatively low when compared with
free PpIX in the organic solvent. The same PpIX concentra-
tion with free PpIX and polymersome loaded with PpIX was
investigated. For example, 50 pg/mL of the free PpIX had

1,000+
9001 —— Blank polymersomes
8001 —— Free PpIX

Polymersomes loaded with PpIX

700+
600+
5004
400
300+
200 |

) SRR TV A

15 20 25 30 35 40 45 50 55 60
20 (deg)

Intensity (AU)

Figure 4 X-ray diffraction patterns of blank polymersomes, polymersomes loaded
with PplX, and free PpIX.
Abbreviation: PplX, protoporphyrin IX.

the same PpIX concentration as 250 pg/mL polymersomes
loaded with PpIX.

The results from the photophysical studies showed that
after PpIX was encapsulated by polymersomes, the inten-
sity distinctly increased compared to free PpIX in PBS.
For example, the intensity of 50 ug/mL free PpIX in PBS
was around 1.2x10°¢ absorbance, while the intensity of the
corresponding concentration of polymersomes loaded with
PpIXincreased to around 4.3x10°¢ absorbance. While observ-
ing the fluorescence spectra of PpIX (from 500 to 750 nm)
at an excitation wavelength of 435 nm, it was found that
the intensity of the free PpIX was not as obvious as that of
the polymersomes loaded with PpIX. In addition, polymer-
somes loaded with PpIX showed a sharp fluorescence peak
at 663 nm, a slight shift from 680 nm as was demonstrated
for the free PpIX in PBS. This slight shift could be due to
binding of PpIX between polymersome hydrophilic layers
during the nanoparticulate PpIX formulation.

In vitro cell viability study

The biological activity of PpIX-loaded polymersomes against
malignant melanoma A375 and human dermal fibroblast cells
was quantified using MTT cytotoxicity assays (Figures 6
and 7). The cytotoxicity of PpIX-loaded polymersomes was
compared with free PpIX and empty polymersomes. The
PpIX-loaded polymersomes were found to be more toxic
to melanoma A375 cells with polymersome concentrations
increasing from 50 to 500 pg/mL after 24 hours of cul-
ture. The dose of 500 pg/mL showed the highest toxicity
to melanoma cells — almost 55% of melanoma cells were
killed — whereas the dose of 300 pug/mL of polymersomes
loaded with PpIX killed nearly 45% of the population. Con-
sistent with previous reports, PpIX did show some toxicity
to normal tissue cells.'? The results showed that PpIX-loaded
polymersomes had no significant toxicity when using a low
dose of polymersomes. Specifically, polymersome concentra-
tions below 100 pg/mL were less toxic than at a concentra-
tion of 300 pwg/mL. Seventy-five percent of the population
of fibroblasts lived even at the dose of 300 pg/mL. However,
a dose of 500 pg/mL of polymersomes loaded with PpIX
killed nearly 40% of fibroblasts, which indicated a pretty
high cytotoxicity to fibroblasts.

In addition, empty polymersomes did not have a signifi-
cant influence on the growth or viability of cells in culture
for either melanoma cells or human dermal fibroblasts.

As expected, the treatment of melanoma cells with free
PpIX was less cytotoxic compared with loading free PpIX
into polymersomes. The results showed a similar tendency
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Figure 5 Results of photophysical property analysis of different concentrations of (A) free PplX and (B) PpIX encapsulated in polymersomes.

Abbreviation: PplX, protoporphyrin IX.

with all concentrations. However, results were different
when measuring the response of fibroblasts to free PpIX.
The results implied that free PpIX was more toxic to fibro-
blasts than PpIX-loaded polymersomes, which means that
the polymersomes were helpful in lowering the toxicity of
free PpIX. In addition, free PpIX had pretty high cytotox-
icity to fibroblasts when compared with that to melanoma
cells. Especially at a 500 pg/mL concentration of free PpIX,
the viable population of fibroblasts decreased to 45%. The
treatment with free PpIX was not found to be more potent
when administered simultaneously with polymersomes.
The results of cell viability at 1, 3, and 5 days showed that
PpIX-loaded polymersomes had a sustained anti-melanoma
cell effect (Figure 8A). After 3 and 5 days, PpIX-loaded
polymersomes could significantly decrease tumor cell
populations. A concentration of 100 pg/mL of PpIX-loaded
polymersomes killed more than 65% of tumor cells. By

{201 [ = BlankNPs = NPs loaded with PpIX = Free PpiX |
2 100-
S 80 -
>
= ok
5 o0 .
©
g 40
g
§ 20
(]
=
Control 50 100 300 500

Concentration (ug/mL)

Figure 6 Cell viability of malignant melanoma A375 cells at different concentrations
of blank nanoparticles, polymersomes loaded with PplX, and free PplX. Data are
mean + standard error of the mean; n=3. **P<<0.0] compared to respective free
PpIX. All values are different (P<<0.0l) from controls. For polymersomes loaded
with PplX, all values are different (P<<0.01) at different concentrations.
Abbreviations: NPs, nanoparticles; PplX, protoporphyrin IX.

