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Introduction: The depth limitation of conventional photodynamic therapy (PDT) with visible
electromagnetic radiation represents a challenge for the treatment of deep-seated tumors.
Materials and methods: To overcome this issue, we developed an X-ray-induced PDT
system where poly(lactide-co-glycolide) (PLGA) polymeric nanoparticles (NPs) incorporating
a photosensitizer (PS), verteporfin (VP), were triggered by 6 MeV X-ray radiation to generate
cytotoxic singlet oxygen. The X-ray radiation used in this study allows this system to break-
through the PDT depth barrier due to excellent penetration of 6 MeV X-ray radiation through
biological tissue. In addition, the conjugation of our NPs with folic acid moieties enables
specific targeting of HCT116 cancer cells that overexpress the folate receptors. We carried
out physiochemical characterization of PLGA NPs, such as size distribution, zeta potential,
morphology and in vitro release of VP. Cellular uptake activity and cell-killing effect of these
NPs were also evaluated.

Results and discussion: Our results indicate that our nanoconstructs triggered by 6 MeV
X-ray radiation yield enhanced PDT efficacy compared with the radiation alone. We attributed
the X-ray-induced singlet oxygen generation from the PS, VP, to photoexcitation by Cherenkov
radiation and/or reactive oxygen species generation facilitated by energetic secondary electrons
produced in the tissue.

Conclusion: The cytotoxic effect caused by VP offers the possibility of enhancing the radiation
therapy commonly prescribed for the treatment of cancer by simultaneous PDT.

Keywords: PLGA nanoparticles, verteporfin, singlet oxygen generation, photodynamic therapy,
X-ray PDT, folic acid targeting

Introduction

Photodynamic therapy (PDT), a minimally invasive therapeutic modality, primarily used
to treat cancer, continues to attract research interest."> PDT uses two entities, a photo-
sensitizer (PS) drug and electromagnetic radiation of appropriate visible wavelength,
to generate cytotoxic reactive oxygen species (ROS) such as singlet oxygen ('O,) to
destroy cancer cells.* The limited light penetration used in the established PDT with
visible radiation allows treating only a limited range of superficial cancers such as skin
cancers.>® Selecting PSs with absorption in a longer wavelength range of ~700 nm where
tissue extinction is at its minimum (eg, Tookad®; Steba Biotech SA, Luxembourg) has
been the main strategy used so far to enhance the penetration depth light used in PDT
(up to 10 mm).*” However, the extinction coefficient in the tissue at ~700 nm and poor
water solubility and low biocompatibility of these longer wavelength PSs limit their
therapeutic efficacy as PDT agents.®® In addition, poor selectivity of PSs to tumors results
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in undesired toxicity to healthy tissues, affecting therapeutic
performance.'® Currently, the PDT for tumors located deeper
in the tissue (more than 10 mm from the skin surface) is only
possible with the aid of invasive delivery of light into tissue
by inserted optical fibers.!! To overcome these challenges,
nanoparticle (NP)-formulated PS delivery systems have been
developed, including those molecularly targeted to cancer-
specific cell membrane proteins.'?'* In addition to carrying the
PS cargo, some of these NPs may act as energy transducers for
electromagnetic radiations and generate visible light to stimu-
late the PS molecules and enable ROS generation.>!>1?
poly(D,L-lactide-co-glycolic acid) (PLGA) polymer
is widely used in biomedical applications including drug
delivery, bioimaging and diagnostics, cancer therapeu-
tics and tissue engineering.?’ Biodegradability of PLGA
is facilitated by the hydrolysis of its ester linkages in the
presence of water, producing glycolic acid and lactic acid.
These monomers undergo various metabolic processes in
the human body under normal physiological conditions;?!
owing to this property, PLGA has been clinically approved
by the US Food and Drug Administration (FDA). PLGA
can easily be formulated as a nanomaterial.”? The surface
of PLGA NPs can be modified with various molecules such
as polyethylene glycol (PEG) and chitosan.?*** These NPs
can passively accumulate in cancer tissue by virtue of the
enhanced permeability and retention (EPR) effect.>” To
enhance the efficiency of its cellular uptake, PLGA can be
further functionalized and conjugated with molecularly tar-
geting ligands for targeted drug or gene delivery.?3! Among
these targeting moieties, folic acid (FA) is an excellent choice
because folate receptors (FRs) are overexpressed in most
cancer cells, while they are almost absent in healthy tissues.
The FR-mediated endocytosis has been reported in many
human cancer cell lines.’?* Therefore, cellular internaliza-
tion of PS-bearing nanoparticles (NPs) conjugated with FA
can be significantly enhanced in cancer cells, compared with
healthy cells, leading to cancer-selective delivery of PS.
In addition, deeply penetrating X-ray radiation, which is
accompanied by in situ generated Cherenkov radiation and
a cascade of energetic secondary electrons, was recently
investigated by our group in the context of PS activation in
deep tissues. " In these studies, scintillating NPs were used
as energy transducers providing scintillation photons for the
PS molecules. Alternatively, the NPs themselves have also
been used as PS.*¥4° However, both these approaches used
specialized inorganic materials, and the ensuing cytotoxicity
of'the NP when delivered in clinically meaningful doses rep-
resented a potential limitation for future clinical utilization
of this approach.*' In contrast, in this study, we exclusively

used chemical agents (PLGA and verteporfin [VP]) that are
already clinically approved.

