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Abstract. Concurrent low-dose carboplatin/Photofrin®
photodynamic therapy (ccPDT) has been shown to promote
relapse-free complete tumor regression in cervical or endo-
metrial cancer patients as a fertility-preservation therapy.
This study aimed to investigate the molecular mechanism of
the enhanced therapeutic efficacy of ccPDT by determining
intracellular reactive oxygen species (ROS) and necrotic or
apoptotic cell damage in HeLa cells loaded with fluorescent
oxidant agents and Photofrin or/and carboplatin under light
irradiation. The cytotoxic effects of ccPDT were compared
when monitored with a light dose under carboplatin or
Photofrin alone. Photofrin-PDT alone did not enhance either
hydroxyl radicals (OH") or superoxide anions (O,"), but a
slight enhancement of hydrogen peroxide (H,0O,) production
was observed. A larger enhancement of ROS production
was obtained in a dose-dependent manner following ccPDT,
especially OH" and H,0,, in conjunction with both necrotic
and apoptotic cell death, compared with necrotic-prone PDT
alone. The carboplatin-mediated Fenton reaction: 2[Pt'],
+ H,0, — [Pt***],+ OH + OH" was proposed to explain the
dose-dependent enhancement of OH’. In conclusion, the thera-
peutic enhancement of ccPDT in vitro was attributable to the
carboplatin-mediated synergetic production of OH" and apop-
totic cellular damage, compared with Photofrin-PDT alone.

Introduction
Photodynamic therapy (PDT) is a local therapy; thus, in prin-

ciple, PDT can be safely combined with any systemic therapy
by exploiting non-overlapping cellular targets. Previous
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studies have demonstrated the enhancement of the therapeutic
efficacy of combination treatment with carboplatin (CBP)
and PDT (1-7) through synergism (2) and the subsequent
ROS-mediated downregulation of biological functions (3,4) or
modulation of EGRF/PARP protein expression (5). In partic-
ular, low-dose CBP combined with Photofrin®-PDT (ccPDT)
resulted in a relapse-free period of more than 3 years when
used to treat cervical or endometrial cancer patients, while
also preserving fertility and enabling the successful delivery
of babies, as determined in our previous clinical efficacy
study (1). However, the involvement of specific reactive oxygen
species (ROS) and related cell death pathways in the thera-
peutic enhancement by ccPDT remains to be elucidated despite
ROS-mediated synergistic therapeutic enhancement becoming
increasingly evident (2-4). Anticancer metal complexes (plat-
inum, gold, arsenic, ruthenium, rhodium, copper, vanadium,
cobalt, manganese, gadolinium and molybdenum) have been
shown to strongly interact with or even disturb cellular redox
homeostasis, and ROS generation via the Fenton reaction is
known (8).

The destructive power of large-scale ROS production is
highlighted by the fact that PDT uses photoactivation of chem-
icals that produce ROS; primarily, but not exclusively, singlet
oxygen ('0,), to kill cancer cells and to treat local infections (9).
The predominant type of ROS generated by the photosen-
sitizer depends on the type of assembly of photosensitizer
molecules (monomer, dimer), the reaction and local oxygen
concentrations, such that Type I reactions produce O, while
type II produce 'O, (10,11). It was suggested that 'O, produced
at plasma/ER/Golgi membranes mediates necrosis, whereas
ROS other than 'O, likely produced by the mitochondria,
activate the intrinsic apoptosis pathway (4,9,11-13). While
most clinically approved photosensitizers (porphyrins,
chlorins, or chemically related species) have high efficiency
to produce 'O, (9,11), enhanced ROS production via either
electron or energy transfer or a new cytotoxic pathway may
improve the therapeutic efficacy of combined treatment with
different biological consequences compared to PDT alone. In
this study, ccPDT-induced modulation of ROS production and
cellular death were examined to elucidate the mechanism of
the therapeutic efficacy in ccPDT.
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Materials and methods

Materials. Photofrin® was kindly provided by LightpharmTech
(Seoul,Korea). Carboplatin was purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Fetal bovine serum
(FBS) was purchased from MP Biomedicals, LLC (Solon, OH,
USA). RPMI-1640, PBS and penicillin-streptomycin (P/S)
were obtained from Gibco BRL (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Aminophenyl fluorescein (APF),
dihydroethidium (hydroethidine, DHE), and H,DCFDA were
obtained from Molecular Probes (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). ROSstar™ 650 was purchased
from LI-COR Biosciences (Lincoln, NE, USA). The
Apoptosis/Necrosis Detection Kit (blue, red, green; abl176750)
was obtained from Abcam (Cambridge, UK). The HeLa cell
line was purchased from the Cell Bank of the Committee of
Type Culture Collection (Seoul, Korea). The 96-well plates
(clear/black) and 4-well cell culture slides were supplied by
SPL Life Sciences (Pocheon, Korea).

