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Abstract: Radiodynamic therapy (RDT) is an emerging non-invasive anti-cancer treatment based
on the generation of the reactive oxygen species (ROS) at the lesion site following the interaction
between X-rays and a photosensitizer drug (PS). The broader application of RDT is impeded by the
tumor-associated hypoxia that results in low availability of oxygen for the generation of sufficient
amounts of ROS. Herein, a novel nanoparticle drug formulation for RDT, which addresses the
problem of low oxygen availability, is reported. It consists of poly (lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs) co-loaded with a PS drug verteporfin (VP), and the clinically approved oxygen-
carrying molecule, perfluorooctylbromide (PFOB). When triggered by X-rays (4 Gy), under both
normoxic and hypoxic conditions, PLGA–VP–PFOB nanoconstructs (NCs) induced a significant
increase of the ROS production compared with matching PLGA–VP nanoparticles. The RDT with
NCs effectively killed ~60% of human pancreatic cancer cells in monolayer cultures, and almost
completely suppressed the outgrowth of tumor cells in 2-weeks clonogenic assay. In a 3D engineered
model of pancreatic cancer metastasis to the liver, RDT with NCs destroyed ~35% of tumor cells,
demonstrating an exceptional efficiency at a tissue level. These results show that PLGA–VP–PFOB is
a promising agent for RDT of deep-seated hypoxic tumors.

Keywords: radiodynamic therapy; oxygen-carrying polymer nanoparticles; hypoxia; pancreatic
cancer; 3D tumor model in vitro

1. Introduction

Photodynamic therapy (PDT) is a clinically recognized minimally-invasive treatment
of malignant tumors such as cancers of the skin, head and neck, and urinary tract surfaces,
as well as intraperitoneal carcinomatosis and sarcomatosis [1]. PDT relies on the destruction
of the cancer cells and stimulation of other anti-tumor mechanisms by highly cytotoxic
reactive oxygen species (ROS) generated via the interaction of a particular class of drugs,
the photosensitizers (PS), with ultraviolet, visible, or near-infrared light. The PS absorb the
energy of the light and transfer it to the neighboring oxygen molecules or other molecular
species, which then can react with available oxygen. This results in the formation of
free radicals, including highly toxic singlet oxygen (1O2) that play a central role in the
therapeutic mechanism of PDT [2,3].

There are three major limitations for a broader application of conventional PDT in
oncology. The first one arises from the fact that the locally advanced solid malignant tumors
are usually severely hypoxic [4], with O2 tensions <2.5 mmHg [5]. This prevents efficient
ROS generation in PDT, as most of PSs require notably higher (pO2 ≥ 8–16 mmHg) levels of
molecular oxygen in the tissue [6]. Moreover, PDT draws down the oxygen existing in the
tissue and thus it aggravates local hypoxia [7]. Additional deficiency of the conventional
PDT is that due to limited depth penetration of light its effect is mostly superficial, and
it can destroy tumor tissue only to a depth from few mm up to 1.5 cm from the treated
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surface [1,3,8]. The third challenging aspect of PDT is the current limited control over the
properties of PSs (e.g., bioavailability and target specificity) and their biological effects [2].

In the current work, we address these shortfalls of traditional PDT in the context
of the potential treatment of a deeply located hypoxic malignant tumors with limited
conventional treatment options or resistance to them. One of the most prominent examples
of such cancers is pancreatic ductal adenocarcinoma (PDAC), an aggressive gastrointestinal
malignant neoplasia with a median patient survival of about 6–8 months after diagnosis [9].
PDAC is usually diagnosed very late when it tends to be unresectable, while alternative
therapies (chemo- and chemoradiotherapy) seem to have limited efficacy [10,11]. This
cancer is exceptionally oxygen-deficient comparing to the healthy tissues and most of the
other solid cancers [4,12]. Both the primary PDAC tumors developing in the pancreas
and the metastatic pancreatic carcinomas which tend to disseminate to the liver [13], are
located several centimeters away from the body surface, i.e., at the depth unreachable by
the PDT. As a first step to overcome these challenges, we developed a novel nanoscale drug
formulation allowing the simultaneous delivery of an oxygen-carrying molecule with a PS
triggerable by a clinically relevant dose of X-rays for the efficient generation of ROS. Since
clinical X-rays, in contrast to light, can penetrate throughout the human body, the deeply
located pathological structures can be targeted. Such approach is termed X-ray mediated
PDT (X-PDT), or radiodynamic therapy (RDT) [14–16].

Here, a clinically used drug verteporfin (VP) [17,18] was employed as an X-ray trig-
gerable PS with efficient ROS generation [19]. The perfluorooctylbromide (PFOB, C8F17Br)
was chosen as an oxygen-carrying perfluorocarbon molecule [20,21]. To overcome the
hydrophobicity of these compounds and achieve their co-delivery, we embedded both,
VP and PFOB, into biocompatible and biodegradable [22] poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs). The resulting formulation is referred here as PLGA–VP–PFOB
nanoconstructs (NCs). In the present study, the uptake and intracellular localization of the
NCs, 1O2 generation, and in vitro RDT effects in monolayer cell cultures of human PDAC
cell line PANC-1 are shown under normoxic and simulated hypoxic condition. Next, the
treatment effects are validated via the tumor cells clonogenic assay and live/dead assay
in three-dimensional (3D) engineered tumor models of the early hepatic metastases of
pancreatic cancer.

2. Materials and Methods
2.1. Materials

Resomer® RG 504 H; Poly(D,L-lactide-co-glycolide) (PLGA; #719900), poly(vinyl alco-
hol) (PVA; #363138), dichloromethane (DCM; #650463), Verteporfin (VP; #SML0534), per-
fluorooctylbromide (PFOB, or 1-Bromoheptadecafluorooctane; #343862), acetone (#179124),
dimethyl sulfoxide (DMSO; # D2650), human PDAC cell line (PANC-1), Dulbecco’s Modi-
fied Eagle’s Medium-high glucose without L-Glutamine (#D5671), Gentian violet (#G2039)
were purchased from Sigma-Aldrich, North Ryde, NSW, Australia. Singlet Oxygen Sen-
sor Green probe (SOSG; #S-36002), NucBlue™ Live ReadyProbes™ Reagent (#R37605),
LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells (#L3224), MitoTracker™
Green FM (#M7514), LysoTracker™ Green DND-26 (#L7526), DPBS, with calcium, magne-
sium (#14040182), DPBS, with no calcium, no magnesium (#14190250), TrypLE™ Express
Enzyme, with no phenol red (#12604021), L-Glutamine, 200 mM (#25030081) and Fetal
Bovine Serum, qualified, US origin (#26140079) were purchased from Life Technologies,
Mulgrave, VIC, Australia. CellTiter 96® AQueous One Solution Assay was purchased from
Promega, Sydney, NSW, Australia.

2.2. Synthesis of PLGA–VP and PLGA–VP–PFOB NCs

The PLGA–VP–PFOB NCs were synthesized using a single emulsion solvent evapora-
tion method with a minor modification as described elsewhere [23]. Briefly, a 3 mM VP
stock solution was prepared in chloroform (~2.2 mg/mL). The 200 µL of VP stock solution
(2.2 mg/mL) and 100 µL of PFOB stock (1.93 g/mL) were added to 30 mg of PLGA solution
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prepared in chloroform (2 mL). Then this mixture was added to 12.5 mL of 5% PVA solution
(in water) and sonicated using a probe sonicator for 1.5 min (3 × 30 sec). After each 30 sec
of sonication, the mixture was placed on ice to cool down for 1 min. Then the resulting NC
suspension was stirred at 1000 rpm for 4 h at room temperature to get rid of the chloroform.
Then the equilibration of the NCs suspension was performed in a dialysis against either
the DI water or PBS for the further experiments. In order to prepare the PLGA–VP NCs,
the same steps were repeated except the addition of PFOB.

2.3. PLGA–VP–PFOB NCs Characterization

The size and the zeta potential of the NCs were measured using Zetasizer Nanoseries
(Malvern Instruments, Malvern, Worcestershire, UK). All the measurements were per-
formed 3 times at 25 ◦C. The fluorescence (Excitation: 405 nm, Emission: 650–750 nm)
from VP in the NCs was measured using FluoroMax plus C (JY Horiba, Kyoto, Japan) by
using a quartz cuvette at room temperature. To confirm and quantify the amount of VP,
the absorption spectra of the NCs was analyzed by Cary 5000 UV-VIS-NIR absorption
spectrophotometer (Varian Inc., Palo Alto, California, USA) using paired 1-cm pathlength
cuvettes.

2.4. Cell Culture

The PANC-1 cells were cultured in a complete cell culture medium (CCM) prepared
with DMEM (without L-glutathione) mixed with 10% FBS, 1% antibiotic-antimycotic and
1% L-glutamine. Cells were grown at 37 ◦C with a 5% CO2. When the cells reached 80%
confluency, they were transferred either to the dishes or to the 96-well plates according to
the experimental requirements.

2.5. Viability Assay (Dark Toxicity Study)

In order to check the viability of the cells in the presence of PLGA–VP–PFOB NCs
without light and radiation exposure, cells were seeded in 96-well plates and incubated
with or without NCs with different concentrations of VP (for different concentration of VP,
we diluted the NC) for 4 hours. The cells treated with NCs were washed with the CCM and
incubated for the next 24 hours. Then the cell viability assay (CellTiter 96® AQueous One
Solution, an MTS assay) was added according to the vendor’s protocol and the absorbance
at 490 nm was measured using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular
Devices, San Jose, CA, US).

2.6. Irradiation Experiments

All the X-ray irradiation was performed using X-RAD 320, a 320 kVp Orthovoltage En-
ergy X-ray system (PRECISION, North Branford, CT, USA). X-RAD 320 is a self-contained
X-ray system designed to deliver a precise radiation dosage to the specimens in a biological
or small animal research laboratory. The X-ray tube produces a highly homogenous beam
with a maximum power output of 320 kV for fast and accurate dosage specifically for
radiation therapy. The samples (either cells or 3D models) were placed inside the sample
chamber for the exposure to a specific X-ray dose (4 Gy). For all the RDT experiment in
cells, we chose 4 µM of VP (both in PLGA–VP and PLGA–VP–PFOB) concentration in 1 mL
CCM for incubation.

2.7. Cellular Uptake and Localization of Nanoconstructs

For the analysis of the cellular internalization of NCs, we applied confocal laser
scanning fluorescence imaging and digital image analysis.

First, we investigated the minimum time of incubation that NCs are required to be
taken up by the cells. PANC-1 cells were seeded into 35-mm Petri dishes and allowed to
grow to reach 60% confluency. Next, the cells were added with a fresh portion of CCM
containing NCs and incubated for 1, 2, 3 or 4 hours. The control cells were kept in CCM
without NCs. Then, the cells were washed three times, added with fresh CCM without
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NCs and incubated overnight to correspond to the further treatment conditions with X-
rays. For the detection of the cellular uptake of NCs, the NucBlue™ Live ReadyProbes™
Reagent was added to stain the nuclei of the cells according to the vendor’s protocol. After
that, the cells were imaged using a confocal laser scanning microscope (Olympus FV3000,
Shinjuku, Tokyo, Japan) with 405 nm excitation. The emission from the cell nuclear region
(430–480 nm) and the fluorescence emitted from the VP (650–700 nm) was detected, and the
colocalization of the NucBlue and VP signals was measured using ImageJ 1.52n software
(NIH, Bethesda, Maryland, USA).