This study explores the therapeutic effect of a PLGA-
encapsulated PS, VP, in combination with externally applied
6 MeV X-ray radiation as well as 690 nm light illumina-
tion. VP is a clinically approved PS for the treatment of
macular degeneration with a strong absorption band near
ultraviolet (UV)-blue region and a second weak band around
700 nm.*>* The PLGA NPs with VP molecules encapsulated
within PLGA-VP are conjugated with FA. The FA conjugate
(FA-PLGA-VP) has high affinity for the FRs that are pres-
ent on the surfaces of most human tumor cells.** These
FA-conjugated PLGA NPs were activated by both 6 MeV
X-ray radiation and, for comparison, by 690 nm light irra-
diation usually used to stimulate VP. Light of a wavelength
at 690 nm can directly excite the VP molecules to produce
singlet oxygen, whereas 6 MeV X-ray radiation excites the
VP molecule either by the induced CR in the biological
media or due to the interaction of electrons with VP or both.*
Singlet oxygen generated during PDT was monitored using
singlet oxygen sensor green (SOSG), a chemical probe spe-
cifically designed for detecting 'O,.*** Cytotoxicity of the
FA-PLGA-VP nanoconjugates exposed to X-ray radiation
or light illumination was investigated in a colorectal cancer
cell line, HCT116. Scheme 1 illustrates the formation of
FA-PLGA-VP conjugates and their interaction with cells in
targeted PDT of cancer.

Materials and methods

Materials

PLGA (50:50; molecular weight [MW]: 30,000—60,000;
product no: P2191), poly(vinyl alcohol) (PVA; MW:
31,000-50,000; product no: 363138), dichloromethane
(DCM; product no: 270997), VP (product no: SML 0534), FA
(product no: F7876), 1-(3-(dimethylamino)-propyl)-3-ethyl
carbodiimide hydrochloride (EDC; product no: 165344),
N-hydroxysulfosuccinimide (NHS; product no: 130672),
methanol (product no: 322415) and dimethyl sulfoxide
(DMSO; product no: D2650) were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). SOSG probe (product
no: S-36002) and Live/Dead Cell Viability Kit (product no:
L3224A) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Dulbecco’s Modified Eagle’s Medium
(DMEM; product no: 11965092), fetal bovine serum (FBS;
product no: 26140079), trypsin (product no: 12604-021),
Hoechst 33345 (product no: H3570), Dulbecco’s phosphate-
buffered saline (DPBS; product no: 14190250), phosphate-
buffered saline (PBS; product no: 10010023), opti-Minimal
Essential Medium (MEM; reduced serum medium; product
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Notes: (A) Synthesis of FA-PLGA-VP conjugates. (B) FA-PLGA-VP targeting and interacting with cancer cells following X-ray radiation exposure. (i) Specific binding to
FRs overexpressed in cancer cells and cellular internalization. (i) Cellular uptake of the conjugates via the FR-mediated endocytosis pathway. (iii) Endosomal escape and
accumulation around the mitochondria of NPs as well as 'O,-induced cell killing with X-ray-triggered PDT.

Abbreviations: FA, folic acid; FR, folate receptor; NPs, nanoparticles; PDT, photodynamic therapy; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

no: 31985062) and MitoTracker® Green FM (product no:
M7514) were purchased from Thermo Fisher Scientific.
McCoy’s 5A medium (product no: ATCC® 30-2007™)
and Eagle’s Minimum Essential Medium (EMEM; ATCC®
30-2003™) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA).

A human colorectal cancer cell line, HCT116 (product
no: ATCC® CCL-247™)_ and a normal colorectal cell line,
CCD 841 CoN (product no: ATCC® CRL-1790™) were
purchased from the ATCC.

Methods

Preparation of PLGA NPs incorporating VP
(PLGA-VP) and modification with FA (FA-PLGA-VP
nanoconstruct)

In this study, we synthesized PLGA and PLGA-VP NPs by
using a solvent evaporation single emulsion method with

slight modifications.*-*° Briefly, 2.5 mL of PLGA solu-
tion mixed with different amounts of VP stock solution
(0 uL, 50 pL, 100 pL, 200 puL and 400 puL) was added to
30 mL of 5% (w/v) PVA. The mixture was sonicated for
1.5 min at 200 W output using a microtip probe sonicator
(Branson Digital Sonifier, S-250D; Emerson Industrial
Automation, Danbury, CT, USA) followed by evaporation of
DCM at room temperature under moderate magnetic stirring.
The solution was purified by centrifugation (7,500 rpm for
10 min) and washed with water twice. The stock solution of
the samples was prepared by suspension of NPs in 12 mL of
water. The final concentration of VP in each sample (pure
PLGA and PLGA-VP NPs; samples 1-5) was 0 uM, 4.5 uM,
15.9 uM, 26.4 uM and 39.6 UM, respectively.

The conjugation of FA with PLGA-VP NPs was con-
ducted based on a previously reported protocol with slight
modifications.’! One milliliter of PLGA-VP stock solution
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was centrifuged and washed with PBS three times and
redispersed in 1 mL of PBS. Twelve milligrams of NHS
and 20 mg of EDC were added to the solution, and it was
vortexed in an orbital shaker for 1 h at 200 rpm. One hundred
microliters of PBS containing FA (50 uM) was subsequently
added to the mixture followed by shaking in an orbital shaker
(200 rpm) for another 18 h. The final product was washed
with water twice and resuspended into 1 mL of water to make
the stock solution.