Carboplatin cytotoxicity test to determine the non-toxic
dose. To establish the low-dose response rate of HeLa cells to
carboplatin (CBP), cells were treated with 0-1,000 xM CBP
in standard media. HeLa cells were cultured at 37°C in a 5%
CO, humidified atmosphere in RPMI-1640 medium supple-
mented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
P/S. Four batches of cells for each CBP concentration were
prepared by seeding at a density of 1x10° cells/ml onto clear
96-well plates and incubated overnight. After changing to a
medium containing 0, 5, 20, 100 and 1,000 M CBP, the cells
were incubated in the dark for 24 h, and the cytotoxicity was
measured using the MTT (3(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay.

Concurrent Photofrin and CBP treatment. HeLa cells at
a density of 1x10° cells/ml were seeded in 96-well plates
(clear/black) or 4-well cell culture slides, and incubated
overnight. After washing with PBS twice, the cells were
incubated with 20 yM Photofrin-containing medium for 3 h,
or/and washed twice with PBS, and re-incubation with 100 xM
CBP-containing medium. Medium was replaced with PBS
prior to light irradiation.

Assessment of ROS levels. Five wells of cells per group were
seeded and treated as described above with concurrent Photofrin
and CBP treatment in 44 black 96-well plates. After twice
washing, 4 ROS probe groups of each 11 plates were incubated
with medium containing 1 ¥M of APF, 5 uM of DHE, 25 uM of
ROSstar™ 650, and 1 M of H,DCFDA in the dark separately
for 30 min. The cells were then washed twice and placed in PBS,
and light irradiation was performed using a 630-nm laser with an
intensity of 2.5 mW/cm? for 0, 100, 200, 300, 400, 500, 600, 700,
800,900 and 1,000 sec. The generation of each type of ROS was
measured by fluorescence intensity using a plate reader set at the
appropriate wavelength: APF, A,,=465 nm/\,,=510 nm; DHE,
Aee=510 nm/A,,,=590 nm; ROSstar™, A, =635 nm/A,=670 nm,
and H,DCFDA, A.,=510 nm/A,,=535 nm.

Apoptosis/necrosis assay. Cells prepared in 4-well cell culture
slides were treated according to the above concurrent Photofrin
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and CBP treatment. Cells were treated by light irradiation at:
A=630 nm; fluence rate, 2.5 mW/cm?; light dose, 660 mJ. After
treatment, the medium was replaced, and cells were incu-
bated for 24 h. The apoptosis/necrosis assay was performed
according to the manufacturer's instructions. Cells were treated
with a mixture of staining solutions: 20 ul of Apopxin™ Deep
Red Indicator (100X) for apoptotic cells, 10 ul of Nuclear
Green DCS1 (200X) for necrotic cells, 10 ul of CytoCalcein
Violet 450 (200X) for viable cells, and 2 ml of assay buffer.
The cells were then incubated for 30 min at room temperature,
washed two times with assay buffer, and finally analyzed by
confocal microscopy with the following wavelengths: Apopxin
Deep Red Indicator; A,=640 nm/A,,,=663-738 nm; Nuclear
Green DCSI, A,,=488 nm/\,,,=500-550 nm; and CytoCalcein
violet 450, A,=405 nm/\,,,=425-475 nm.

