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1 | INTRODUCTION

Near-infrared photoimmunotherapy (NIR-PIT) is a new cancer phototherapy modality
using an antibody conjugated to a photosensitizer, IRDye700DX. When the conjugate
binds to the plasma membrane and is exposed to NIR light, NIR-PIT-treated cells
undergo swelling, and target-selective necrotic/immunogenic cell death is induced.
However, the cytotoxic mechanism of NIR-PIT has not been elucidated. In order to
understand the mechanism, it is important to elucidate how the damage to the plasma
membrane induced by NIR light irradiation changes over time. Thus, in the present
study, we investigated the changes in plasma membrane permeability using ions and
molecules of various sizes. Na* flowed into cells immediately after NIR light irradiation,
even when the function of transporters or channels was blocked. Subsequently, fluo-
rescent molecules larger than Na* entered the cells, but the damage was not large
enough for dextran to pass through at early time points. To assess these phenomena
quantitatively, membrane permeability was estimated using radiolabeled ions and
molecules: ***InCl,, 1 In-DTPA, and ®H-H,0, and comparable results were obtained.
Although minute plasma membrane perforations usually do not induce cell death, our
results suggest that the minute damage induced by NIR-PIT was irreversibly extended
with time. In conclusion, minute plasma membrane damage is a trigger for the increase
in plasma membrane permeability, cell swelling, and necrotic/immunogenic cell death
in NIR-PIT. Our findings provide new insight into the cytotoxic mechanism of NIR-PIT.
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success in 2017 (https://clinicaltrials.gov/ct2/show/NCT02422979).
When a monoclonal antibody-IR700 conjugate (mAb-IR700) binds to

Near-infrared photoimmunotherapy (NIR-PIT) is a newly developed
cancer therapy using antibody-photosensitizer conjugates followed
by NIR light exposure. The highly hydrophilic silicon-phthalocyanine
derivative, IRDye700DX (IR700), is used as a photosensitizer.! A
clinical trial using cetuximab-IR700 conjugates (anti-human epidermal
growth factor receptor type-1) in patients with recurrent head and
neck cancer has been approved in 2015 by the US Food and Drug
Administration, and the phase I/l study was finished with good

an antigen on the target cell membrane and is exposed to NIR light,
selective cytotoxic effects are induced. Cells treated with NIR-PIT
eventually develop blebs, resulting in cell death.

Necrotic cell death and apoptotic cell death are two major pro-
cesses of cell death, and the plasma membrane damage induced by
NIR-PIT is necrotic rather than apoptotic.?2 The cytotoxicity of photo-
dynamic therapy (PDT), conventional phototherapy, is mainly related

to reactive oxygen species (ROS) generated from excited
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photosensitizers. Apoptosis is a general major cell death process in
PDT.3* In contrast, NIR-PIT induces cell death under hypoxic condi-
tions, the cells are killed in the presence of ROS scavengers, and cas-
pase-3 activity is not increased.»™® Thus, apoptotic cell death is not
the main mechanism of cell death in NIR-PIT, and necrotic/immuno-
genic cell death is induced.”

In previous studies on necrotic/immunogenic cell death, obvious
morphological changes such as cell swelling and bleb formation were
observed in NIR-PIT-treated cells.>”® Plasma membrane-targeted
photosensitizers for PDT induce plasma membrane damage by ROS
and blebs are also formed.”'° In contrast, several studies have
shown that ROS is not the factor responsible for inducing membrane
damage in NIR-PIT.2>*%12 Thys, in order to understand the cytotoxic
mechanism of NIR-PIT, it is important to elucidate how the damaged
plasma membrane changes during the process of cell swelling and
bleb formation. Therefore, in the present study, we aimed to investi-
gate the changes in plasma membrane damage at early time points
during NIR-PIT. The severity of plasma membrane damage was eval-
uated by permeability changes for various sizes of ions and mole-
cules. Our findings on the plasma membrane damage will provide
new insight into the cytotoxic mechanism of NIR-PIT.

2 | MATERIALS AND METHODS

2.1 | Reagents

Trastuzumab (Herceptin®), 95% humanized 1gG1 mAb against the
extracellular domain of the human epidermal growth factor receptor
type-2 (HER2), was purchased from Chugai Pharmaceutical Co., Ltd
(Tokyo, Japan). The silicon-phthalocyanine derivative, IRDye700DX
NHS ester (IR700), was purchased from Li-COR Bioscience (Lincoln,
NE, USA). All the other chemicals used were of reagent grade.