Characterization of the conjugates

The size and the surface charge of different PLGA NPs were
measured using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The absorption spectra of the pure PLGA and
PLGA-VP samples were measured in Cary UV-VIS-NIR
absorption spectrophotometer (Agilent, Santa Clara, CA, USA)
by using a pair of 1 cm path length clean quartz cuvette. The
fluorescence measurements were carried out using Cary Eclipse
Spectrophotometer (Varian, Inc.) with xenon lamp excitation
at room temperature. The as-prepared samples were diluted
three times for carrying out the abovementioned measurements.
The shape of the PLGA NPs was confirmed by carrying out
transmission electron microscopy (TEM) imaging using the
Philips CM10 system (Philips Electron Optics, Eindhoven, The
Netherlands). The samples were negatively stained with uranyl
acetate to enhance PLGA contrast in TEM. The conjugation of
FA with PLGA-VP was confirmed by both absorption spectros-
copy and Fourier transform infrared (FTIR) spectroscopy.

In vitro VP release from PLGA NPs

Five hundred microliters of PLGA-VP NPs (sample 3,
with a VP concentration of 15.9 uM) was centrifuged and
redispersed in PBS with and without 10% FBS to mimic the
physiological conditions. The solution was placed in a Lyzer
tube (Midi Pur-A-Lyzer 6000 Dialysis Kit), and this tube was
placed in a 50 mL tube with 15 mL of PBS in it followed by
incubation at 37°C for different time intervals. An aliquot of
PBS was taken for the fluorescence characterization of the
released VP at different time points. The percentage of VP
release from PLGA-VP NPs was calculated as follows:

VP)

%VP release = (VT‘ X

c

100

In this study, (VP) and (VP,) represent the peak fluo-
rescence emission intensities of VP in PBS and in control
sample, respectively. The control sample was prepared by

the dispersion of the PLGA-VP NPs in 15 mL of PBS and
200 uL of DMSO. The DMSO was added to dissolve the
PLGA NPs.

Singlet oxygen detection using SOSG probe

Two different sources of electromagnetic radiation were used
for singlet oxygen generation. We used a 690 nm red light-
emitting diode (LED), at the power density of 15 mW c¢cm™
on the samples, for different exposure times. We also used a
linear accelerator (LINAC; Elekta AB, Stockholm, Sweden)
with an X-ray photon energy of 6 MeV generating various
doses of X-ray radiation. The SOSG probe was used to detect
the singlet oxygen generated in the samples. To this aim,
16 uL of SOSG (4 uM) was added to 2 mL of diluted samples
(10 times dilution from the stock solution). The emission
intensity from SOSG at 525 nm was measured after excita-
tion at 488 nm wavelength. The increase in the fluorescence
intensity is an indication of singlet oxygen generation.

Cell culture

McCoy’s 5SA medium was used to culture the HCT116 cells.
EMEM supplemented with 10% FBS and 1% antibiotic—
antimycotic was used as the culture medium of the CCD 841
CoN cells. The cells were grown at 37°C with 5% CO, in the
cell incubator. When cells reached about 90% confluency,
they were detached with trypsin and transferred into Petri
dishes or well plates for different experimental purposes.

Cellular uptake of PLGA-FA-VP

To perform confocal microscopy cell experiments, HCT116
cells (5 x 10*/well) were seeded in 24-well plates with glass
coverslips with 12 mm diameter placed in each well. When
the cells reached 60% confluency, the previous medium
was removed, and the reduced serum medium (opti-
MEM) solution containing PLGA NPs was added to cells,
while the same medium without additions was applied to
the control groups. After 0.5, 1 and 3 h of incubation, the
medium was removed and coverslips were washed twice
with DPBS solution (pH 7.4). Then, cells were fixed with
2% paraformaldehyde (10 min, 37°C), washed twice with
DPBS solution (pH 7.4), stained with MitoTracker® Green
FM for 15 min at 37°C (50 nM) and stained with Hoechst
33345 for 15 min at 37°C (5 ug mL™"). After all staining
procedures, each coverslip was rinsed by DPBS solution
(pH 7.4) three times and transferred onto a glass slide with
a drop of fluoromount mounting medium (Sigma-Aldrich
Co.). The glass slides were then sealed and imaged using
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a Leica SP2 confocal laser scanning microscopy system
(Leica Microsystems, Wetzlar, Germany). The excitation
wavelength of 405 nm was used for the excitation of VP
loaded inside PLGA NPs, and their fluorescence emission
was measured at 690 nm. The following imaging conditions
were used: excitation 514 nm, emission of 590 nm for the
labeled lysosomes and excitation 488 nm and emission
516 nm for the mitochondria.

FA receptor-mediated endocytosis uptake

For the observation of the FA receptor-mediated endocytosis
uptake of FA-PLGA-VP, the HCT116 cells were incubated
with NP matrix (10 times dilution in culture medium) for
0.5h, 1 h,and 3 h at 37°C. To study the competitive effect
of free FA on the endocytosis of NPs, the HCT116 cells were
first incubated with the opti-MEM medium containing free
FA (50 ug/mL) for blocking the FRs of the cells, followed by
incubation with opti-MEM medium containing same amount
of FA-PLGA-VP at 37°C. The cells without FA incubation
served as the control group. After cell incubations with dif-
ferent treatments, cells were prepared in glass slides laser
scanning confocal microscope imaging. Both the emissions
from VP molecules in the conjugate and Hoechst 33342 were
imaged by exciting at 405 nm.