To define the NCs intracellular localization, the cells were seeded and prepared in the
same way as described above, and the incubation with NC was performed for 4 hours.
After the incubation, the cells were thoroughly washed with PBS, added with fresh CCM,
and incubated overnight. Then the cells were alternatively stained with Lysotracker and
MitoTracker probes and Hoechst 33342 for tracking the organelles such as mitochondria,
lysosomes, and nuclei. The cells were imaged at 490/513 nm, 504/511 nm and 405/460
nm excitation/emission wavelength ranges for tracking of the mitochondria, lysosomes,
and nuclei, respectively. The respective fluorescence signals’ colocalization was quantified
using ImageJ software to examine the cellular uptake and intracellular positioning of NCs.

2.8. Effects of X-PDT In Vitro

The following assays were used to determine the RDT treatment effects in PANC-1
cells.

2.8.1. Live/Dead Cell Assay

The efficacy of the cytotoxic treatment was examined by a ready-to-use, live/dead cell
imaging kit R37609 (Invitrogen, Waltham, MA, USA). This probe contains two different
reagents, NucBlue® to stain the nuclei of the live cells (blue staining) and NucGreen®

to stain the nuclei of the dead cells (green staining). The cells were seeded in a 35-mm
Petri dishes with the initial density of 1 × 105 cells/mL. After the treatments with NCs
and X-rays, two drops of both the reagents were added to the dishes with 1 mL of CCM
and the cells were imaged after 15 min. The 425 nm excitation/460 nm emission and 488
nm excitation/525 nm emission were used for the detection of the live and dead cells,
respectively.

2.8.2. Clonogenic Assays

Clonogenic assay was applied to analyze the long-term proliferation of PANC-1 cells
after various treatments (cells only, cells + NCs, cells + X-ray, cells + RDT). Each treatment
condition was triplicated. After the treatments, cells (500 cells/35-mm Petri dish) were
incubated for 2 weeks with changing the media every other day. After 14th day, the cells
were fixed by adding 4% formaldehyde for 15 min at room temperature. Next, the cells
were washed with PBS (with calcium and magnesium) and added with 5 drops of Gentian
violet in each dish at room temperature. After 30 min, the cells were carefully washed to
remove all the excess stains from Gentian violet. Then, the dishes were allowed to dry for
another 1 h and the number of colonies (more than 50 cells) were counted per condition
with the help of a microscope. The survival fraction was calculated using the formulae [24]:

Surviaval f raction =
Number o f colonies f ormed a f ter treatment

Number o f cells seeded × Control plating e f f iciency
(1)

Where the control plating efficiency is the percentage of seeded cells that survived to
form colonies under control conditions and can be calculated using the formula:

Control plating e f f iciency =
Number o f colonies f ormed

Number o f cells seeded
× 100 (2)
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2.8.3. Toxicity Study in Hypoxic Condition

The hypoxia in PANC-1 cells was induced using CoCl2 × 6·H2O following the pre-
viously published protocol [25]. Briefly, cells were seeded (1 × 105 cells/mL) in a 35-mm
Petri dishes. After 24 h, the CCM in the wells was added with 1 mL of 100 µM of CoCl2
× 6H2O and cells were incubated for the next 24 hours. Next, the cells underwent RDT
treatment.

2.8.4. Singlet Oxygen Detection, Quantification, and Analysis

The singlet oxygen detection was carried out by using the SOSG probe. The stock of
SOSG (500 µM) was made by adding 660 µL of methanol into the SOSG vial. The cells
were seeded (1 × 105 cells/mL) on 35 mm Petri dishes, added with the NPs/NCs (1 mL),
incubated for 4 hours, washed and then added with 8 µM of SOSG (in 1 mL CCM) to each
dish and incubated for another 1 h. Then CCM was discarded, the cells washed twice with
PBS, added with fresh CCM, and exposed to X-ray radiation (4 Gy). After the irradiation,
cells were imaged (at 488 nm excitation/525 nm emission) using confocal microscopy. The
fluorescence of the SOSG was quantified using ImageJ software.

2.8.5. Experiments on 3D Cell Cultures

To prove the efficiency of the RDT with PLGA–VP–PFOB NCs at a tissue level and in
the biologically relevant, organ-specific environment prior further testing in animals, we as-
sessed the cytotoxic impact on the PANC-1 cells using a 3D cell culture model representing
of an early-stage metastatic PDAC. This model was created using the principles of tissue
engineering. Macroscale (~5–10 mm3) constructs were formed by combining PANC-1 cells
with solid scaffolds and individually cultured in vitro. The scaffolds were prepared by
decellularization of chicken livers obtained from a local meat shop. As a result of this
procedure, an acellular liver-specific extracellular matrix (LS-ECM) was obtained. The
details on the preparation and characterization of the 3D engineered model of metastatic
PDAC are given in the Appendix A, Section A.6.

2.8.6. Statistical Analysis

Statistical analysis was carried out in MATLAB ((R2020a, https://au.mathworks.com/;
accessed on 18.03.2021)). The descriptive statistics is presented as the Mean ± Standard
Deviation (SD) of the mean and the 95% confidential interval for mean (CI95%) from at
least three experiments, if not specified overwise. The quantitative data distribution was
examined One-sample Kolmogorov-Smirnov test for the further selection of the methods
for the statistical hypothesis evaluation. Then, normally distributed data were analyzed
by parametric methods (Student’s T-test and ANOVA) and the data with the distribution
different from normal was examined by non-parametric methods. For the non-parametric
analysis, the Mann-Whitney U (i.e., the two-sided Wilcoxon’s rank-sum) test was applied
to identify the statistical significance. The statistical significance of the differences was ac-
cepted at p ≤ 0.05. The achieved statistical significance in labelled as following: * represents
p ≤ 0.05, ** represents p ≤ 0.01 and *** represents p ≤ 0.001.

3. Results
3.1. Characterization of PLGA–VP–PFOB NCs

The NCs contained both VP and PFOB molecules co-embedded in the PLGA matrix
and all studied particles were stable in aqueous environment (Figure 1a). As it can be seen
from Figure 1b, the NPs and NCs had significant negative zeta potentials, and the good
polydispersity indexes (indicating monodispersity). The hydrodynamic diameters of the
particles were varying between ~90 nm (PLGA–VP) and ~140 nm (PLGA–VP–PFOB). The
SEM image (Appendix A, Figure A1) of the PLGA NPs shows that they are mostly spherical.
The presence of VP and PFOB molecules inside the PLGA nanoparticles was confirmed
using absorption spectra (Figure 1c). Additionally, Figure 1d presents the fluorescence

https://au.mathworks.com/
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spectra (425 nm excitation/700 nm emission) of VP that was used to monitor the NCs
localization in cells and tissues during confocal imaging.
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Figure 1. Nanoconstructs (NCs) characterization (a) photograph of nanoparticles (NPs) and NCs suspensions in deionized
(DI) water and a schematic representation of poly (lactic-co-glycolic acid)—verteporfin-perfluorooctylbromide (PLGA–VP–
PFOB) NCs (white “fur”—poly (lactic-co-glycolic acid) (PLGA); green—verteporfin (VP); brown—perfluorooctylbromide
(PFOB)); (b) zeta-potential, hydrodynamic diameter and polydispersity index (PDI) of the prepared NPs and NCs in DI
water; (c) absorption spectra of NCs and their components; (d) Fluorescence spectra (FL intensity) of PLGA, PLGA–VP and
PLGA–VP–PFOB showing the emission from VP with a peak around 700 nm under 425 nm excitation; both absorption and
fluorescence spectra are scaled for better visibility).

3.2. Cellular Uptake and Localization of Nanoconstructs

In a series of preliminary experiments, we found that the 4 h incubation is optimal for
most of the NCs to enter the cells and to ensure the maximum availability of the NCs for the
therapeutical applications (Appendix A, Figure A2), respectively. Then, the colocalization
of PLGA–VP–PFOB NCs with different cell organelles was studied after 4 h incubation.
The Figure 2 shows the localization of PLGA–VP–PFOB in mitochondria and lysosomes
detected by fluorescence microscopy. There was a larger overlap of fluorescence of VP
(red) with lysosomes (Figure 2b) than with mitochondria (Figure 2a) probes. The quanti-
tative analysis of colocalization of VP fluorescence with the Lysotracker and MitoTracker
signals confirmed this visual observation. Pearson’s correlation coefficients (PCC) for the
lysosomal colocalization were 0.712 vs. 0.141 for the mitochondrial one. In contrast, NPs
without PFOB (PLGA–VP) were mainly found in mitochondria rather than the lysosome
(Appendix A, Figure A3).
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Figure 2. Colocalization of poly (lactic-co-glycolic acid)-verteporfin-perfluorooctylbromide (PLGA–VP–PFOB) nanocon-
structs with (a) mitochondria and (b) lysosomes of PANC-1 cells after 4 h of incubation. Right side panels in (a,b) show the
fluorescence signal of Hoechst (blue, nuclear DNA), verteporfin (VP) (red), and organelles’ trackers (Mitotracker in (a) and
Lysotracker in (b), green). Left side panels are the merged images of all the three stainings depicted separately in the right
side panels. PCC is the Pearson’s correlation coefficient indicating the overlap of verteporfin with mitochondria/lysosome.
Scale bars are 20 µm.

3.3. RDT in PDAC Cells under Normoxic Conditions

We found that the dark toxicity of PLGA–VP–PFOB was low, compared to the un-
treated control (without added NCs). The corresponding cell population loss varied from
~7% to ~17% (Figure 3a) depending on the concentration of VP. Based on the dark toxicity
results, we chose, for further studies the NPs and NCs with 4 µM of VP, leading to dark
toxicity of 10% under our experimental conditions.

According to the results of the fluorescence live/dead assay, there were no statistically
significant differences in the fraction of the dead cells between the control (9.47 ± 7.02%),
X-ray (16.80 ± 5.97%), and NCs-treated (16.89 ± 5.05%) groups, while the PLGA–VP–PFOB
NCs-aided RDT resulted in significant increase of the number of dead cells up to 55.95 ±
2.08%, in comparison to the in vitro cultures exposed individually to equal dose of X-rays
and NCs (Figure 3b and Appendix A, Figure A4).

Analysis of the singlet oxygen generation (Figures 3c and 4b) revealed statistically
significant increase of SOSG fluorescence intensity in X-ray- (107.43 ± 2.84 a.u., CI95%
(102.90, 111.95)) and RDT-treaded samples (243.58 ± 60.01 a.u., CI95% (148.09, 339.06)), in
comparison with the untreated control (0.58 ± 0.68 a.u., CI95% (0.00, 1.65)) and NC-exposed
cell cultures (33.70 ± 44.87 a.u., CI95% (0.00, 105.10)).