contrast, more than 63% of fibroblasts were alive at the
same concentration and conditions (Figure 8B). In addition,
concentrations more than 100 pg/mL could not kill more
tumor cells than the 100 pg/mL concentration of PpIX-
loaded polymersomes. However, this study did show high
cytotoxicity to fibroblasts with a sustained treatment with
high concentrations (300 and 500 pug/mL). For example,
only 15% of fibroblasts were alive after treatment with
500 pug/mL PpIX-loaded polymersomes after 5 days, while
30% of melanoma cells were alive at the same condition,
which was unexpected.

The low toxicity of blank polymersomes seen in this
study implies that this carrier has a promising future for skin
cancer applications (Figure 9A and B). With time, it was
also observed that melanoma cells adapted more easily to
the drug carriers than fibroblasts which needs to be further
studied. The results observed for free PpIX-treated melanoma

-
N
o
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-
o
o

[e]
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~
o

N
o
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[2]
o
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Figure 7 Cell viability of human dermal fibroblasts at different concentrations
of blank nanoparticles, polymersomes loaded with PplX, and free PplX. Data are
mean * standard error of the mean; n=3. **P<<0.0| compared to respective free
PpIX. All values are different (P<<0.01) from controls. For polymersomes loaded
with PplX, all values are different (P<<0.01) at different concentrations, except
100 pg/mL compared to 300 ug/mL.

Abbreviations: NPs, nanoparticles; PplX, protoporphyrin IX.
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Figure 8 Day |, day 3, and day 5 cell viability of (A) melanoma cells and (B) human dermal fibroblasts with polymersomes loaded with PpIX. Data are mean + standard

error of the mean; n=3. *P<0.0| compared to control.
Abbreviation: PplX, protoporphyrin IX.

cells and fibroblasts after 1, 3, and 5 days showed that the
free PpIX had high toxicity to both cells (Figure 10). For
melanoma cells, cell viability decreased quickly after the
first day and then started to remain stable after 5 days when
concentrations were below 500 ug/mL. However, fibroblasts
were more sensitive to free PpIX than melanoma cells.
Furthermore, without nanoparticle protection, PpIX was
exposed directly to fibroblasts. This direct interaction of
fibroblasts with PpIX may have presented serious damage
to fibroblasts as PpIX could not be easily degraded by the
cells. For instance, only 13% of fibroblasts were alive after
5 days of treatment.

For combined therapy, a synergistic effect can be found
after posttreatment with CAP and UV light. Without nano-
particles, CAP posttreatment can significantly reduce tumor
cells viability when compared with UV posttreatment. CAP
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killed about 35% of tumor cells, while less than 10% of tumor
cells were killed under UV light treatment (Figure 11). After
the combined therapy with polymersomes, CAP treatment
did not have much of an antitumor effect at low concentra-
tions (below 100 pg/mL), but decreased tumor cell viability
significantly at higher concentrations (higher than 300 g/
mL). Almost 30% of tumor cells treated with CAP at a
concentration of 50 pg/mL were killed, which is the same
result observed with UV treatment. However, when the
concentration increased to 500 pg/mL, more than 70% of
melanoma cells were killed by CAP, while less than 60%
of cells were eliminated under UV light exposure. Confocal
laser microscopy images showed that many more polymer-
somes were attached to cell membranes or encapsulated by
melanoma cells after CAP treatment, which is consistent
with cell viability results (Figure 12). A previous study
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Figure 9 Day |, day 3, and day 5 cell viability of (A) melanoma cells and (B) human dermal fibroblasts with control blank polymersomes. Data are mean + standard error of

the mean; n=3. **P<<0.0| compared to controls at the same time period.
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Figure 10 Day |, day 3, and day 5 cell viability of (A) melanoma cells and (B) human dermal fibroblasts with free PpIX. Data are mean =+ standard error of the mean; n=3.

**P<0.01 compared to respective free PpIX at the same time period.
Abbreviation: PplX, protoporphyrin IX.

demonstrated that CAP treatment could create small pores
on the cell membrane,'* and in this way, encapsulation of
nanoparticles by cells would increase with CAP treatment.
This is a possible reason that CAP posttreatment is much
better than UV exposure.