Cell viability and in vitro PDT assays

To evaluate the toxicity of two external radiation sources
(visible light and X-rays) on HCT116 and CCD 841 CoN
cells, the MTS assays were carried out. Cells (1 x 10%/well)
were seeded into 96-well plates and cultured for 24 h at
37°C. When the cells reached 70% confluency, they were
exposed to X-ray radiation at different doses followed by
another 24 h. The toxicity was assessed using the Cell
Viability Assay Kit, MTS (Promega Corporation, Fitchburg,
WI, USA) according to its protocol.

In X-ray PDT assays, HCT116 cells were divided
into four groups: control cells without any treatment,
cells incubated with PLGA NPs, cells incubated with
PLGA-VP NPs and cells incubated with FA-PLGA-VP.
Cells (1 x 104 cells/well) were seeded into 96-well plates
and cultured for 24 h at 37°C. When the cells reached
70% confluency, the old medium was removed, and then
opti-MEM solutions containing different NP samples were
added. After 4 h of incubation, the old medium was removed
and fresh serum-containing medium was added. For X-ray
radiation PDT experiments, the cells incubated with differ-
ent NP samples were, respectively, exposed to 6 MeV X-ray
radiation with different doses. After treatments, cells were

further incubated for another 24 h. The cellular cytotoxicity
of PDT was then assessed by the MTS assay (Promega
Corporation) according to its protocol.

To confirm whether PLGA-VP NP-based PDT can be
triggered with 690 nm (deep red) illumination, cytotoxicity
of NPs on HCT116 cells was evaluated by using a Live/
Dead Cell Viability Kit (product no: L3224A; Thermo Fisher
Scientific). In brief, HCT116 cells (3 x 105) were seeded in
glass bottom confocal dishes with 35 mm diameter and cul-
tured with 1 mL McCoy’s SA medium. When cells grew to
about 70% confluency, the dishes were divided into groups to
undergo different treatments. Cells alone is considered as the
control group. The other three groups are cells treated with
light alone, cells treated with FA-PLGA-VP alone and cells
treated with FA-PLGA-VP and light. After all treatments,
the Live/Dead Cell Viability Kit was applied to all groups
as per its manufacturer’s instructions. Red fluorescent signal
(excitation [Ex]/emission [Em] 528/617 nm) from dead cells
and green signal (Ex/Em 494/517 nm) from live cells were
imaged using a laser scanning confocal microscope (Leica
SPM2).

Statistical analyses

All quantitative data are shown as mean + SD, n = 3. All
data analyses and plotting were performed using and plotting
were performed using Origin 8.5 software.

Results and discussion
Characterization of PLGA-VP

nanoconstructs
We have first verified the loading capability of PLGA
NPs with different concentrations of VP. This variable
loading is qualitatively indicated by varying sample color
(Figure 1A). The absorption spectra of PLGA-VP NPs, pure
PLGA and VP are shown in Figure 1B. The VP absorption
peaks from PLGA-VP samples were observed at 700 nm,
and the increased peak extinction coefficient at these peaks
confirmed an increased concentration of VP loaded into
samples 2—5 compared with PLGA alone (sample 1). Using
the absorption spectra, the final concentration of VP in each
sample (2-5) was calculated approximately to be 4.5 uM,
15.9 uM, 26.4 uM and 39.6 UM, respectively.® This load-
ing capability was also confirmed by fluorescence emission
intensity from VP in these samples at 425 nm excitation
(Figure 1C).

The TEM image of pure PLGA NPs indicates that
most of the particles were spherical in shape with a size
of ~200 nm (Figure 1D). We further investigated the size
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Notes: (A) Photographs of the synthesized PLGA NPs (sample 1) and PLGA-VP NP matrix with different VP concentrations (samples 2-5 with VP concentrations of 4.5 uM,
15.9 uM, 26.4 uM and 39.6 UM, respectively) in water. (B) Absorption spectra of VP, PLGA and different PLGA-VP NP solutions. (C) Fluorescence spectra of VP in PLGA

samples with 425 nm excitation. (D) TEM image of PLGA NPs (scale bar: | pum).

Abbreviations: NPs, nanoparticles; PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; TEM, transmission electron microscopy; VP, verteporfin.

and zeta potential of as-prepared PLGA-VP samples using
dynamic light scattering (DLS; Table 1). The average size
of the samples (sample 1-5) obtained from DLS was around
250 nm which is larger than the size observed by the TEM.
All NPs have negative charge which slightly increased
with increasing VP loading. The polydispersity index (PDI;
Table 1) indicates that PLGA-VP samples are monodisperse
and not aggregated.

Table | Mean size, zeta potential and PDI of synthesized PLGA
samples

Sample Size Zeta potential PDI
number (nm) (MeVv)

| 241 +4 20 | 0.07 £ 0.03
2 241 £ 4 -22.6 £ 0.4 0.08 +0.03
3 24512 -21.8+£0.3 0.03 £ 0.0l
4 248 +3 20 | 0.09 +0.02
5 252 +4 —232£0.1 0.09 £ 0.01

Abbreviations: PDI, polydispersity index; PLGA, poly(D,L-lactide-co-glycolic acid).