2.2 | Synthesis of IR700 conjugated antibodies

Trastuzumab (1 mg, 6.8 nmol) was incubated with IR700 (66.8 pg,
34.2 nmol) in 0.1 mol/L Na,HPO,4 (pH 8.5) at room temperature for
2 hours. The reaction mixture was purified on a Sephadex G25 column
(PD-10; GE Healthcare, Milwaukee, WI, USA) to derive trastuzumab-
IR700 (Tra-IR700). Protein concentrations were determined with the
Modified Lowry Protein Assay Kit (Thermo Fisher Scientific Inc., Rock-
ford, IL, USA) by measurement of light absorption at 750 nm with the
Infinite M200 instrument (Tecan Austria GmbH, Grodig, Austria). Con-
centration of IR700 was measured by absorption at 689 nm with a spec-
trometer (UV-1800; Shimadzu Corp., Kyoto, Japan) in order to determine
the number of IR700 molecules conjugated to each mAb molecule:
approximately 3 IR700 molecules were bound to a single mAb.

2.3 | Cell culture

HER2-gene-transfected NIH3T3 (3T3-HER2) cells were a gift from
Dr Hisataka Kobayashi (Molecular Imaging Program, Center for Can-
cer Research, National Cancer Institute, NIH, Bethesda, USA). Cells

were grown in RPMI-1640 (Sigma, St Louis, MO, USA) containing
10% FBS (Gibco Life Technologies, Grand Island, NY, USA) and 1%
penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan) in tissue cul-
ture dishes in a humidified incubator at 37°C in an atmosphere of

95% air and 5% carbon dioxide.

24 | Observation of ion flow-in

The Na*-sensitive fluorescent reagent, CoroNa Green-AM (Molecular
Probes, Eugene, OR, USA), was used to observe intracellular concen-
tration changes of Na* after NIR light irradiation. CoroNa Green-AM
enters cells and, after hydrolysis (MW 564.54 after hydrolysis),
depending on the Na* concentration, it produces a green fluores-
cence.r® 3T3-HER2 cells were seeded on culture dishes and incu-
bated for 24 hours. Tra-IR700 (5 pg/mL) was added to the culture
medium and the cells were incubated for 55 minutes at 37°C. After
incubation, CoroNa Green-AM was added to the medium (2 pmol/L),
and the cells were incubated for 5 minutes. Then, the medium was
changed to fresh medium or 2 different high osmotic pressure media
after washing the cells with PBS. The media were prepared by add-
ing 25 mmol/L NaCl or 50 mmol/L dextran (MW ~6000; Sigma) to
RPMI-1640. Immediately after replacing medium, changes in fluores-
cent intensity were observed using a fluorescent microscope
(CKX41; Olympus Corporation, Tokyo, Japan). A filter set to detect
fluorescence of CoroNa Green consisted of a 460-490-nm excitation
filter and a 520-nm long-pass emission filter. The cells were irradi-
ated with NIR light (2 J/cm?) using a light-emitting diode (LED) emit-
ting light at 670-710 nm (L690D-66-16100; Epitex Inc., Kyoto,
Japan). Power density was measured with an optical power meter
(PM100; Thorlabs, Newton, NJ, USA; 50 mW/cm?). To inhibit the
function of Na* transporters or voltage-dependent sodium channels,
the experiments were also carried out at 4°C or in the presence of
1 pmol/L tetrodotoxin (TTX).14 Image analysis was conducted with

ImageJ software (http://rsb.info.nih.gov/ij/).

2.5 | Observation of plasma membrane
permeability changes

For assessment of changes in plasma membrane permeability, the
LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes) was used.
This assessment depends on the physical and biochemical properties
of cells. Cell-permeable calcein-AM penetrates live-cell membrane
due to its lipophilicity and produces an intense green fluorescence
after hydrolysis (MW 622.55 after hydrolysis). It is retained in cells
unless the cells are dead. Ethidium homodimer-1 (EthD-1, MW
865.77) cannot penetrate a live-cell membrane due to its size and
charge. After cells are dead, EthD-1 enters cells, where it binds to
nucleic acids and is retained. Molecular diameters were calculated by
using ChemBioDraw (PerkinElmer, Inc., Boston, MA, USA).1>1¢
3T3-HER2 cells were seeded on culture dishes and incubated for
24 hours. Tra-IR700 (5 pg/mL) was added to the culture medium and
incubated for 30 minutes at 37°C, and then LIVE/DEAD reagents
were added to the medium. After 30 minutes, the cells were washed
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with PBS, and the medium was replaced with fresh culture medium
containing LIVE/DEAD reagents. The cells were observed under a
fluorescence microscope (CKX41; Olympus Corporation). To detect
the fluorescence of calcein, a filter consisting of a 460-490-nm exci-
tation filter and a 520-nm long-pass emission filter was used. A filter
set to detect fluorescence of EthD-1 consisted of a 480-550-nm
excitation filter and a 590-nm long-pass emission filter. The cells
were irradiated with NIR light (2 J/cm?) using an LED. Image analysis

was conducted with ImageJ software (http://rsb.info.nih.gov/ij/).