Discussion

In this study, PpIX was successfully encapsulated by
polymersomes. After successful formulation, the physico-
chemical characterization of the drug delivery system was
taken into consideration as it influences physical stability,
cellular viability, and biodistribution.'*"'” In this regard, the
size distribution and surface charge of polymersomes were
investigated. It is well known that small sizes of nanoparticles
have advantages for passive targeting to tumor cells via the
enhanced permeability and retention effect, as well as zeta
potential, to have an influence on polymersome suspension

100+ = PplX = CAP_PpIX = UV_PpIX

60+

N
o
:

N
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Melanoma cell viability (%)

0 p
Control

CAP, 50 100 300 500
UV only
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Figure |1 Melanoma cell viability of PpIX-loaded polymersomes with CAP and UV
light posttreatment. **P<0.0l compared to control.
Abbreviations: CAP, cold atmospheric plasma; PplX, protoporphyrin IX.

stability and cellular uptake.'®!” Therefore, PpIX-loaded
polymersomes were anticipated to be of smaller diameter
and higher surface charge, which could enhance circula-
tion time as well as evade the reticuloendothelial system.!
As mentioned by previous researchers, the zeta potential
of polymersomes is an indicator of particle attachment to
surfaces.?’ Polymersome assembly was ideal at a less negative
zeta potential, since at a more negative zeta potential, the
polymersome-to-polymersome repellent forces are higher,
thus preventing a tight packing of polymersomes.?' In our
case, the zeta potential increased after loading with PpIX,
thus achieving excellent negatively charged stable polymer-
somes. Furthermore, the FTIR and XRD analysis clearly
demonstrated the chemical integrity of PpIX and its interac-
tion with the polymersomes. The photophysical properties of
PpIX-loaded polymersomes overcame PpIX aggregation in
PBS. The results of photophysical property analysis further
confirmed that PpIX can be encapsulated by polymersomes
and locate between bilayers.

Most importantly, there was no toxicity induced by the
polymersomes alone as observed in the cell viability study.
MTT results demonstrated a comparatively better uptake of
polymersomes loaded with PpIX over free PpIX in melanoma
cells. In fact, a 500 pg/mL concentration of polymersomes
loaded with PpIX killed 56% of melanoma cells, while
the corresponding concentration of PpIX killed 25% of
melanoma cells. This is due to the aforementioned fact that
polymersomes can protect PpIX from decomposition by
melanoma cells. However, free PpIX showed more toxicity
to human dermal fibroblasts when compared to PpIX-loaded
polymersomes. As MTT results showed, 500 pg/mL of the
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Figure 12 Confocal laser microscopy images of melanoma cells that underwent (A) non-CAP posttreatment with PplX-loaded polymersomes and (B) CAP posttreatment

with PplX-loaded polymersomes. Scale bar: 25 pum.
Abbreviations: CAP, cold atmospheric plasma; PplX, protoporphyrin IX.

free PpIX killed 55% of the fibroblasts, while PpIX-loaded
polymersomes only killed 40%; the opposite trend was
observed with melanoma cells. Reasons for this may be
due to the fact that polymersomes can protect PpIX from
decomposition by fibroblasts.

It is well known that PDT is a noninvasive therapeutic
method that is effective against tumors using light and a
photosensitizer. When photosensitizers in cells are exposed
to specific wavelengths, they are transformed from a singlet
state to an excited singlet state. The energy transferred from
the low state to the high state generates reactive oxygen spe-
cies (ROS). During this process, ROS causes cellular dam-
age that will lead to tumor cell death through either necrosis
or apoptosis.?? Apparently, when CAP or UV is applied to
posttreated tumor cells, ROS generated by an intracellular
photosensitizer state transforms. This is the reason why the
antitumor efficiency improved after applying CAP or UV
light posttreatment. However, different compositions of CAP
and UV light result in different cell responses. UV has a sim-
ple composition, while CAP contains ROS, reactive nitrogen
species, UV, electrons, and other kinds of charged particles.'
Those unique components enable CAP to kill tumor cells in
different ways, one of which is ROS generated by CAP which
can create oxidized stress leading to DNA damage to cells.
As a PDT light source, CAP induces photosensitizer activa-
tion, which also generates ROS inside the cells. Meanwhile,
CAP treatment promotes cell encapsulation of nanoparticles
by creating small pores in cell membranes, which is another
reason for this synergistic effect. What is more, this combined
therapy actually has a synergistic effect to kill tumor cells
without showing fatal damage to healthy cells.

Conclusion
This study investigated polymersomes loaded with PpIX
as a novel drug delivery system in PDT using CAP as a

light source for potentially treating skin cancer. PpIX was
successfully encapsulated in polymersomes maintaining a
100 nm diameter and a high zeta potential and was incor-
porated into the bilayer of the polymersomes. An in vitro
study of melanoma cells and fibroblasts provided the first
evidence that CAP can be used as an effective light source
for antitumor PDT applications. PDT with CAP treatment
showed a significant decrease in tumor viability, especially
at high nanoparticle concentrations (300—500 pg/mL), when
compared with UV posttreatment. This combined treatment
could be a promising tool for skin cancer drug delivery
without bringing fatal damage to healthy cells. All of these
results indicated that PpIX-loaded polymersomes with CAP
posttreatment can be effectively used in PDT for antitumor
applications.
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