Singlet oxygen generation under
6 MeV X-ray radiation

We first checked the feasibility of PS molecules to generate
singlet oxygen under appropriate visible light illumination.*
SOSG was used for the detection of singlet oxygen generation.
We observed the singlet oxygen generated from all samples
(samples 1-5) under 690 nm excitation (Supplementary mate-
rials). We further evaluated the capability of PLGA samples
for singlet oxygen generation under 6 MeV X-ray radiation at
different radiation doses. Again, the same amount of SOSG as
previously described was used in all samples. As previously
indicated, the SOSG probe itself causes a small amount of
singlet oxygen generation under X-ray radiation;> this was
also observed in this study. The trend of the SOSG intensity
measured in different samples as a function of radiation dose
is shown in Figure 2A, and it is broadly similar to that for
690 nm irradiation. Singlet oxygen concentration in samples
2 and 3 increases with an increase in the concentration of
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Abbreviations: NPs, nanoparticles; PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; VP, verteporfin.

VP compared with the control (sample 1). Surprisingly, the
amount of singlet oxygen was found to decrease for samples 4
and 5 under the same experimental conditions. This suggests
concentration quenching of singlet oxygen generation, which
is similar to well-established concentration quenching of
fluorescence.** Figure 2B demonstrates that the percentage
increase in SOSG intensity measured in sample 3 is much
higher compared with sample 1 with increasing X-ray dose.
The inset shows the SOSG fluorescence spectra of sample 3
for different radiation doses. In our previous study,” we
reported that VP molecules themselves can generate singlet
oxygen under different radiation doses at 6 MeV. This X-ray-
induced singlet oxygen generation from VP molecules may
be due to Cherenkov radiation and/or generation of energetic
electron by the 6 MeV X-ray radiation, which then produce a
cascade of ROS. Earlier reports confirm that 6 MeV LINAC
can generate CR in biological media.”* CR is electromag-
netic radiation produced when charged particles move in a
dielectric medium with a speed greater than phase velocity
of light. The featureless spectrum of CR spans the entire
UV-visible region and beyond, and it fully overlaps with the
strong absorption band of VP in the UV-blue region. This
CR enables direct excitation of VP molecules and singlet
oxygen generation from PLGA-VP samples. Simultaneously,
the secondary electrons generated by the X-ray photons may
directly interact with the available oxygen and generate
ROS,*® which may then react with VP. Direct interaction
of these secondary electrons with the VP molecules is also
possible. We ruled out the potential influence of ambient

light which was negligible in our X-ray PDT experiments
(Supplementary materials).

Formation of FA-PLGA-VP nanoconstructs
To specifically target cancer cells with the NPs and enhance
the uptake activity of the particle by the cancer cells,
PLGA-VP (sample 3) was conjugated with FA moieties.
We checked the stability of PLGA-VP NPs in biological
conditions before performing the FA conjugation. The results
indicate that these NPs were highly stable in the PBS con-
taining 10% FBS for >50 h (Supplementary materials). The
conjugation of NPs with FA was confirmed by the visible
absorption spectra of the conjugates, where the absorption
peaks of both VP and FA were observed (Figure 3A). The
absorption feature at 270 nm in FA-PLGA-VP corresponded
to the peak of pure FA at 280 nm with the spectral shift
attributed to the underlying slope in the FA-PLGA-VP
spectrum. This conjugation was additionally verified by the
FTIR spectra as shown in Figure 3B. A detailed analysis of
FTIR peaks for FA, PLGA and FA-PLGA-VP is provided
in the “Supplementary materials” section.

Cellular uptake of FA-PLGA-VP
nanoconstructs and colocalization
between nanoconstructs and different

cell organelles

To achieve the increased cellular uptake of NPs and target
the FRs overexpressed in HCT116 cells, the PLGA-VP NPs
were conjugated with FA using the EDC-NHS reaction.
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and (B) FTIR spectra.
Note: All graphs in the spectra are scaled for distinguishing the peaks.

Abbreviations: FA, folic acid; FTIR, Fourier transform infrared; PLGA, poly(D,L-lactide-co-glycolide); VP, verteporfin.

Figure 4 shows the confocal microscopy images of the uptake
of FA-PLGA-VP conjugates by HCT116 cells at different
incubation times. The uptake was monitored under two dif-
ferent conditions with and without FA blocking. As shown
in Figure 4A, without the blocking of FRs, the red signal
from VP was clearly observed after 1 h incubation with the
conjugates. After 3 h incubation, most of nanoconstructs
were taken up by cells, significantly increasing the red signal.
We also evaluated the targeting property of the FA-PLGA-VP
construct by blocking the FR overexpressed by HCT116 cells
before incubation with conjugates. In this study, free FA

A Bright-field Hoechst Overlay

0.5h

1.0h

3.0h

molecules were used to block the FRs.%” Figure 4B shows
red fluorescence from VP molecules after 0.5h, 1 hand 3 h
of incubation. Even after 3 h of incubation, the red signal
from VP was much weaker (Figure 4B) compared with the
signal without blocking (Figure 4A). These results indicate
that FA-PLGA-VP conjugates were taken up by HCT116
cells via the FR-mediated endocytosis pathway.
Mitochondria are the main organelles implicated in
cancer cell killing in antitumor PS therapy.*® ¢! To maximize
the efficiency of PDT, the PSs should be spatially local-
ized within the short (20 nm) diffusion distance of ROS in

B Bright-field Hoechst Overlay

0.5h

1.0h

3.0h

Figure 4 Confocal fluorescence images of cellular uptake of HCT1 16 cells with FA-PLGA-VP under (A) normal condition (B) with FR blocking.
Notes: Blue fluorescence, nuclei stained with Hoechst 33345; red fluorescence, emission of VP under 405 nm excitation. All images were taken with 20x magnification.
Abbreviations: FA, folic acid; FR, folate receptor; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.
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30h

Figure 5 Confocal imaging of colocalization of FA-PLGA-VP in HCT 116 cells.