Correlation analysis revealed strong positive and statistically significant correlation
between the level of ROS generation by the studied treatment modalities and the fraction
of dead cells in the treated cultures (the Spearman’s correlation coefficient Rs = 0.727, p =
0.001, n = 16).

To explore the long-term effect of RDT on PANC-1 cells, we applied a clonogenic
assay [26]. This revealed over an order of magnitude difference in the number of surviving
colonies of cells which were treated with RDT, compared to the treatment controls and the
untreated cells (Figure 3d). Appendix A, Figure A5 shows examples of the stained colonies
in the RDT-treated and control groups.
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Figure 3. Cell viability analysis under simulated normoxic conditions in monolayer cultures of PANC-1 cells. (a) Evaluation
of dark toxicity of verteporfin (VP); (b) Confocal microscopy imaging of live/dead (blue/green) staining of the cells
exposed to the different experimental treatments; (c) singlet oxygen generation detection using SOSG (green) assay (d)
cell proliferation assessment, measured using clonogenic assay after 14 days of post treatment. The red line indicates
the change in survival fraction for cells incubated with poly (lactic-co-glycolic acid)-verteporfin-perfluorooctylbromide
(PLGA–VP–PFOB) nanoconstructs followed by 0 Gy and 4 Gy of X-ray radiation. The green line indicates the change in
survival fraction for the cells treated with 0 Gy and 4 Gy X-ray only. (b,c) Scale bars 20 µm.

3.4. Experimental Treatment under Modeled Tumor Hypoxia

Figure 4a demonstrates the effect of studied experimental treatments performed under
hypoxic conditions with clearly visible ROS generation induced by X-rays in PLGA–VP
and PLGA–VP–PFOB treatment groups. Further quantification of SOSG fluorescence
intensity, the probe of ROS, measured under normoxic and hypoxic conditions is presented
in Figure 4b,c, respectively. In normoxia, the ROS generation in the cells treated with
PLGA–VP–PFOB was similar to those in PLGA–VP group (p ≤ 0.05) after the 4 Gy X-ray
irradiation. In contrast, under hypoxic conditions, the amount of singlet oxygen generated
from PLGA–VP was very limited due to lack of oxygen, and the SOSG fluorescence signal
from the cells treated with this PLGA–VP was comparable with the same signal in cells
treated with X-rays only (Figure 4c). At the same time, there was a significant increase in
the SOSG fluorescence in cells treated with PLGA–VP–PFOB-aided RDT compared to the
RDT with PLGA–VP and other controls (p ≤ 0.01) under hypoxia.
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3.5. RDT in 3D Model

The 3D tissue engineered constructs (TECs) were created (Appendix A, Figure A6)
and employed as experimental testbeds in NCs/RDT study. The protocols used for the
preparation and characterization of 3D TECs are presented in Appendix A, (Section A.6.1,
Section A.6.2, Section A.6.3, Section A.6.4, Section A.6.5, Section A.6.6 and Section A.7) and
shown in Figure A6.

The dark toxicity of PLGA–VP–PFOB in 3D TECs has been tested for different concen-
trations of VP (Appendix A, Figure A8). The PLGA–VP–PFOB with the 4 µM concentration
of VP was found to be considerably less toxic to the reconstructed PDAC tissue compared
with higher VP concentrations. The treatment efficacy was monitored in 7- and 30-day-
old TECs using confocal microscopy (Figure 5a). No statistically significant difference
in the percentage of cells killed by RDT was found between the 7- and 30-day-old TECs
by further image analysis using ImageJ (Figure 5b,c), respectively). The number of dead
cells in RDT-treated 3D TECs was around 35%, which is lower, compared to 60% in the
case of monolayer PANC-1 cell culture. Figure 5d shows the representative results of
histological examination of 7-day-old TEC which underwent various treatments. We found
that in the untreated TECs, the cells formed large (400–1000 µm) clusters with solid tumor
structure near the surfaces of the LS-ECM scaffolds. In other parts of the TECs, cancer
cells formed single- or multirow cellular linings. The external layer of cells covering the
large cell clusters and the multirow linings contained flattened and elongated cells. The
invasive behavior of cancer cells was noticeable but appeared moderate. In particular, cells
permeated in depth of the scaffolds via the pores and voids of the substrate and formed
single- or multirow linings of the cavities.
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Figure 5. Cytotoxicity study in three-dimensional (3D) tissue engineering construct (TEC) model: (a)
confocal image showing the live/dead cell staining of the 7-day and 30-day-old TECs that underwent
different treatments. Scale bars are 20 µm; (b) quantification of % dead cell from the confocal image
for 7-day-old TECs and (c) 30-day-old TECs; (d) Hematoxylin and eosin staining of 7-day-old TECs
that underwent different treatment. The upper row demonstrates the overview of the TECs structure
at low magnification (scale bars are 100 µm) and the low row of images shows the fragments of the
same samples at high magnification (scale bars are 50 µm).

The structure of 7-day-old TECs changed following the experimental treatments. The
treatment with PLGA–VP–PFOB without X-ray triggering did not reduce the tumor volume
or structure. The TECs treated with X-rays only (4 Gy) demonstrated a notable reduction
of the surface tumor masses, and remodeling (loosening) of the ECM. The TECs treated
with PLGA–VP–PFOB-aided RDT show the most obvious reduction of the tumor volume
(up to 10 times vs. control) and the absence of cancer cells in the depth of the TECs in
combination with increased density of the ECM. These findings represent first evidence for
the potential therapeutic efficiency of RDT against a tissue-level malignant neoplasia in
our model of metastatic pancreatic cancer foci in the liver microenvironment.
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4. Discussion

In this study, a novel nanoscale RDT agent, the PLGA–VP–PFOB NCs, was explored
in order to address the major limitations of conventional PDT such as shallow penetration
depth of the light triggering the PS, the insufficiency of oxygen at the lesion site for the
efficient ROS generation, and the challenges linked to the delivery of the PS to the tumor
cells. The composition of the proposed NCs together with clinical X-rays were chosen to
enable accelerated clinical translation.

As a therapeutic compound of NCs, we applied a well-recognized PS drug, VP. Ap-
proved by FDA in a liposomal form (known as Visudyne) this drug is indicated for the
suppression of angiogenesis in age-related macular degeneration [17,18]. In conventional
PDT, VP initiates ROS generation after triggering by the red visible light [1]. In addi-
tion to the cytotoxic action of ROS on blood vessels, PDT directly affects cancer cells by
destabilization of cell membranes, enhancement of autophagy and apoptosis [27]. The
efficiency of VP-aided PDT was demonstrated in various experimental models of mam-
mary carcinoma [28,29], pancreatic [30] and colorectal [23,31,32] cancers, glioblastoma [33]
and some other malignancies (see references in [34]). Clinical application of VP for PDT
was reported for the eye, pancreatic and skin cancer [1,35]. Clinical trials of VP-aided
PDT are currently in place for breast, prostate, pancreatic and brain cancers [36]. Recently,
in addition to its role as a PS, new important biological properties of VP which are in-
dependent of light activation were discovered. In particular, VP inhibits tumor growth
by specific binding to the pro-oncogenic YAP-TEAD protein complex [34,37] that is also
involved in upregulation of fibrotic and angiogenic reactions [38] contributing to the tumor
advancement and treatment resistance of PDAC [13,30,39]. Next, VP demonstrates a light-
and YAP-independent “proteotoxic” mechanism of a specific suppression of proliferation
of cancer cells by down-regulation of clearance of high-molecular weight proteins from the
cytoplasm [40].

The choice of VP was especially strongly motivated by our own recent results indicat-
ing a novel mechanism of light-independent triggering of PS activity of VP by clinically
relevant dose of X-rays [19,23,31,32]. Shifting from the visible light to X-rays as initia-
tors of ROS generation (such as PDT to RDT), allows to overcome the tissue penetration
depth limit of conventional PDT [14–16]. A particular version of this approach based on
nanoscale scintillators conjugated with PSs and able to generate cytotoxic ROS under X-ray
exposure were demonstrated both in vitro and in vivo [41–43]. The direct activation of
VP by secondary electrons generated in the tissue following X-ray irradiation allows its
application as an X-ray stimulated PS. Preliminary evidence for this has been obtained
in our previous work [23,31]. Another possible mechanism is the triggering of VP by the
Cherenkov light generated in the tissue [44–46]. As both PDT and radiation can kill tumor
cells via different mechanisms, the combination of these factors in RDT has the potential to
offer synergistic effects and lowers the therapeutic doses of ionizing radiation.

The hypoxia of the tumor tissue is among key factors which lead to a poor survival rate
in patients with pancreatic cancer [39]. PDT is less efficient in hypoxic tumors as adequate
amount of oxygen cannot be provided to the PS to generate cytotoxic ROS sufficient to
kill clinically significant numbers of cancer cells [4]. This dependence of PDT/RDT on
the availability of molecular oxygen at the tumor site can be overcome by re-oxygenation
strategies. This can be achieved, for example by using oxygen generating agents which
produce oxygen by decomposition of the endogenous H2O2 or the specific compound
itself, e.g., MnO2 or catalase-based nanoparticles [7]. However, the application of artificial
oxygen generating materials remains technically challenging [7]. An alternative option
is oxygen carrying molecules such as hemoglobin or perfluorocarbons that solubilize
high amounts of oxygen and release the oxygen molecules entrapped with them in a
hypoxic environment. Perfluorocarbons are among the most clinically advanced, reliable
and popular chemically inert oxygen-carrying molecules suitable for PDT [6,7,21,47,48]
because of the stability of their oxygen supply in various environments and significant
extension of 1O2 lifetime [6,47], in comparison to aqueous solutions. In the current work,
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we employed a perfluorocarbon molecule, perfluorooctylbromide (PFOB, C8F17Br), which
has good oxygen-carrying properties, low viscosity and high diffusivity [49]. Its role is to
enrich the environment with oxygen and facilitate ROS generation in hypoxic conditions
in the tumor [20,21]. This is exceptionally important for the applications in such severely
hypoxic tumors as PDAC [4,12]. Recently PFOB was successfully applied for the liposomal
co-delivery with a chemotherapy drug in a lung cancer model [50] and in photothermal
therapy [51] and PDT [52] in breast cancer cellular xenografts.

It is known that both VP and PFOB may induce some undesirable health effects
if acting outside the tumor site [6,29]. This stimulated the development of nanoscale
vehicles to ensure improved pharmacokinetics and safety during the delivery of these
agents to the disease foci. PLGA nanoparticles (NPs) are widely used in PDT [23,53]
due to their fast biodegradability, non-toxicity and almost universal suitability for the
delivery of drugs [54] of various chemical nature (including the majority of PS that are
also poorly water-soluble) [53,55,56]. Importantly for the anti-cancer use, these NPs can
passively accumulate at the tumor sites via the enhanced permeability and retention
effect (see [57] for review). An additional advantage of PLGA particles is facile clinical
translation following the approval of these biomaterials as a safe drug delivery agent by
regulatory bodies such as FDA and European Medicine Agency [22]. Several applications
of PLGA NPs as delivery agents for VP [23,29,53] and perfluorocarbons [58–60] have been
demonstrated. The feasibility of RDT aided by VP-loaded NPs, including PLGA [23] was
recently proved by our studies [19,23,31,32,42].