2.6 | nClz, In-DTPA, and 3H-H,0 cell-uptake
study

In order to quantify the cell uptake of ions or small molecules after
NIR light irradiation 1**InCl;, 1*In-DTPA (Nihon Medi-Physics Co.
Ltd., Tokyo, Japan) and ®H-H,O (PerkinElmer, Inc.) were used. 3T3-
HER2 cells were seeded at 1 x 10° on 35-mm dishes. Cells in the Tra-
IR700 (+) group were incubated with Tra-IR700 (5 pg/mL) for 1 hour.
After washing with PBS, fresh medium or 2 different high osmotic
pressure media containing these radiotracers were added to each dish.
The high osmotic pressure media were prepared by adding 25 mmol/L
NaCl or 50 mmol/L dextran (MW ~6000) to RPMI-1640. Immediately
after adding medium, cells were exposed to NIR light (2 J/cm?) using
the LED. The cells were incubated for 3 minutes or 60 minutes at
37°C after irradiation, and they were then detached from the dishes
by incubation with trypsin EDTA. After cell-washing centrifugation
with PBS, the cells were lysed in 0.1 N NaOH and radioactivity was
measured with an automatic y-counter (1480 Wizard 3; PerkinElmer,
Inc.) or a liquid scintillation counter (LSC-5100; Hitachi-Aloka Medical,
Tokyo, Japan). Protein concentration was measured with the BCA pro-
tein assay kit (Thermo Fisher Scientific Inc.). The uptake was presented

as percentage dose per milligram of protein.

2.7 | Statistical analysis

Data are expressed as means + SEM from a minimum of 4 experi-
ments. Statistical analyses were carried out using JMP Pro 12.2.0
software (SAS Institute Inc., Cary, NC, USA). For multiple compar-
isons, a one-way analysis of variance (ANOVA) with the Tukey-Kra-
mer test was used. Differences were considered statistically

significant when P-values were <.05.

3 | RESULTS

3.1 | NIR-PIT rapidly induced Na*-inflow, but
dextran did not enter cells at early time points

In order to evaluate minute plasma membrane damage, we observed
Na*-inflow after NIR light irradiation by using the Na*-indicator. The
jonic diameter of Na* in aqueous solution is about 0.5 nm.*” The
extracellular concentration of Na* is approximately 130 mmol/L, and
the concentration in cytosol is 5-15 mmol/L.*® Thus, Na* will flow

into cells if the plasma membrane damage is larger than the Na*
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diameter. Immediately after NIR light irradiation, the fluorescent
intensity of the Na'-indicator was increased, indicating that Na*
rapidly entered cells (Figure 1A; Video S1). Na* flowed into cells
even at 4°C (Figure 1B), and in the presence of TTX immediately
after NIR light irradiation (Figure 1C).

Size of plasma membrane damage was evaluated by observing
Na*-inflow under high osmotic pressure conditions, which were estab-
lished with NaCl or dextran. The diameter of dextran molecules in the
experiments was about 3.7 nm.?” Under high osmotic pressure condi-
tions, Na*-inflow into cells occurs when the plasma membrane damage
is larger than the size of the solute molecules responsible for the
osmotic pressure. Figure 2A shows Na*-inflow under high osmotic
pressure condition caused by NaCl. In contrast, Na* did not flow into
cells under high osmotic pressure conditions established by dextran
(Figure 2B). These results suggest that the initial plasma membrane
damage induced by NIR-PIT is large enough for Na* and CI™ to pass
through, but not large enough for dextran to pass through.

3.2 | Plasma membrane permeability was increased
after NIR light irradiation

Changes in plasma membrane permeability after NIR light irradiation
were evaluated using 2 different fluorescent molecules, calcein-AM and
EthD-1 (Figure 3). The molecular diameters of calcein and EthD-1 were
1.4 and 2.6 nm, respectively. Although calcein did not leak out immedi-
ately after NIR light irradiation, it gradually disappeared from the cells at
3 minutes after NIR light irradiation before obvious plasma membrane
damage was observed in bright field images. EthD-1 entered cells only
after many blebs were observed in bright field. These results suggested
that the permeability increased with time after NIR light irradiation

when the plasma membrane damage was extensive.