5

Overlay

Notes: Green fluorescence, MitoTracker; red fluorescence, emission of VP under 405 nm excitation. All images were taken with 40x magnification.

Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

biological media.®®> This proximity is shown in Figure 5,
where the red signal from VP almost overlaps with the
green signal from the MitoTracker, indicating that most of
the released VPs were located at the mitochondria after 3 h
of incubation.

We further quantitatively analyzed such colocalization by
using the ImagelJ software (https://imagej.en.softonic.com).

As shown in Figure 6, the white/gray areas in the Costes
map indicate the overlay of pixels of green color from the
MitoTracker and red color from VP. A small number of white
spots were observed after 0.5 h of incubation, indicating that
some NPs were localized in the mitochondria. However, the
white signal was significantly enhanced after 3 h of incuba-
tion, which means that most of the NPs were colocalized
with the mitochondria.

These results were also confirmed by a scatter plot (middle
panel) and cytofluorogram (Figure 6, right side panel). An
increase in Pearson value and Manders coefficient indicates
a good correlation between the MitoTracker fluorescence
and VP fluorescence.®** In addition to mitochondria, the
colocalization between FA-PLGA-VP and another organelle,
lysosomes, was also documented and analyzed (Supplemen-
tary materials). The Pearson correlation coefficient (PCC) for

the lysosomes for 3 h of incubation (0.443) is much smaller
than that obtained from colocalization between the NPs and
mitochondria (0.7), which again confirms the localization of
VP in the mitochondria rather than in lysosomes. This sug-
gested that most of the NPs have escaped from the lysosomal
compartments and eventually reached the mitochondria
where they responded to photosensitization following irra-
diation. These results are in good agreement with previously
published results for cellular localization of VP66

Cellular PDT with X-ray radiation
As discussed earlier, based on the singlet oxygen generation
capability of PLGA-VP samples with different VP concentra-
tions, we selected sample 3 for further surface conjugation
with FA and cellular PDT using X-ray radiation in HCT116
cells prior to X-ray-triggered PDT; the viability of HCT116
and colon epithelial cells (CCD 841 CoN) incubated with
PLGA, PLGA-VP and FA-PLGA-VP was evaluated
(Supplementary materials). We also demonstrated the PDT
effect on HCT116 cells incubated with FA-PLGA-VP under
690 nm irradiation (Supplementary materials).

Of particular interest, in this study, the results of cell
viability in HCT116 and CCD 841 CoN cells are exposed to
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Figure 6 Image correlation analysis with Image] Costes map, scatter plot and cytofluorogram for the images as shown in Figure 5.
Notes: M| and M2 represent the Manders correlation coefficients. All images were taken with 40X magnification.

Abbreviation: PCC, Pearson’s correlation coefficient.

our conjugates in combination (Figure 7A); CCD 841 CoN cells
were not visibly affected by X-ray radiation (>96%), while
the viability of HCT116 cells was reduced with different doses
with a decrease of 78% at 4 Gy radiation. The reduced viability
of HCT116 cells under radiation may be due to their higher
degree of dysregulation than normal cells and/or to different
cell types. Figure 7B shows the viability of cancer cells after
treatment with NPs and radiation. By comparing Figure 7A
and B, it can be seen that the 4 Gy radiation alone can kill 22%
of the cancer cells, whereas 67% of the cells were killed by
a combination of radiation and FA-PLGA-VP constructs in
these cells. This supports our hypothesis that X-ray-mediated
PDT can enhance the cell-killing effect by exciting the PS
drug encapsulated in the NPs compared with radiation alone.
The likely mechanism for the singlet oxygen generation in

this X-ray PDT is explained in the “Introduction” section as
well as in the “Singlet oxygen generation under 6 MeV X-ray
radiation” section. In addition, there is a possibility of lower
energy electrons to interact with the biomolecules, including
DNA. This kind of interaction can disrupt the DNA structure
causing cell death.®® Radiosensitizing effects of this type were
reported for other porphyrin-type compounds such as photofrin
11 (PI), (hematoporphyrin) dimethyl ether (HPde) and hemato-
porphyrin derivative (HPD) in various cancer cell lines.®7
Our results of cell viability post PDT were comparable
with earlier published study in X-ray and Cherenkov-medi-
ated PDT. These earlier studies included our own study on
CeF, NP conjugated with VP, where NP acted as an energy
transducer for X-ray radiation and generated visible radiation
to activate the PS to generate ROS.% In this study, we were
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with different samples and different radiation doses.

Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

able to kill 30% of Panc-1 cells with a 6 MeV X-ray with 6 Gy
of radiation. In another study, >60% human glioblastoma
cells (US7MGQG) were killed with PDT by using silica NPs
incorporating SrAl204:Eu* and the PS MC540 under 1.5 Gy
of X-ray radiation.** These values are comparable with our
current study where >65% of the cells were killed by FA-
PLGA-VP nanoconjugate under 4 Gy dose of 6 MeV X-ray
radiation. By comparison, 80% breast cancer cells (4T1) were
damaged by the use of a radionuclide zirconium-89 (20 uCi,
909 keV, half-life: 78.4 h) and 20 uM chlorin e6 PS.*® A
similar study on Cherenkov-assisted radiotherapy on human
fibrosarcoma (HT 1080) cells with TiO,-Tf nanoconstructs
was reported using *F (0.2 mCi/0.1 mL, 633 keV, half-life:
1.83 h) and *Cu radionuclides (0.5 mCi/0.1 mL, 574 keV,
half-life: 12.7 h).>” In both these cases, a significant cell kill-
ing (>75%) was achieved. While these NP systems may be
novel from a materials science perspective, their potential
for translation to clinical use is currently unclear due to the
lack of rigorous evaluation of their toxicity. Unlike previous
study reported by other groups, our PLGA NPs and VP have
been approved by FDA and are widely used in the clinical
practice. Therefore, our results described in this study lay the
foundations for a safe treatment modality, which is suitable
for rapid translation to the clinic.

Conclusion

We have developed PLGA-VP NPs for efficient singlet
oxygen generation by 6 MeV X-ray radiation. The success-
ful conjugation of FA with the surface of PLGA-VP NPs
enhanced cellular uptake, which was confirmed by confocal
microscopy images and colocalization analysis between

NPs and mitochondria. Such NPs also demonstrated high
stability by monitoring the VP release profile during certain
time period. In vitro PDT assays suggest that the conjugates
effectively kill HCT116 cells in the presence 6 MeV X-ray
radiation. In X-ray radiation, the 6 MeV X-ray radiation from
LINAC produces energetic secondary electrons and Cheren-
kov radiation in the samples, which in turn excite the VP
molecules. Therefore, a stronger cytotoxic effect was observed
as a result of combined radiation therapy with PDT. This
X-ray-triggered PDT concept in combination with targeting
ability of FA-PLGA-VP nanoconstructs offers a potential for
treating deep-seated tumors with additionally enhanced cancer
cell selectivity and reduced side effects to normal cells.
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Supplementary materials
Singlet oxygen generation at

690 nm irradiation

In this study, we exposed poly(D,L-lactide-co-glycolic
acid) (PLGA) nanoparticles (NPs) incorporating verteporfin
(VP; samples 1-5 with VP concentrations of 0 uM, 4.5 uM,
15.9 uM, 26.4 uM and 39.6 uM, respectively) to a 690 nm
light-emitting diode (LED; 15 mW cm™) and used singlet
oxygen sensor green (SOSG) for the detection of the generated
singlet oxygen. A very weak SOSG fluorescence (maximum at
525 nm at 488 nm excitation) was observed in all samples prior
to illumination in agreement with earlier reports. Figure STA
shows increased SOSG fluorescence signals at 525 nm as a
function of irradiation time for different samples verifying sin-
glet oxygen generation. The variation of SOSG fluorescence
in sample 1 was not clearly observed compared with other
samples (samples 2—5), which indicates that pure PLGA does
not affect the singlet oxygen generation rate. Among these
samples, sample 3 showed the most efficient singlet oxygen
generation, and this sample was selected for further folic acid
(FA) conjugation and cellular photodynamic therapy (PDT)
investigations. Figure S1B shows the percentage increase in
SOSG intensity in sample 3 as a function of light exposure time,
which was significantly higher compared with sample 1 (pure
PLGA). The inset shows the fluorescence spectra of SOSG
measured from sample 3 for different irradiation times.
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Figure S| Singlet oxygen detection.

Singlet oxygen generation from VP

molecules under 6 MeV X-ray radiation
Figure S2A shows the variation of SOSG intensity as a
function of radiation dose in the pure SOSG solution and a
mixture of SOSG with VP. SOSG alone shows a variation
in its intensity with different radiation doses. The intensity
variation of SOSG in VP solution is much higher than the
SOSG alone. It means that VP is generating singlet oxygen
in the presence of radiation. To further confirm that ambient
light is not influenced by the measurements, we evaluated
singlet oxygen generation from SOSG alone and a mixture
of SOSG and VP by exposing samples to 5 Gy radiation in
the presence and absence of aluminum (Al) foil. We wrapped
the samples with Al foil to keep the samples away from the
external ultraviolet (UV) and blue light. Figure S2B shows
the SOSG intensity variation under these conditions. With Al
foil protection, less singlet oxygen was generated from both
SOSG and the mixture sample compared with the scenario
in the absence of Al foil. These results indicate that the
ambient light does not have any influence on singlet oxygen
generation from VP.

In vitro VP release from PLGA-VP NPs

We evaluated the in vitro VP release from PLGA-VP
NPs under physiological conditions. Figure S3 shows the
percentage release of VP from NPs in biological media
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Notes: (A) Variation of SOSG intensity as a function of 690 nm light irradiation exposure time for different samples. (B) Comparison between the percentage increase in
SOSG intensity of PLGA and the optimized PLGA-VP sample (sample 3). Inset shows the florescence spectra of SOSG for different exposure times used in these plots for
PLGA-VP sample (excitation wavelength of 488 nm). Samples 1-5 are PLGA NPs with VP concentrations of 0 uM, 4.5 uM, 15.9 uM, 26.4 uM and 39.6 UM, respectively.
Abbreviations: PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; VP, verteporfin.

submit your manuscript

3566

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

X-ray radiation-induced and targeted photodynamic therapy

>

80 -

Il SOSG
Il VP

70 4

60 -

50 -
40 A
30
20 A
10

Percentage increase in
SOSG fluorescence

T T

0 1 2 3 4 5 6
Radiation dose (Gy)

Figure S2 Singlet oxygen generation from pure VP.
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(phosphate-buffered saline, PBS) with and without the
presence of fetal bovine serum (FBS). Very little amount
of VP was released with >95% of VP being trapped
inside PLGA NPs even after 50 h. In addition, no burst
release was observed during early hours of incubation.
We attributed this stability to the hydrophobic nature of
the VP molecules, which allowed the drug to stay inside
the PLGA matrix rather than leaking to the surrounding
environment. These results indicate that the as-prepared
PLGA-VP sample (sample 3) is highly stable in biological
conditions.
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Figure S3 Percentage release of VP molecules from PLGA-VP sample as a function
of time under different serum conditions (FBS 0% and FBS 10%).