In the current work, we co-embedded VP and PFOB in PLGA NPs and demonstrated
the feasibility and efficacy of the PLGA–VP–PFOB NCs as RDT agents in 2D cell- and 3D
tissue-level in vitro models of human PDAC. First, we confirmed that the NCs satisfy the
essential requirement to the nanoformulated drugs, namely the stability of the dispersions
NCs in aqueous environments, which is related to their strongly electronegative surfaces
and good PDI. The size of the NCs was within 100–140 nm range (Appendix A, Figure A1)
that is considered optimal for the delivery to non-phagocytic cells [61].

We revealed the predominant accumulation of PLGA–VP–PFOB in lysosomes follow-
ing the 4 h incubation with PANC-1 cells cultured in monolayers (Figure 2). In contrast,
PLGA–VP without PFOB after the same exposure time were found almost equally dis-
tributed between lysosomes and mitochondria (Appendix A, Figure A3), which is similar
with our previous observation of the subcellular localization of these NPs with and without
targeting folic acid moieties in colorectal cancer cells [23]. The mechanism of the 4 h stability
of the VP fluorescence signal in lysosomes of the cells exposed to the NCs is another feature
requiring further studies, as the majority of PLGA nanoparticles are prone to rapidly (in 10
min) escape the endolysomal compartment [62]. The accumulation of the nanoparticles
in specific organelles depends on many factors that may affect interactions between the
nanomaterial and cell membranes. Therefore, the size and surface properties of the particles
play the most important role in this process [63]. According to our data, the PLGA–VP and
PLGA–VP–PFOB nanoparticles most notably differed in size and slightly in surface charge
and PDI (see Figure 1b). This allows to attribute the predominant lysosomal accumulation
of PLGA–VP–PFOB NCs in lysosomes vs. the mitochondrial accumulation of PLGA–VP,
at least partially, to the increased size of the NCs, in comparison with the PLGA–VP. It is
known that after the uptake by cells, the PLGA nanoparticles are not definitely confined to
a single subcellular compartment and depends on the type of epithelial cells [64]. Then,
the NCs/PLGA–VP localization data shown in the current study depicts the accumulation
of the particles in the specific organelles in PANC-1 cells after 4 h incubation. Importantly,
the lysosome accumulation of the NPs loaded with a PS drug allowed enhanced PDT
compared to the non-targeted PSs [65]. This property is beneficial for RDT applications of
the NCs investigated in the current study.

For the RDT, we applied X-rays in a clinically low dose of 4 Gy [66]. The efficient
ROS generation via the interaction of PLGA–VP–PFOB with this ionizing radiation was
confirmed by using of SOSG probe specifically sensitive to singlet oxygen one of highly



Biomedicines 2021, 9, 322 13 of 24

toxic ROS generated during PDT [67]. This ROS generation (Figure 3c) may be attributed
to the direct activation of VP by X-rays or due to secondary electron activation of the
PS [23,31].

The achieved level of ROS generation was sufficient for killing of ~60% of PANC-1 cells
cultured in monolayers and ~35% of the same cells in our innovative tissue engineering 3D
model of PDAC metastasis to the liver within short time (15 min) after RDT with PLGA–VP–
PFOB NCs. This indicates high efficiency of the proposed therapeutic modality, considering
the apoptosis-resistant nature [68] of PANC-1 cells and reduced drug responsiveness of
the cancer cells in the scaffold-based 3D cultures [69,70]. The cytotoxic effect of RDT aided
with NCs was significantly higher than the dark toxicity (~10–20%) induced by the VP
present in the particles.

Finally, we obtained a strong evidence for the specific PLGA–VP–PFOB efficiency as
an RDT agent under simulated hypoxia of PDAC cells in monolayer cultures (Figure 4)
and in intrinsically hypoxic reconstructed 3D PDAC models (Figure 5). In the experiments
on PANC-1 cells monolayers, the oxygen-carrying NCs generated almost twice more
amounts of ROS, in comparison with PLGA–VP, while under normoxic conditions the
difference in ROS production following X-ray triggering between these nanoscale particles
was around 20–30% only. This indicates that PFOB released oxygen in the low oxygen
tension environment with supporting enhanced ROS accumulation in the vicinity of the
X-ray triggered VP. Our experiments with 3D reconstructed metastatic PDAC tumors
demonstrated the efficiency of RDT with the oxygen-carrying NCs at the tissue level
in a macroscale (~10 mm3) structure. Due to the size of these tumor constructs and
absence of vascularization and blood supply, their deep parts represent a naturally hypoxic
environment (as the diffusion limit for oxygen in solid cellular aggregates ranges from 100
µm to 200 µm [71]). At the same time, it is known that the tumor cells in 3D culture systems
are usually more drug- and radio-resistant to the treatment that the same cells cultured
in monolayers [72–74]. Following RDT with NCs, approximately 35% of PDAC cells
growing in the liver ECM were killed, which, as we think, is a very good and promising
result considering the lack of the available treatment options for the locally advanced and
metastatic PDAC [11].

The current study is the first step towards the development of the novel therapeutical
interventions for the deeply located hypoxic malignant tumors that require the diversifica-
tion of the treatment modalities. We envisage that the future exploration and development
of the sophisticated targeted agents may help to further enhance the efficacy of oxygen-
carrying polymer nanoconstructs for RDT.

5. Conclusions

In this study, we have demonstrated that the PLGA-PFOB-VP NCs synthesized by
the proposed methodology are efficient RDT agents under both, normoxic and hypoxic,
conditions. The evidence of the therapeutic efficiency of the NC-assisted RDT was obtained
in monolayer cultures of human PDAC cells and in macroscale three-dimensional tissue
engineering constructs mimicking the early staged of PDAC metastasis to the liver. The
mechanism of the observed cytostatic and cytoreduction effects is attributed to the ROS
generation induced in the vicinity of the NCs by a low dose (4 Gy) X-ray irradiation. Our
data shows statistically significant (76% vs. PLGA–VP NPs under normoxic and 140%
under hypoxic conditions, (p ≤ 0.05 for 76% for and p ≤ 0.01 for 140%) increase of ROS
generation following the supplementation of the PLGA–VP NPs with PFOB molecules
under RDT treatment. This indicates the potential of therapeutic application of these NCs
in treatment of the clinically challenging deeply located and hypoxic tumors. Additionally,
RDT show high cytoreductive efficiency in the tissue engineered hepatic metastases of
PDAC, providing an ethical and reliable roadmap for the successful transition to the
experiments on animals and later to clinical trials.
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Appendix A.2 Cellular Uptake of PLGA–VP–PFOB in PANC-1 Cells

Figure A2 represents the time-based uptake of the poly (lactic-co-glycolic acid)-
verteporfin-perfluorooctylbromide (PLGA–VP–PFOB) nanoconstructs by PANC-1 cells.
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Appendix A.3 Colocalization of PLGA–VP with Organelles in PANC-1 Cells

Figure A3 shows the internalization of PLGA–VP by mitochondria and lysosomes.
The analysis shows that slightly more nanoparticles ended up in the mitochondria (PCC =
0.684) than in lysosomes (0.591).
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Figure A3. Colocalization of poly (lactic-co-glycolic acid)-verteporfin (PLGA–VP) with (a) mitochondria (b) lysosomes
of PANC-1 cells after 4 h of incubation. Right side panels show the fluorescence signal of Hoechst (blue), verteporfin
(red) and mito/lyso tracker (green). Left side images are the merged figures of all the three given in the right panel.
PCC is the Pearson correlation coefficient indicating the colocalization of the fluorescent signals of verteporfin (VP) with
mitochondria/lysosome trackers.
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Appendix A.4 Live/Dead Cell Viability Quantification in Monolayer Culture of PANC-1 Cells

Figure A4 shows the quantification of live/dead cell assay results of RDT in cells by
digital analysis of the confocal images using ImageJ.
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Figure A5 shows the photograph of Gentian violet staining of the PANC-1 cells
colonies for clonogenic assay.
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Appendix A.6 Experiments on Three-Dimensional Cell Cultures

Appendix A.6.1 The Experimental Design

The three-dimensional (3D) cultures of PANC-1 cells were established via tissue engi-
neering methodology and employed as models of the early stage of metastatic colonization
of the liver by pancreatic cancer cells for the analysis of the effects of the experimental treat-
ment on PANC-1 cells grown in the organ-specific microenvironment. The experimental
design is illustrated in Figure A6. The details of the preparation of 3D tissue engineering
constructs (TECs) are given below.
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Figure A6. The design of the experiment on three-dimensional (3D) cell cultures of PANC-1 cells. Lobules of fresh chicken
liver underwent mild decellularization (1) in agitating baths with a detergent. The decellularized liver the was cut (2)
into small fragments (acellular liver scaffolds, ALSs) by a biopsy puncher, sterilized, individually placed in 24-well plates,
and preconditioned by the overnight incubation with CCM. Then the ALSs were recellularized by seeding them with
PANC-1 cells. The resulting 3D tissue engineering constructs (TECs) were cultured in vitro (3) for 1–30 days after which
they underwent experimental treatments (4) and were employed (5) in various assays for characterization or the TECs and
function of the cells (SEM, histology, and viability tests).

Appendix A.6.2 Preparation of Acellular Liver Scaffolds (ALS)

Acellular liver scaffolds (ALSs) were prepared from chicken livers obtained from a local
poultry supplier. The liver lobules were decellularized as described by us elsewhere with
minor modifications [75,76]. Briefly, chicken liver lobules were washed with PBS and placed
in 50-mL Falcon tubes, containing 35 mL of sodium dodecyl sulphate (0.1% v/v in water). The
tubes were then secured on an orbital shaker, agitated at a speed of 90–150 rpm, washing
solution was replaced every 3 h for the first 12 h and then every 6 h–12 h until complete
decellularization (1–1.5 weeks) (Appendix A, Figure A7). Next, the residual detergent solution
was removed from the scaffolds by washing in a 1% (v/v) solution of Antibiotic-Antimycotic
(Sigma-Aldrich, # A5955) in PBS on sterile water with daily changing of wash solution during
3 days. The resulting ALSs were stored in the fresh portion of the same solution at 4 ◦C until
further use. ALSs preserved the original architecture and composition of the liver extracellular
matrix (ECM) (Appendix A, Figure A7).