Cell viability assay. Each group contained 4 (wells) x11
slide samples for multiple irradiation doses. HeLa cells were
prepared for each experimental group by seeding at a density
of 1x10° cells/ml in 96-well plates (clear/black) or 4-well
chamber cell culture slides, and incubated overnight. After
washing twice with PBS, the cells were incubated with 20 pM
Photofrin-containing medium for 3 h, washed twice with PBS
and re-incubated in 100 uM CBP-containing medium. Four
different experimental groups were prepared; cells incubated
with no drugs (control), Photofrin (PF), carboplatin (CBP), or
Photofrin and carboplatin (PF+CBP; ccPDT). The medium
was replaced with PBS prior to light irradiation. Light irra-
diation was performed with a fluence rate of 2.5 mW/cm? at
various light doses: 0, 330, 660, 990, 1,320, 1,650, 1,980, 2,310,
2,640, 2,970, 3,300 mJ for which the total area irradiated was
1.32 cm?. Cell viability was determined using the MTT assay
4 h after light irradiation.

Statistical analysis. ROS-fluorescence intensity and ODs,, data
on the viability levels are presented as the mean + standard
deviation (SD). One-way analysis of variance (ANOVA) was
used for data analyses. The Levene's test was used to demon-
strate the equal variances of the variables. Post hoc analysis
using Bonferroni's multiple comparison was used to determine
significant differences. All testing was performed using IBM
SPSS statistical software v23 (IBM Corp., Armonk, NY, USA).

Results

Cytotoxicity of carboplatin- and PF-mediated PDT.
Significant CBP-mediated cytotoxicity was not induced in
HeLa cells treated with up to 100 uM CBP, as shown in Fig. 1.
When treated with 1 mM of CBP, cell viability was decreased
by 30%. Thereafter, 100 xuM CBP was used in further ROS
measurement studies or cytotoxicity assays for the combined
treatment.

When the cells were treated with 100 M CBP in combina-
tion with varying light doses and 20 M Photofrin (PF+CBP),
the percentage of cell viability was decreased significantly
(P<0.001) compared to each individual treatment alone (Fig. 2).
When treated with 330 mJ of light, Photofrin (PF)-PDT did
not produce significant cytotoxicity, while ccPDT (PF+CBP)
treatment showed a 50.2+25.4 or 42.8+28.2% reduction
in viable cells compared to the control or PF-PDT alone,
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Figure 1. Cytotoxicity of HeLa cells treated with increasing concentrations of
carboplatin (0-1,000 zM). Cytotoxicity was determined by MTT assay. Data
represent the mean + SD (n=4 per group). ““P<0.001 compared with 0 M.

respectively. The enhanced reduction in cell viability reached
67.5+6.9 or 43.7+3.1% compared to the control or PF-PDT
alone, respectively, when treated with the light dose of 660 mJ.
The relative cytotoxicity ratio of combined treatment to
PF-PDT alone gradually increased from 1.74 to 3.54 with a
light dose ranging from 330 to 3,300 mJ.

Increased apoptotic effect following combined treatment.
Triple staining with Apopxin Deep Red Indicator, Nuclear
Green DCSI1, and CytoCalcein Violet 450 was performed
to determine the cellular damage pathway for individual
and combined treatments. As shown in Fig. 3, the dominate
pathway for PF-PDT alone was necrotic death, while enhanced
apoptosis was observed for ccPDT. Light irradiation in the
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presence of CBP or PF alone demonstrated slight apoptosis,
6.0£2.1 or 3.3+1.8% in average for multiple sample batches,
respectively, based on counting cells in fluorescence images,
but this apoptotic effect increased notably (35.2+9.4%)
following PDT treatment under the coexistence of CBP and
Photofrin (ccPDT).

ROS production following ccPDT treatment. In PF-PDT
alone with a relatively high fluence rate (35 mW/cm?) and light
dose (6.6 J), ROS production was increased by 33.7+19.9%
compared with the untreated control, while ccPDT demon-
strated enhanced ROS production by a factor of 2.4 or 1.9
compared with the untreated or PF-PDT alone, respectively
(Fig. 4). In PF-PDT alone under irradiation with a relatively
lower fluence rate (2.5 mW/cm?), yields of OH' and O, were
residual and did not increase with higher light doses, and
were much smaller than those in ccPDT (Fig. 5). However,
ROS detection based on ROSstar™ 650 increased with
increasing light doses even in the PF-PDT alone treatment
group, indicating enhancement of H,O, with increasing light
doses in the PF-PDT alone group (Fig. 5C and D). In contrast,
ccPDT showed enhanced production of O, by a factor of 3
on average over the range of irradiation doses and a gradual
increment of the OH" yield over the range of light doses. In
the Type I reaction of PDT, electron transfer to triplet oxygen
can produce O,". In ccPDT, the residual O, in PDT alone
increased sharply, but saturated quickly with increasing light
doses. In contrast, the yield of OH" in the combined treatment
group was highly enhanced compared to PDT alone, and this
enhancement increased with higher light doses, but remained
residual in PDT alone. The 50% enhanced production of H,0,
by the dismutase-mediated conversion of O, was observed to
increase gradually with increasing light doses in the combined
treatment group (ccPDT) (Fig. 5D).
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Figure 2. Cytotoxicity of HeLa cells when treated with increasing doses of light irradiation under control (no drug, light only), 20 #M Photofrin only (PF),
100 M carboplatin only (CBP), and both Photofrin and carboplatin (PF+CBP) conditions. Cytotoxicity was determined by MTT assay. Data represent