Note: Data are shown for sample 3.

Abbreviations: FBS, fetal bovine serum; PLGA, poly(D,L-lactide-co-glycolic acid);
VP, verteporfin.

FA conjugation

Figure S4 shows the Fourier transform infrared (FTIR) spec-
tra of VP, FA, PLGA and PLGA-VP-FA nanoconstruct. The
characteristic peaks of both FA and PLGA are highlighted.!?
They were also observed in the spectra of FA-PLGA-VP
nanoconstructs with a slight shift compared with pure PLGA
and FA (Figure S4). The FTIR peaks in pure FA (3,324 cm™,
2,923 cm™, 1,603 cm™ and 1,189 cm™) were also observed
in FA-PLGA-VP albeit with a slight shift (3,329 cm™,
2,942 cm™ 1,600 cm™ and 1,265 cm™).

Colocalization between nanoconstructs

and lysosomes

Figure S5 shows the confocal images of colocalization between
FA-PLGA-VP nanoconstructs and lysosomes in HCT116
cells. Lysosomes were labeled with LysoTracker™ Red
DND-99, product number L7528; Thermo Fisher Scientific,
Waltham, MA, USA. To differentiate the color between VP
and Lysotracker, the VP fluorescence is shown with artificial
green color. Three image analysis methods were conducted
to determine the correlation between the red and green color
images as shown in Figure S5, and the analysis results are dem-
onstrated in Figure S6. As shown in Figure S6, the correlation
was reduced as the incubation time was increased, which was
confirmed by both the Pearson and Manders coefficients.

Cytotoxicity of NPs on HCT I 16 and
CCD 841 CoN cells

Figure S7 shows the cellular viability after incubation with
different NP samples with the same concentration of PLGA.
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Figure S4 FTIR spectra corresponding to VP (A), FA (B), PLGA (C) and FA-PLGA-VP (D).
Abbreviations: FA, folic acid; FTIR, Fourier transform infrared; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.
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Figure S5 Colocalization of confocal imaging of FA-PLGA-VP in HCT 116 cells.

Notes: Red fluorescence, Lysotracker; green fluorescence, emission of VP under 405 nm excitation. Image colors were modified to distinguish Lysotracker from the
VP emission. All images were taken with 40x magnification.

Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.
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Figure S6 Colocalization of image correlation analysis with Image] Costes map, scatter plot and cytofluorogram for the images as shown in Figure S2.
Notes: M| and M2 represent the Manders correlation coefficients. All images were taken with 40x magnification.

Abbreviation: PCC, Pearson’s correlation coefficient.

The viability of both CCD 841 CoN and HCT116 cells was
not visibly affected after treatment with >95% viability in
all cell samples. Hence, we chose this concentration of NP
samples for PDT experiments in this study.
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Figure S7 Viability of normal epithelial (CCD 84| CoN) and cancer cells (HCT116)
toward PLGA, PLGA-VP and FA-PLGA-VP samples.
Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid);VP, verteporfin.

PDT with 690 nm irradiation

This section demonstrated the PDT effect on colorectal cancer
cell incubated with FA-PLGA-VP under 690 nm irradiation.
Figure S8 shows the image of HCT116 cells with different
treatments. The PDT effects were analyzed using the live/
dead cell kit by differentially staining live and dead cells. The
live cells are characterized by their ability to convert non-
fluorescent calcein acetoxymethyl ester to fluorescent (green)
calcein.? This calcein remains in the cytoplasm, and its fluo-
rescence can be imaged in laser scanning confocal micros-
copy at 494 nm excitation. On the other hand, dead cells are
permeable, enabling access of ethidium homodimer-1 to the
nuclei. Nuclei-bound ethidium homodimer-1 is fluorescent
(red) at 528 nm excitation. Figure S8 shows that almost all
cells are alive in control cells as well as cells exposed to
light. Most of the cells are alive in the FA-PLGA-VP-treated
sample, even though there is a red signal from dead cells in
the FA-PLGA-VP-treated cells. The FA-PLGA-VP sample
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Figure S8 Confocal images of HCT | 16 cells after carrying out PDT under 690 nm for 10 min (15 mW cm?) using live/dead cell staining.
Notes: Green fluorescence, live cell staining with calcein AM (494 nm excitation); red fluorescence, dead cell staining with ethidium homodimer-1 (517 nm excitation).

All images were taken with 40x magnification.

Abbreviations: AM, acetoxymethyl; FA, folic acid; PDT, photodynamic therapy; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

treated with 690 nm light shows that most of the cells are dead
after 10 min of irradiation. This is due to the fact that FA in
the FA-PLGA-VP increased cellular uptake of NPs, whereas
690 nm irradiation triggered the VP in the mitochondria,
thereby inducing a stronger cell-killing effect.
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