Appendix A.6.3 Recellularization of ALS

ALSs were cut into fragments using a 4 mm biopsy puncher and sterilized with 0.1
(v/v) peracetic acid in 4% (v/v) ethanol for 2 h at room temperature. Then the sterilization
solution was removed, and the ALSs were washed with sterile PBS, placed in 24-well
plates, and left under UV for 30 min, then the scaffolds were flipped upside down by sterile
tweezers and the UV sterilization repeated for the next 30 min. After sterilization, 1 mL
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of complete culture media (CCM) was added to each well containing ALS and incubated
overnight at 37 ◦C. Then the media was removed, and ALSs were seeded with PANC-1
cells at a density of 1 × 105 cells/per scaffold/20 uL of CCM. The seeded scaffolds were
placed in the tissue culture incubator for the next 2 h to allow attachment of the cells and
then added with fresh CCM (1 mL per well). After overnight incubation, the obtained 3D
PDAC/ALS tissue engineering constructs (TECs) were transferred into the new 24-well
plates in order to avoid the outgrowth of the non-scaffold bound cells on the plastic bottoms
of the wells. The average efficiency of cell seeding on the ALSs measured on day 1 in vitro
(DIV 1) was 17 ± 2%. For the further 7–30 days, the 3D TECs were grown at 37 ◦C under a
humidified atmosphere of 5% CO2/95% air, the CCM changed every 2 days. On the DIV
1 TECs were samples for scanning electron microscopy (SEM), and on DIV 7 they were
collected for histological examination. On DIV 7 and DIV 30, the TECs were assayed for in
cellular viability after application of the experimental treatments.

Appendix A.6.4 Scanning Electron Microscopy (SEM)

The TECs were fixed in 2.5% buffered glutaraldehyde, dehydrated in 70–100% alcohols
and underwent critical point drying in Emitech K850 Critical Point Dryer (Emitech Ltd.,
Ashford, Surrey, UK). Afterwards, the samples were mounted on stabs with conductive
carbon/graphite paint (ProSciTech, Kirwan, QLD, Australia) and coated with platinum
using an Emitech K550 gold sputter coater (Emitech Ltd., UK). Electron microscope images
were taken using a JEOL JSM- 6480 LA under accelerating voltage 5 kV, work distance 20
mm and size point 30 by the secondary electron imaging mode.

Appendix A.6.5 Histology

Formalin-fixed tissue samples were processed through alcohols of increasing con-
centrations and embedded in paraffin. Microtome slices of 5–6 µm in thickness were
stained with hematoxylin and eosin (H&E) and Masson’s trichrome method (for collagen).
Stained slides were mounted with Depex mounting medium (manufacturer) and covered
with glass cover slips. The histological preparations were examined by an upright light
microscope BX53 microscope (Olympus, Shinjuku, Tokyo, Japan) equipped with Plan
Apochromat 4 × / NA 0.16, 20 × /NA 0.75, 40 × / NA 0.95, and oil-immersion 100 × /
NA 1.4 objectives (Olympus). Images were recorded using a digital DP80 camera (1360 ×
1024 pixels, Olympus).

Appendix A.6.6 Cell Viability Assays in 3D TECs

MTT assay. For the analysis of cell growth dynamics in 3D TEC, a modified colorimetric
MTT assay was applied. Briefly, this assay relies on the conversion of MTT reagent
(#M2128, Sigma-Aldrich) into colorful product formazan by live cells, followed by the
measurements of the optical density (OD) of the formazan solution on dimethyl sulfoxide
that is proportional to the number of the metabolically active cells. For the calibration of
the OD of formazan solution vs. the number of cells, a series of monolayer cell cultures of
PANC-1 cells in 96-well plates with gradually decreasing seeded cell numbers (in 24 h after
seeding) was added with the same amount of MTT reagent, and, after 4 h incubation at 37
◦C, the OD (light absorbance) was measured in a 570 nm spectral band by a multimode
plate reader i3X Spectramax (Molecular Devices, LLC., San Jose, CA, USA), with empty
wells used as blank controls. The results were corrected for the blank controls by SoftMax
Pro Data Analysis software (Molecular Devices, LLC.).

The 3D TECs were analyzed by the MTT assay starting from day 1 since seeding of
PANC-1 cells on ALSs and performed on days 1, 3, 7, 14, 21 and 28 of in vitro culture.
Before each assay, the media from the wells containing the TECs was removed, the TECs
were gently washed twice with PBS to eliminate unattached cells. Next, 3D TECs were
aseptically transferred to new 24-well culture plates (3 TECs per experimental time point)
to get rid of the cells adhered to the plastic and not to the scaffolds. After double washing
with PBS, 500 µL of MTT reagent (0.5 mg/mL in the phenol red free cell culture medium;
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DMEM/F12; #D6434, Sigma-Aldrich), was added to each well. Then the samples were
incubated at 37 ◦C in a tissue culture incubator for 4 h to allow precipitation of insoluble
formazan crystals. After that, the supernatant was carefully collected and 500 µL of DMSO
was added to the wells and left for 10–15 min in the dark on a rocking platform at room
temperature to dissolve purple formazan crystals. Next, four portions of 100 µL of the
dissolved MTT product was taken from each well, transferred to separate wells of a clear
96-well culture plate (#3585, Costar, Corning, Corning, NY, USA) and used for absorbance
measurements as described above.

Live/dead imaging assay. For the cytotoxicity test, 3D TECs were treated with PLGA–VP
NPs, PLGA–VP–PFOB NCs, X-rays and by X-PDT. The viability was measured using a
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, #L3224) according to the manufac-
turer’s protocol. The green (live cells stained with calcein-AM) and red (dead cells stained
with ethidium homodimer-1) fluorescence signals were detected using confocal microscopy
and calculated by applying the ImageJ software.

Appendix A.7 Characterization of 3D Model of Metastatic PDAC

Preparation and characterization of ALS and TECs is shown in Figure A7.
The decellularization (DCL) of the chicken liver tissue was accompanied by the expected

loss of the native tissue color and gradual achievement of semi-transparency of the organ
(Figure A7a–e). At the light microscopy level, DCL led to the removal of cells with preservation
of the ECM structure where collagen constituted the most notable component and formed
loose meshwork in the parenchymal compartment and denser stromal elements such as blood
vessels walls (Figure A7f–g). On day 1 after recellularization, cells individually attached to
the ALSs’ surfaces and later formed solid tumor structures (Figure A7h–i). SEM imaging
revealed micro- and nanoscale ECM textures of different size on the surface of ALSs, with
fine collagen fibres meshes and thick bundles of fibres that were the first attachment sites for
the PANC-1 cells (Figure A7j–k). The PANC-1 cells growth dynamics was analyzed by MTT
assay (Figure A7l–m). The cell population of TECs was growing for 14 days after seeding,
then it stabilized till day 21 and then moderately declined from day 21 to day 28. The highest
number of cells per ALS demonstrated the MTT OD values corresponding to 3.5 × 105 cells
grown in the monolayer culture.
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DCL, 8 h, note uneven discoloration and formation of the large translucent areas of the tissue; (d) DCL, 7 days, extended
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examination of the: (f) native chicken liver stained by Van Gieson; (g) decellularized liver stained by Masson’s trichrome
method (MTCh), note absence of cellular staining and blue staining of ECM collagen; arrows show stromal elements (former
blood vessels) with denser collagen; (h) recellularization of ALS with PANC-1 cells, day 1, note individual cells stained
purple by MTCh near the ALS surface; (i) recellularization of ALS with PANC-1 cells, 7 days in vitro, note formation of
multilayered/solid cellular linings on the ALS surface (arrow), MTCh staining; scale bars in (f–h) are 50 µm and in 20 µm
(i); (j–k) SEM imaging: (j) a surface of ALS, note multiscale textures; (k) an individual PANC-1 cell (arrow) attached to the
ALS surface in the area with coarse collagen bundles on day 1 in vitro; (l–m) evaluation of the cell growth dynamics in 3D
TECs by MTT assay (n = 8 for each examined group): (l) calibration of the optical density (OD) vs. PANC-1 cell numbers
performed in 2D culture for the relative estimation of cellular density in 3D TECs at different stages of growth; (m) MTT
assay performed in 3D TECs.

Appendix A.8 PLGA–VP–PFOB Dark Toxicity Evaluation in 3D TECs

Figure A8 shows the quantification of live cell viability results for studying the dark
toxicity of PLGA–VP–PFOB with various concentration of VP. The cell viability was tested
using the MTS assay, and the % cell viability was calculated for different treatments
comparing with the control.

Biomedicines 2021, 9, 322 21 of 25 
 

 
Figure A7. Preparation of acellular liver scaffolds (ALSs) and three-dimensional (3D) tissue engineering constructs (TECs). 
(a–e) Changes of the macroscale presentation of chicken liver undergoing decellularization (DCL): (a) fresh chicken liver; 
(b) DCL, 4 h, note the overall reduction of the color intensity and a rim of translucent tissue near the surface of the organ; 
(c) DCL, 8 h, note uneven discoloration and formation of the large translucent areas of the tissue; (d) DCL, 7 days, extended 
translucent parts; (e) DCL, 10 days, completely decellularized organ, dash lines indicate 1 cm sections; (f–i) histological 
examination of the: (f) native chicken liver stained by Van Gieson; (g) decellularized liver stained by Masson’s trichrome 
method (MTCh), note absence of cellular staining and blue staining of ECM collagen; arrows show stromal elements (for-
mer blood vessels) with denser collagen; (h) recellularization of ALS with PANC-1 cells, day 1, note individual cells stained 
purple by MTCh near the ALS surface; (i) recellularization of ALS with PANC-1 cells, 7 days in vitro, note formation of 
multilayered/solid cellular linings on the ALS surface (arrow), MTCh staining; scale bars in (f–h) are 50 µm and in 20 µm 
(i); (j–k) SEM imaging: (j) a surface of ALS, note multiscale textures; (k) an individual PANC-1 cell (arrow) attached to the 
ALS surface in the area with coarse collagen bundles on day 1 in vitro; (l–m) evaluation of the cell growth dynamics in 3D 
TECs by MTT assay (n = 8 for each examined group): (l) calibration of the optical density (OD) vs. PANC-1 cell numbers 
performed in 2D culture for the relative estimation of cellular density in 3D TECs at different stages of growth; (m) MTT 
assay performed in 3D TECs. 

Appendix A.8. PLGA–VP–PFOB Dark Toxicity Evaluation in 3D TECs 
Figure A8 shows the quantification of live cell viability results for studying the dark 

toxicity of PLGA–VP–PFOB with various concentration of VP. The cell viability was tested 
using the MTS assay, and the % cell viability was calculated for different treatments com-
paring with the control. 

 
Figure A8. The results of dark toxicity assessment of PLGA–VP–PFOB NCs with different concentrations of VP performed 
in 3D PANC-1 model using MTS assay. 

Figure A8. The results of dark toxicity assessment of PLGA–VP–PFOB NCs with different concentrations of VP performed
in 3D PANC-1 model using MTS assay.



Biomedicines 2021, 9, 322 21 of 24

Appendix B

Graphical Table of Contents

Biomedicines 2021, 9, 322 22 of 25 
 

Appendix B 
Graphical Table of Contents 

 
Graphical table of contents. “Bring Your Oxygen” strategy, such as co-delivery of a 

photosensitizer verteporfin (VP) with an oxygen-carrying molecule PFOB by biocompat-
ible PLGA nanoparticles, enhances the anti-cancer efficiency of radiodynamic therapy (X-
ray triggered PDT) by increased in situ ROS generation even under low doses of radiation 
and in hypoxic environments. This approach may help to overcome treatment resistance 
of deep hypoxic tumors like advanced pancreatic cancer. 