mean + SD (n=4 per group). "P<0.05; “P<0.01; “*P<0.001.
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Figure 3. Necrosis and apoptosis assays of HeLa cells treated with light only, 20 M Photofrin-PDT (PF-PDT), light irradiation in the presence of 100 uM
carboplatin only (CBP), and ccPDT. Healthy viable cells were stained with CytoCalcein Violet 450 (blue), necrotic cells with DNA nuclear green DCSI (green),
and apoptotic cells with phosphatidylserine (red). (Nikon A1+, objective: CFI Plan Apo Lambda 10X, NA: 0.45, scale bar: 50 ym). Apoptotic cell death was
only 6.0+2.1% following CBP treatment, while 7.3+3.5% cells exhibited necrotic death. In contrast, the apoptotic effect was increased by 35.2+9.4% following
ccPDT.
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Figure 4. ROS production measured using 10 #M ROSstar™ 650 from the four HeLa cell treatment groups; untreated control, carboplatin only (CBP), PF-PDT
(PDT), or ccPDT under 630 nm light irradiation with 35 mW/cm? and 5 J. Data represent the mean + SD (n=4 per group). ““P<0.001.
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Figure 5. Relative production of (A) hydroxyl radicals, OH measured by APF, (B) superoxide anions, O, by DHE, (C) O,", OH, H,0, by ROSstar™ 650,
and (D) intracellular ROS (mainly H,O,) by H,DCFDA between PF-PDT (PDT) and ccPDT with increasing irradiation time. Data represent the mean + SD
(n=5 per group).

o]
O NH,
Pt
RN 1
O NH, Pt
=
o 2
Carboplatin b
=
<
NADPH, GSH *
depletion g
Intersystem :‘u\
Crossing Type | s
1ps* — / Energy Transfer f
k2 =
—PS* @ m— | 0, | &
@ 11 - - &1
=f 2 £
o £l £ g =y
as =1 ¢ k4 - 1 )
b = 8 & (95 kJmol 1) . a
= g - [=] =3
= 2] € = =1
g = g Type II
=
o Energy Transfer

Figure 6. Schematic diagram showing the differential ROS-mediated process between PF-PDT and ccPDT (concurrent low-dose carboplatin Photofrin photo-
dynamic therapy). Carboplatin-mediated enhancement of O, and the Fenton-like reaction are proposed to produce enhanced OH' following ccPDT, whereas
'0, as the primary damaging species and conversion of O, into OH' via the Fenton reaction on H,0, is limited due to the much lower electron transfer rate
compared to the energy transfer following PF-PDT (Photofrin-Photodynamic therapy).

Discussion states of platinum are +2 (d®) and +4 (d°) (8). Cisplatin and

carboplatin are typical Pt" drugs when the preferred oxidation
Concurrent ccPDT was found to produce hydroxyl radicals as  state of the Pt center is +2. CBP-stimulated production of O,
the major additional ROS compared to the prevalent singlet can be converted to H,O, by cellular dismutase (14-16), which
oxygen following PF-PDT alone. The most common oxidation  can be further transformed into OH by means of either the
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CBP-mediated Fenton-like reaction via a light-mediated redox
active platinum ion (17-19) or the Fe**-mediated Fenton reac-
tion from oxidized [4Fe-4S] clusters of proteins (20,21) under
the combined regime, as shown in the following equation:

2[Pt"),+ H,0; > [PF*]4+ OH + 'OH

This synergistic reaction may result in enhanced reactive
conversion of CBP in the presence of PDT-mediated oxygen
radicals under the ccPDT regime (18,19). The notable increase
in the OH’ yield and relatively constant O, yield with a light
dose supports the hypothesis for a Fenton-like reaction via
photoactivated CBP. On the other hand, O, contributes to the
iron release by oxidizing the [4Fe-4S] clusters (22), which acts
as a catalyst for H,0, decomposition in the Fenton reaction,
producing more OH"(20,21). In normal untreated cells, H,0, as
a metabolic byproduct can then be removed through enzymatic
reactions (e.g., catalase) and thiol-systems (e.g. glutathione) to
avoid the Fenton reaction formation of OH'. In PF-PDT-treated
cells, cellular removal of H,O, may be partially impaired as a
result of damage to the removal pathway or because the Fenton
reaction-mediated conversion to OH' is limited by a much lower
electron transfer rate (k < 1x10”M'sec™) compared to a higher
rate of energy transfer (k<1-3x10° M'sec™") (23). These results
led to the residual accumulation of dose-dependent intracel-
lular H,0, (Fig. 5D), and lipid peroxidation contributing to
necrotic damage together with the primary damaging species,
'0,. In the presence of CBP under ccPDT, the Pt" oxidation
status enables CBP to easily react with soft bases such as
sulfur-containing glutathione (GSH) and other cysteine-rich
molecules (8). CBP-stimulated production of O, may lead to
the decrease in protective antioxidant systems, and effectively
sensitizing the cell to oxidative stress via GSH and NADPH
depletion (6,16,24).

The generation of OH" can result in a cascade of different
ROS, each with unique properties and preferred biological
targets. Necrotic death was a main pathway of cellular damage
by Photofrin-mediated PDT under the present regime, as
observed in Fig. 3, whereas the apoptotic effects were superim-
posed in ccPDT as shown also in another report (7). However,
in general, the pathway for PF-PDT-mediated cell damage
depended on the concentration of PF and the light dose as
revealed in previous research (25).In the present study we aimed
to demonstrate enhanced production of hydroxyl radicals and
related apoptotic effects under only current ccPDT (concurrent
low-dose CBP and conventional PF-PDT) regime. General
dependency of cellular death on the PF-concentration was not
pursued in this study. This enhanced apoptosis can be initi-
ated by the CBP-induced mitochondrial-ROS response (14-16)
with depletion of the antioxidant enzyme; however, apoptosis
did not occur significantly under CBP alone, as shown in the
individual CBP only group (Fig. 3). This result was largely
enhanced by accumulated OH" (12,13), suggesting a synergistic
effect by ccPDT. A similar effect was reported following
cisplatin treatment showing NADPH depletion, which resulted
in an altered mitochondrial redox status that then caused the
generation of OH" and induction of apoptosis (26-28). Overall,
determining the outcome of PDT on a cellular level is complex.
Nevertheless, some general themes can be observed (29). With
high doses of PDT or PS localization to the plasma membrane,
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necrosis is the dominant form of cell death. With mild PDT
and damage to the mitochondria or anti-apoptotic compo-
nents, apoptosis is triggered. With low PDT-induced damage
to organelles, autophagy is initiated to repair the damage (30).
Therefore, in PF-PDT with conventional light dose where PF
is localized mainly to the plasma membrane, autophagy may
not be the major mechanism of cellular damage in this ccPDT
despite application of variable light dose.

ROS-mediated therapeutic efficacy is depicted in Fig. 6. In
summary, these results suggest that in Photofrin-PDT alone,
necrotic damage is obtained by a '0,-mediated Type II reac-
tion, while O, is converted into H,O,, which is not removed
efficiently due to partially impaired antioxidant systems under
PDT. Conversely, in ccPDT, production of O, is enhanced
by CBP, and H,0, can be further converted into more toxic
OH via both the potent CBP-mediated Fenton-like reaction
and enhancement of the oxidized [4Fe-4S]-mediated Fenton
reaction. Therefore, the therapeutic enhancement in low-dose
CBP-based ccPDT may be due to the exploitation of the
synergistic enhancement of OH' that led to superimposed
apoptosis-based cellular death, while avoiding side effects by
reducing the effective dosage of carboplatin.
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