References 
1. Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel, 

D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61, 250–281, doi:10.3322/caac.20114. 
2. Chatterjee, D.K.; Fong, L.S.; Zhang, Y. Nanoparticles in photodynamic therapy: An emerging paradigm. Adv. Drug Deliv. Rev. 

2008, 60, 1627–1637, doi:10.1016/j.addr.2008.08.003. 
3. van Straten, D.; Mashayekhi, V.; de Bruijn, H.S.; Oliveira, S.; Robinson, D.J. Oncologic Photodynamic Therapy: Basic Principles, 

Current Clinical Status and Future Directions. Cancers (Basel) 2017, 9, doi:10.3390/cancers9020019. 
4. Graham, K.; Unger, E. Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer 

treatment. Int. J. Nanomed. 2018, 13, 6049–6058, doi:10.2147/IJN.S140462. 
5. Vaupel, P.; Mayer, A. Hypoxia in cancer: Significance and impact on clinical outcome. Cancer Metastasis Rev. 2007, 26, 225–239, 

doi:10.1007/s10555-007-9055-1. 
6. Fuchs, J.; Thiele, J. The role of oxygen in cutaneous photodynamic therapy. Free Radic Biol. Med. 1998, 24, 835–847, 

doi:10.1016/s0891-5849(97)00370-5. 
7. Wang, H.; Li, J.; Wang, Y.; Gong, X.; Xu, X.; Wang, J.; Li, Y.; Sha, X.; Zhang, Z. Nanoparticles-mediated reoxygenation strategy 

relieves tumor hypoxia for enhanced cancer therapy. J. Control Release 2020, 319, 25–45, doi:10.1016/j.jconrel.2019.12.028. 
8. Fan, W.; Huang, P.; Chen, X. Overcoming the Achilles' heel of photodynamic therapy. Chem. Soc. Rev. 2016, 45, 6488–6519, 

doi:10.1039/c6cs00616g. 
9. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30, doi:10.3322/caac.21332. 
10. Brunner, M.; Wu, Z.; Krautz, C.; Pilarsky, C.; Grutzmann, R.; Weber, G.F. Current Clinical Strategies of Pancreatic Cancer Treat-

ment and Open Molecular Questions. Int. J. Mol. Sci. 2019, 20, 4543, doi:10.3390/ijms20184543. 
11. Lambert, A.; Schwarz, L.; Borbath, I.; Henry, A.; Van Laethem, J.L.; Malka, D.; Ducreux, M.; Conroy, T. An update on treatment 

options for pancreatic adenocarcinoma. Ther. Adv. Med. Oncol. 2019, 11, 1758835919875568, doi:10.1177/1758835919875568. 
12. Vaupel, P.; Hockel, M.; Mayer, A. Detection and characterization of tumor hypoxia using pO2 histography. Antioxid. Redox 

Signal 2007, 9, 1221–1235, doi:10.1089/ars.2007.1628. 

Graphical table of contents. “Bring Your Oxygen” strategy, such as co-delivery of a pho-
tosensitizer verteporfin (VP) with an oxygen-carrying molecule PFOB by biocompatible
PLGA nanoparticles, enhances the anti-cancer efficiency of radiodynamic therapy (X-ray
triggered PDT) by increased in situ ROS generation even under low doses of radiation and
in hypoxic environments. This approach may help to overcome treatment resistance of
deep hypoxic tumors like advanced pancreatic cancer.

References
1. Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel,

D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61, 250–281. [CrossRef] [PubMed]
2. Chatterjee, D.K.; Fong, L.S.; Zhang, Y. Nanoparticles in photodynamic therapy: An emerging paradigm. Adv. Drug Deliv. Rev.

2008, 60, 1627–1637. [CrossRef] [PubMed]
3. van Straten, D.; Mashayekhi, V.; de Bruijn, H.S.; Oliveira, S.; Robinson, D.J. Oncologic Photodynamic Therapy: Basic Principles,

Current Clinical Status and Future Directions. Cancers 2017, 9, 19. [CrossRef]
4. Graham, K.; Unger, E. Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer

treatment. Int. J. Nanomed. 2018, 13, 6049–6058. [CrossRef] [PubMed]
5. Vaupel, P.; Mayer, A. Hypoxia in cancer: Significance and impact on clinical outcome. Cancer Metastasis Rev. 2007, 26, 225–239.

[CrossRef] [PubMed]
6. Fuchs, J.; Thiele, J. The role of oxygen in cutaneous photodynamic therapy. Free Radic Biol. Med. 1998, 24, 835–847. [CrossRef]
7. Wang, H.; Li, J.; Wang, Y.; Gong, X.; Xu, X.; Wang, J.; Li, Y.; Sha, X.; Zhang, Z. Nanoparticles-mediated reoxygenation strategy

relieves tumor hypoxia for enhanced cancer therapy. J. Control Release 2020, 319, 25–45. [CrossRef] [PubMed]
8. Fan, W.; Huang, P.; Chen, X. Overcoming the Achilles’ heel of photodynamic therapy. Chem. Soc. Rev. 2016, 45, 6488–6519.

[CrossRef]
9. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30. [CrossRef]
10. Brunner, M.; Wu, Z.; Krautz, C.; Pilarsky, C.; Grutzmann, R.; Weber, G.F. Current Clinical Strategies of Pancreatic Cancer

Treatment and Open Molecular Questions. Int. J. Mol. Sci. 2019, 20, 4543. [CrossRef]
11. Lambert, A.; Schwarz, L.; Borbath, I.; Henry, A.; Van Laethem, J.L.; Malka, D.; Ducreux, M.; Conroy, T. An update on treatment

options for pancreatic adenocarcinoma. Ther. Adv. Med. Oncol. 2019, 11, 1758835919875568. [CrossRef] [PubMed]
12. Vaupel, P.; Hockel, M.; Mayer, A. Detection and characterization of tumor hypoxia using pO2 histography. Antioxid. Redox Signal

2007, 9, 1221–1235. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.20114
http://www.ncbi.nlm.nih.gov/pubmed/21617154
http://doi.org/10.1016/j.addr.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18930086
http://doi.org/10.3390/cancers9020019
http://doi.org/10.2147/IJN.S140462
http://www.ncbi.nlm.nih.gov/pubmed/30323592
http://doi.org/10.1007/s10555-007-9055-1
http://www.ncbi.nlm.nih.gov/pubmed/17440684
http://doi.org/10.1016/S0891-5849(97)00370-5
http://doi.org/10.1016/j.jconrel.2019.12.028
http://www.ncbi.nlm.nih.gov/pubmed/31862359
http://doi.org/10.1039/C6CS00616G
http://doi.org/10.3322/caac.21332
http://doi.org/10.3390/ijms20184543
http://doi.org/10.1177/1758835919875568
http://www.ncbi.nlm.nih.gov/pubmed/31598142
http://doi.org/10.1089/ars.2007.1628
http://www.ncbi.nlm.nih.gov/pubmed/17536958


Biomedicines 2021, 9, 322 22 of 24

13. Knaack, H.; Lenk, L.; Philipp, L.M.; Miarka, L.; Rahn, S.; Viol, F.; Hauser, C.; Egberts, J.H.; Gundlach, J.P.; Will, O.; et al. Liver
metastasis of pancreatic cancer: The hepatic microenvironment impacts differentiation and self-renewal capacity of pancreatic
ductal epithelial cells. Oncotarget 2018, 9, 31771–31786. [CrossRef] [PubMed]

14. Hashiguchi, S.; Kusuzaki, K.; Murata, H.; Takeshita, H.; Hashiba, M.; Nishimura, T.; Ashihara, T.; Hirasawa, Y. Acridine orange
excited by low-dose radiation has a strong cytocidal effect on mouse osteosarcoma. Oncol. Basel 2002, 62, 85–93. [CrossRef]

15. Nakamura, T.; Kusuzaki, K.; Matsubara, T.; Matsumine, A.; Murata, H.; Uchida, A. A new limb salvage surgery in cases of
high-grade soft tissue sarcoma using photodynamic surgery, followed by photo- and radiodynamic therapy with acridine orange.
J. Surg. Oncol. 2008, 97, 523–528. [CrossRef] [PubMed]

16. Chen, H.; Wang, G.D.; Chuang, Y.J.; Zhen, Z.; Chen, X.; Biddinger, P.; Hao, Z.; Liu, F.; Shen, B.; Pan, Z.; et al. Nanoscintillator-
mediated X-ray inducible photodynamic therapy for in vivo cancer treatment. Nano Lett. 2015, 15, 2249–2256. [CrossRef]

17. Lim, L.S.; Mitchell, P.; Seddon, J.M.; Holz, F.G.; Wong, T.Y. Age-related macular degeneration. Lancet 2012, 379, 1728–1738.
[CrossRef]

18. Bressler, N.M.; Bressler, S.B. Photodynamic therapy with verteporfin (Visudyne): Impact on ophthalmology and visual sciences.
Investig. Ophthalmol. Vis. Sci. 2000, 41, 624–628.

19. Clement, S.; Deng, W.; Camilleri, E.; Wilson, B.C.; Goldys, E.M. X-ray induced singlet oxygen generation by nanoparticle-
photosensitizer conjugates for photodynamic therapy: Determination of singlet oxygen quantum yield. Sci. Rep. 2016, 6, 19954.
[CrossRef]

20. Li, N.; Xu, F.; Cheng, J.; Zhang, Y.; Huang, G.; Zhu, J.; Shen, X.; He, D. Perfluorocarbon Nanocapsules Improve Hypoxic
Microenvironment for the Tumor Ultrasound Diagnosis and Photodynamic Therapy. J. Biomed. Nanotechnol. 2018, 14, 2162–2171.
[CrossRef]

21. Scheer, A.; Kirsch, M.; Ferenz, K.B. Perfluorocarbons in photodynamic and photothermal therapy. J. Nanosci. Nanomed. 2017, 1,
21–27.

22. Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton, A.; Preat, V. PLGA-based nanoparticles: An overview of biomedical
applications. J. Control Release 2012, 161, 505–522. [CrossRef] [PubMed]

23. Clement, S.; Chen, W.; Deng, W.; Goldys, E.M. X-ray radiation-induced and targeted photodynamic therapy with folic acid-
conjugated biodegradable nanoconstructs. Int. J. Nanomed. 2018, 13, 3553–3570. [CrossRef]

24. Buch, K.; Peters, T.; Nawroth, T.; Sanger, M.; Schmidberger, H.; Langguth, P. Determination of cell survival after irradiation via
clonogenic assay versus multiple MTT Assay–a comparative study. Radiat Oncol. 2012, 7, 1. [CrossRef] [PubMed]

25. Lopez-Sanchez, L.M.; Jimenez, C.; Valverde, A.; Hernandez, V.; Penarando, J.; Martinez, A.; Lopez-Pedrera, C.; Munoz-Castaneda,
J.R.; De la Haba-Rodriguez, J.R.; Aranda, E.; et al. CoCl2, a mimic of hypoxia, induces formation of polyploid giant cells with
stem characteristics in colon cancer. PLoS ONE 2014, 9, e99143. [CrossRef] [PubMed]

26. Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315–2319. [CrossRef] [PubMed]

27. Kessel, D.; Vicente, M.G.; Reiners, J.J., Jr. Initiation of apoptosis and autophagy by photodynamic therapy. Lasers Surg. Med. 2006,
38, 482–488. [CrossRef]

28. Pogue, B.W.; Braun, R.D.; Lanzen, J.L.; Erickson, C.; Dewhirst, M.W. Analysis of the Heterogeneity of pO2 Dynamics During
Photodynamic Therapy with Verteporfin. Photochem. Photobiol. 2007, 74, 700–706. [CrossRef]

29. Konan-Kouakou, Y.N.; Boch, R.; Gurny, R.; Allemann, E. In vitro and in vivo activities of verteporfin-loaded nanoparticles. J.
Control Release 2005, 103, 83–91. [CrossRef] [PubMed]

30. Glidden, M.D.; Massodi, I.; Rizvi, I.; Celli, J.P.; Hasan, T. Probing tumor-stroma interactions and response to photodynamic
therapy in a 3D pancreatic cancer-fibroblast co-culture model. In Proceedings of Optical Methods for Tumor Treatment and Detection:
Mechanisms and Techniques in Photodynamic Therapy XXI; SPIE: San Francisco, CA, USA; p. 821006.

31. Deng, W.; Chen, W.; Clement, S.; Guller, A.; Zhao, Z.; Engel, A.; Goldys, E.M. Controlled gene and drug release from a liposomal
delivery platform triggered by X-ray radiation. Nat. Commun. 2018, 9, 2713. [CrossRef]

32. Deng, W.; McKelvey, K.J.; Guller, A.; Fayzullin, A.; Campbell, J.M.; Clement, S.; Habibalahi, A.; Wargocka, Z.; Liang, L.; Shen, C.;
et al. Application of Mitochondrially Targeted Nanoconstructs to Neoadjuvant X-ray-Induced Photodynamic Therapy for Rectal
Cancer. ACS Cent. Sci. 2020, 6, 715–726. [CrossRef]

33. Pellosi, D.S.; Paula, L.B.; de Melo, M.T.; Tedesco, A.C. Targeted and Synergic Glioblastoma Treatment: Multifunctional Nanoparti-
cles Delivering Verteporfin as Adjuvant Therapy for Temozolomide Chemotherapy. Mol. Pharm. 2019, 16, 1009–1024. [CrossRef]
[PubMed]

34. Brodowska, K.; Al-Moujahed, A.; Marmalidou, A.; Meyer Zu Horste, M.; Cichy, J.; Miller, J.W.; Gragoudas, E.; Vavvas, D.G. The
clinically used photosensitizer Verteporfin (VP) inhibits YAP-TEAD and human retinoblastoma cell growth in vitro without light
activation. Exp. Eye Res. 2014, 124, 67–73. [CrossRef] [PubMed]

35. Huggett, M.T.; Jermyn, M.; Gillams, A.; Illing, R.; Mosse, S.; Novelli, M.; Kent, E.; Bown, S.G.; Hasan, T.; Pogue, B.W.; et al.
Phase I/II study of verteporfin photodynamic therapy in locally advanced pancreatic cancer. Br. J. Cancer 2014, 110, 1698–1704.
[CrossRef] [PubMed]

36. Available online: https://clinicaltrials.gov/ct2/results?cond=&term=verteporfin&cntry=&state=&city=&dist=&Search=Search
(accessed on 22 October 2020).

http://doi.org/10.18632/oncotarget.25884
http://www.ncbi.nlm.nih.gov/pubmed/30167093
http://doi.org/10.1159/000048251
http://doi.org/10.1002/jso.21025
http://www.ncbi.nlm.nih.gov/pubmed/18348188
http://doi.org/10.1021/nl504044p
http://doi.org/10.1016/S0140-6736(12)60282-7
http://doi.org/10.1038/srep19954
http://doi.org/10.1166/jbn.2018.2656
http://doi.org/10.1016/j.jconrel.2012.01.043
http://www.ncbi.nlm.nih.gov/pubmed/22353619
http://doi.org/10.2147/IJN.S164967
http://doi.org/10.1186/1748-717X-7-1
http://www.ncbi.nlm.nih.gov/pubmed/22214341
http://doi.org/10.1371/journal.pone.0099143
http://www.ncbi.nlm.nih.gov/pubmed/24932611
http://doi.org/10.1038/nprot.2006.339
http://www.ncbi.nlm.nih.gov/pubmed/17406473
http://doi.org/10.1002/lsm.20334
http://doi.org/10.1562/0031-8655(2001)0740700AOTHOP2.0.CO2
http://doi.org/10.1016/j.jconrel.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15710502
http://doi.org/10.1038/s41467-018-05118-3
http://doi.org/10.1021/acscentsci.9b01121
http://doi.org/10.1021/acs.molpharmaceut.8b01001
http://www.ncbi.nlm.nih.gov/pubmed/30698450
http://doi.org/10.1016/j.exer.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24837142
http://doi.org/10.1038/bjc.2014.95
http://www.ncbi.nlm.nih.gov/pubmed/24569464
https://clinicaltrials.gov/ct2/results?cond=&term=verteporfin&cntry=&state=&city=&dist=&Search=Search


Biomedicines 2021, 9, 322 23 of 24

37. Liu-Chittenden, Y.; Huang, B.; Shim, J.S.; Chen, Q.; Lee, S.J.; Anders, R.A.; Liu, J.O.; Pan, D. Genetic and pharmacological
disruption of the TEAD-YAP complex suppresses the oncogenic activity of YAP. Genes Dev. 2012, 26, 1300–1305. [CrossRef]

38. Calvo, F.; Ege, N.; Grande-Garcia, A.; Hooper, S.; Jenkins, R.P.; Chaudhry, S.I.; Harrington, K.; Williamson, P.; Moeendarbary, E.;
Charras, G.; et al. Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance
of cancer-associated fibroblasts. Nat. Cell Biol. 2013, 15, 637–646. [CrossRef]

39. Erkan, M.; Kurtoglu, M.; Kleeff, J. The role of hypoxia in pancreatic cancer: A potential therapeutic target? Expert. Rev.
Gastroenterol. Hepatol. 2016, 10, 301–316. [CrossRef] [PubMed]

40. Zhang, H.; Ramakrishnan, S.K.; Triner, D.; Centofanti, B.; Maitra, D.; Gyorffy, B.; Sebolt-Leopold, J.S.; Dame, M.K.; Varani, J.;
Brenner, D.E.; et al. Tumor-selective proteotoxicity of verteporfin inhibits colon cancer progression independently of YAP1. Sci.
Signal 2015, 8, ra98. [CrossRef]

41. Bulin, A.L.; Truillett, C.; Chouikrat, R.; Lux, F.; Frochot, C.; Amans, D.; Ledoux, G.; Tillement, O.; Perriat, P.; Barberi-Heyob,
M.; et al. X-ray-Induced Singlet Oxygen Activation with Nanoscintillator-Coupled Porphyrins. J. Phys. Chem. C 2013, 117,
21583–21589. [CrossRef]

42. Clement, S.; Chen, W.J.; Anwer, A.G.; Goldys, E.M. Verteprofin conjugated to gold nanoparticles for fluorescent cellular
bioimaging and X-ray mediated photodynamic therapy. Microchim. Acta 2017, 184, 1765–1771. [CrossRef]

43. Cline, B.; Delahunty, I.; Xie, J. Nanoparticles to mediate X-ray-induced photodynamic therapy and Cherenkov radiation
photodynamic therapy. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1541. [CrossRef]

44. Kotagiri, N.; Sudlow, G.P.; Akers, W.J.; Achilefu, S. Breaking the depth dependency of phototherapy with Cerenkov radiation and
low-radiance-responsive nanophotosensitizers. Nat. Nanotechnol. 2015, 10, 370–379. [CrossRef]

45. Chen, D.Q.; Yang, D.Z.; Lu, W.F.; Hong, H. An intrinsically radioactive metal-organic framework (MOF) nanomaterial as a
Cerenkov luminescence-excitable PDT agent: Focused on deep-tissue and metastatic tumors. J. Nucl. Med. 2017, 58, 129.

46. Duan, D.; Liu, H.; Xu, Y.; Han, Y.; Xu, M.; Zhang, Z.; Liu, Z. Activating TiO2 Nanoparticles: Gallium-68 Serves as a High-Yield
Photon Emitter for Cerenkov-Induced Photodynamic Therapy. Acs Appl. Mater Inter. 2018, 10, 5278–5286. [CrossRef] [PubMed]

47. Cheng, Y.; Cheng, H.; Jiang, C.; Qiu, X.; Wang, K.; Huan, W.; Yuan, A.; Wu, J.; Hu, Y. Perfluorocarbon nanoparticles enhance
reactive oxygen levels and tumour growth inhibition in photodynamic therapy. Nat. Commun. 2015, 6, 8785. [CrossRef]

48. Que, Y.R.; Liu, Y.J.; Tan, W.; Feng, C.; Shi, P.; Li, Y.J.; Huang, X. Enhancing Photodynamic Therapy Efficacy by Using Fluorinated
Nanoplatform. Acs Macro Lett. 2016, 5, 168–173. [CrossRef]

49. Zhang, H.; Xu, R.; Xie, F.; Xu, W.; Zeng, M.F.; Wang, X.; Zhu, J. Protective effects of perfluorooctyl-bromide nanoparticles on early
brain injuries following subarachnoid hemorrhage in rats. Am. J. Transl. Res. 2015, 7, 1404–1416.

50. Li, F.; Mei, H.; Gao, Y.; Xie, X.; Nie, H.; Li, T.; Zhang, H.; Jia, L. Co-delivery of oxygen and erlotinib by aptamer-modified liposomal
complexes to reverse hypoxia-induced drug resistance in lung cancer. Biomaterials 2017, 145, 56–71. [CrossRef]

51. Sheng, D.; Liu, T.; Deng, L.; Zhang, L.; Li, X.; Xu, J.; Hao, L.; Li, P.; Ran, H.; Chen, H.; et al. Perfluorooctyl bromide & indocyanine
green co-loaded nanoliposomes for enhanced multimodal imaging-guided phototherapy. Biomaterials 2018, 165, 1–13. [CrossRef]

52. Liu, H.; Jiang, W.; Wang, Q.; Xia, J.; Yu, W.; Wang, Y.; Wang, Y. Microenvironment-activated nanoparticles for oxygen self-
supplemented photodynamic cancer therapy. Biomater. Sci. 2020, 8, 370–378. [CrossRef] [PubMed]

53. Deng, W.; Kautzka, Z.; Chen, W.J.; Goldys, E.M. PLGA nanocomposites loaded with verteporfin and gold nanoparticles for
enhanced photodynamic therapy of cancer cells. Rsc Adv. 2016, 6, 112393–112402. [CrossRef]

54. Lu, J.M.; Wang, X.; Marin-Muller, C.; Wang, H.; Lin, P.H.; Yao, Q.; Chen, C. Current advances in research and clinical applications
of PLGA-based nanotechnology. Expert Rev. Mol. Diagn 2009, 9, 325–341. [CrossRef] [PubMed]

55. Bechet, D.; Couleaud, P.; Frochot, C.; Viriot, M.L.; Guillemin, F.; Barberi-Heyob, M. Nanoparticles as vehicles for delivery of
photodynamic therapy agents. Trends Biotechnol. 2008, 26, 612–621. [CrossRef]

56. Vargas, A.; Pegaz, B.; Debefve, E.; Konan-Kouakou, Y.; Lange, N.; Ballini, J.P.; van den Bergh, H.; Gurny, R.; Delie, F. Improved
photodynamic activity of porphyrin loaded into nanoparticles: An in vivo evaluation using chick embryos. Int. J. Pharm. 2004,
286, 131–145. [CrossRef]

57. Acharya, S.; Sahoo, S.K. PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect. Adv. Drug
Deliver Rev. 2011, 63, 170–183. [CrossRef] [PubMed]

58. Zhao, Y.; Song, W.; Wang, D.; Ran, H.; Wang, R.; Yao, Y.; Wang, Z.; Zheng, Y.; Li, P. Phase-Shifted PFH@PLGA/Fe3O4
Nanocapsules for MRI/US Imaging and Photothermal Therapy with near-Infrared Irradiation. Acs Appl. Mater. Interfaces 2015, 7,
14231–14242. [CrossRef] [PubMed]

59. Seekell, R.P.; Lock, A.T.; Peng, Y.; Cole, A.R.; Perry, D.A.; Kheir, J.N.; Polizzotti, B.D. Oxygen delivery using engineered
microparticles. Proc. Natl. Acad. Sci. USA 2016, 113, 12380–12385. [CrossRef] [PubMed]

60. Li, X.; Sui, Z.; Li, X.; Xu, W.; Guo, Q.; Sun, J.; Jing, F. Perfluorooctylbromide nanoparticles for ultrasound imaging and drug
delivery. Int. J. Nanomed. 2018, 13, 3053–3067. [CrossRef]

61. Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany, A.M.; Farokhzad, O.C.;
Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the cell. Chem. Soc. Rev. 2017, 46, 4218–4244. [CrossRef]

62. Panyam, J.; Zhou, W.Z.; Prabha, S.; Sahoo, S.K.; Labhasetwar, V. Rapid endo-lysosomal escape of poly(DL-lactide-co-glycolide)
nanoparticles: Implications for drug and gene delivery. FASEB J. 2002, 16, 1217–1226. [CrossRef]

63. Adjei, I.M.; Sharma, B.; Labhasetwar, V. Nanoparticles: Cellular Uptake and Cytotoxicity. In Nanomaterial: Impacts on Cell Biology
and Medicine; Capco, D.G., Chen, Y., Eds.; Springer Netherlands: Dordrecht, The Netherlands, 2014. [CrossRef]

http://doi.org/10.1101/gad.192856.112
http://doi.org/10.1038/ncb2756
http://doi.org/10.1586/17474124.2016.1117386
http://www.ncbi.nlm.nih.gov/pubmed/26560854
http://doi.org/10.1126/scisignal.aac5418
http://doi.org/10.1021/jp4077189
http://doi.org/10.1007/s00604-017-2145-z
http://doi.org/10.1002/wnan.1541
http://doi.org/10.1038/nnano.2015.17
http://doi.org/10.1021/acsami.7b17902
http://www.ncbi.nlm.nih.gov/pubmed/29368518
http://doi.org/10.1038/ncomms9785
http://doi.org/10.1021/acsmacrolett.5b00935
http://doi.org/10.1016/j.biomaterials.2017.08.030
http://doi.org/10.1016/j.biomaterials.2018.02.041
http://doi.org/10.1039/C9BM01537J
http://www.ncbi.nlm.nih.gov/pubmed/31728482
http://doi.org/10.1039/C6RA21997G
http://doi.org/10.1586/erm.09.15
http://www.ncbi.nlm.nih.gov/pubmed/19435455
http://doi.org/10.1016/j.tibtech.2008.07.007
http://doi.org/10.1016/j.ijpharm.2004.07.029
http://doi.org/10.1016/j.addr.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20965219
http://doi.org/10.1021/acsami.5b01873
http://www.ncbi.nlm.nih.gov/pubmed/26067333
http://doi.org/10.1073/pnas.1608438113
http://www.ncbi.nlm.nih.gov/pubmed/27791101
http://doi.org/10.2147/IJN.S164905
http://doi.org/10.1039/C6CS00636A
http://doi.org/10.1096/fj.02-0088com
http://doi.org/10.1007/978-94-017-8739-0_5


Biomedicines 2021, 9, 322 24 of 24

64. Cartiera, M.S.; Johnson, K.M.; Rajendran, V.; Caplan, M.J.; Saltzman, W.M. The uptake and intracellular fate of PLGA nanoparticles
in epithelial cells. Biomaterials 2009, 30, 2790–2798. [CrossRef]

65. Rathore, B.; Sunwoo, K.; Jangili, P.; Kim, J.; Kim, J.H.; Huang, M.; Xiong, J.; Sharma, A.; Yang, Z.; Qu, J.; et al. Nanomaterial
designing strategies related to cell lysosome and their biomedical applications: A review. Biomaterials 2019, 211, 25–47. [CrossRef]
[PubMed]

66. Ning, M.; Milgrom, S.; Gunther, J.; Pinnix, C.; Christopherson, K.; Brooks, E.; Khoury, J.; Wang, M.; Dabaja, B. Low-Dose (4 Gy)
Radiation Therapy as an Effective Treatment Modality for Relapsed Refractory Mantle Cell Lymphoma. Int. J. Radiat. Oncol. Biol.
Phys. 2018, 102, e337–e338. [CrossRef]

67. Ragàs, X.; Jiménez-Banzo, A.; Sánchez-García, D.; Batllori, X.; Nonell, S. Singlet oxygen photosensitisation by the fluorescent
probe Singlet Oxygen Sensor Green®. Chem. Communications 2009, 2920–2922. [CrossRef] [PubMed]

68. Khanbolooki, S.; Nawrocki, S.T.; Arumugam, T.; Andtbacka, R.; Pino, M.S.; Kurzrock, R.; Logsdon, C.D.; Abbruzzese, J.L.;
McConkey, D.J. Nuclear factor-kappaB maintains TRAIL resistance in human pancreatic cancer cells. Mol. Cancer Ther. 2006, 5,
2251–2260. [CrossRef]

69. Brancato, V.; Oliveira, J.M.; Correlo, V.M.; Reis, R.L.; Kundu, S.C. Could 3D models of cancer enhance drug screening? Biomaterials
2020, 232, 119744. [CrossRef]

70. Zeeberg, K.; Cardone, R.A.; Greco, M.R.; Saccomano, M.; Nohr-Nielsen, A.; Alves, F.; Pedersen, S.F.; Reshkin, S.J. Assessment of
different 3D culture systems to study tumor phenotype and chemosensitivity in pancreatic ductal adenocarcinoma. Int. J. Oncol.
2016, 49, 243–252. [CrossRef]

71. Mehta, G.; Hsiao, A.Y.; Ingram, M.; Luker, G.D.; Takayama, S. Opportunities and challenges for use of tumor spheroids as models
to test drug delivery and efficacy. J. Control Release 2012, 164, 192–204. [CrossRef]

72. Xue, G.; Ren, Z.; Grabham, P.W.; Chen, Y.; Zhu, J.; Du, Y.; Pan, D.; Li, X.; Hu, B. Reprogramming mediated radio-resistance of
3D-grown cancer cells. J. Radiat Res. 2015, 56, 656–662. [CrossRef]

73. Fischbach, C.; Chen, R.; Matsumoto, T.; Schmelzle, T.; Brugge, J.S.; Polverini, P.J.; Mooney, D.J. Engineering tumors with 3D
scaffolds. Nat. Methods 2007, 4, 855–860. [CrossRef]

74. Guller, A.E.; Grebenyuk, P.N.; Shekhter, A.B.; Zvyagin, A.V.; Deyev, S.M. Bioreactor-Based Tumor Tissue Engineering. Acta Nat.
2016, 8, 44–58. [CrossRef]

75. Guller, A.; Trusova, I.; Petersen, E.; Shekhter, A.; Kurkov, A.; Qian, Y.; Zvyagin, A. Acellular organ scaffolds for tumor tissue
engineering. In Proceedings of the Micro+Nano Materials, Devices, and Systems, Sydney, Australia, 6 December 2015; pp.
96684G–96689G.

76. Guller, A.; Rozova, V.; Kuschnerus, I.; Khabir, Z.; Nadort, A.; Garcia-Bennett, A.; Liang, L.; Qian, Y.; Goldys, E.M.; Zvyagin,
A.V. Tissue engineered model of hepatic breast cancer micrometastasis shows host-dependent colonization patterns and drug
responses. bioRxiv 2020. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2009.01.057
http://doi.org/10.1016/j.biomaterials.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31078050
http://doi.org/10.1016/j.ijrobp.2018.07.1033
http://doi.org/10.1039/b822776d
http://www.ncbi.nlm.nih.gov/pubmed/19436910
http://doi.org/10.1158/1535-7163.MCT-06-0075
http://doi.org/10.1016/j.biomaterials.2019.119744
http://doi.org/10.3892/ijo.2016.3513
http://doi.org/10.1016/j.jconrel.2012.04.045
http://doi.org/10.1093/jrr/rrv018
http://doi.org/10.1038/nmeth1085
http://doi.org/10.32607/20758251-2016-8-3-44-58
http://doi.org/10.1101/2020.01.08.898163

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of PLGA–VP and PLGA–VP–PFOB NCs 
	PLGA–VP–PFOB NCs Characterization 
	Cell Culture 
	Viability Assay (Dark Toxicity Study) 
	Irradiation Experiments 
	Cellular Uptake and Localization of Nanoconstructs 
	Effects of X-PDT In Vitro 
	Live/Dead Cell Assay 
	Clonogenic Assays 
	Toxicity Study in Hypoxic Condition 
	Singlet Oxygen Detection, Quantification, and Analysis 
	Experiments on 3D Cell Cultures 
	Statistical Analysis 


	Results 
	Characterization of PLGA–VP–PFOB NCs 
	Cellular Uptake and Localization of Nanoconstructs 
	RDT in PDAC Cells under Normoxic Conditions 
	Experimental Treatment under Modeled Tumor Hypoxia 
	RDT in 3D Model 

	Discussion 
	Conclusions 
	
	Scanning Electron Microscopy (SEM) Image of PLGA NPs 
	Cellular Uptake of PLGA–VP–PFOB in PANC-1 Cells 
	Colocalization of PLGA–VP with Organelles in PANC-1 Cells 
	Live/Dead Cell Viability Quantification in Monolayer Culture of PANC-1 Cells 
	Clonogenic Assay 
	Experiments on Three-Dimensional Cell Cultures 
	The Experimental Design 
	Preparation of Acellular Liver Scaffolds (ALS) 
	Recellularization of ALS 
	Scanning Electron Microscopy (SEM) 
	Histology 
	Cell Viability Assays in 3D TECs 

	Characterization of 3D Model of Metastatic PDAC 
	PLGA–VP–PFOB Dark Toxicity Evaluation in 3D TECs 

	
	References