3.3 | ™Yn3* rapidly entered cells immediately after
NIR light irradiation

Uptake of ions after NIR light irradiation was quantified with

radioisotopes. *1In%*

was used to investigate the inflow of small
ions at 3 and 60 minutes after NIR light exposure and to evaluate
plasma membrane damage. The calculated ionic diameter of *In*
in aqueous solution is about 0.4 nm.?” Uptake studies were also car-
ried out under high osmotic pressure conditions established by NaCl
or dextran. As shown in Figure 4A, NIR-PIT-treated cells both in a
control medium and in a high osmotic pressure medium established
by NaCl allowed inflow of ***In®* at both 3 and 60 minutes, with no
significant difference in the uptake between these time points. In
contrast, in a high osmotic pressure medium established by dextran,

1n3* inflow was observed neither at 3 minutes nor at 60 minutes.

3.4 | The small molecule, **In-DTPA, entered cells
after NIR light irradiation

In order to investigate the uptake of molecules after NIR light irradi-
ation, the uptake of '!In-DTPA was studied. The calculated
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FIGURE 1 Na*-inflow after near-infrared (NIR) light irradiation. Bright field (BF) and CoroNa Green fluorescence images of Tra-IR700 (+)
(top) and Tra-IR700 (-) (bottom) groups. Na* entered cells after NIR light irradiation only in the Tra-IR700 (+) group. Na*-inflow (A) at 37°C,
(B) at 4°C, and (C) in the presence of tetrodotoxin (TTX). Scale bar, 20 pm

molecular diameter of **In-DTPA is approximately 1 nm.*>¢ In a

exposure, but it eventually flowed into the cells at 60 minutes (Fig-
normal medium and in a high osmotic pressure medium established ure 4B). These results supported the notion that plasma membrane

by NaCl, **'In-DTPA did not enter cells at 3 minutes after light permeability increased with time after NIR light irradiation. In
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FIGURE 2 Na*-inflow under high osmotic pressure conditions after near-infrared (NIR) light irradiation. Bright field and CoroNa Green
fluorescence images of Tra-IR700 (+) (top) and Tra-IR700 (-) (bottom) groups. A, Na*-inflow under high osmotic pressure conditions
established by NaCl. Na* entered cells after NIR light irradiation in the Tra-IR700 (+) group. B, Na*-inflow under high osmotic pressure
conditions established by dextran. Na* did not enter cells after NIR light irradiation. Scale bar, 20 um

FIGURE 3 Changes in plasma

membrane permeability after near-infrared

(NIR) light irradiation. Bright field images Tra-IR700
and calcein and ethidium homodimer-1 (+)
(EthD-1) fluorescence images of Tra-IR700

(+) (top) and Tra-IR700 (-) (bottom)

groups. In the Tra-IR700 (+) group, calcein

leaked out at 3 minutes after NIR light

irradiation, and EthD-1 entered cells after

many blebs were observed in bright field.

In contrast, the fluorescence intensity of Tra-IR700
calcein decreased as a result of )
photobleaching and EthD-1 did not enter

cells after NIR light irradiation in the Tra-

IR700 (-) group. Scale bar, 20 pm

Calcein/EthD-1 BF

BF

Calcein/EthD-1

contrast, under high osmotic pressure conditions established by dex-
tran, there was no difference between the Tra-IR700 (+) and Tra-

IR700 (—) groups at 3 minutes or at 60 minutes.

3.5 | 3H-H,O immediately flowed into cells after
NIR light irradiation

Inflow of water molecules after NIR light irradiation was quantified
using 3H-H,O. As shown in Figure 4C, the Tra-IR700 (+) group
showed an increase in uptake in a normal medium and in a high
osmotic pressure medium established by NaCl at both 3 and 60 min-
utes after NIR light irradiation, although it was not statistically signif-
icant. In contrast, there was no difference between the Tra-IR700

After irradiation

3 min 30 min

(+) and Tra-IR700 (-) groups in a high osmotic pressure medium

established by dextran. These results indicated that the inflow of
water molecules could contribute to the cell swelling observed in
NIR-PIT-treated cells.

4 | DISCUSSION

It has been shown previously that cells treated with NIR-PIT under-
went cell swelling, bleb formation, and cell membrane rupture,'?
which finally resulted in necrotic/immunogenic cell death.” In the
present study, we investigated changes in plasma membrane damage
by observing the permeability for various ions and molecules at an
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FIGURE 4 Quantitative cell uptake studies of (A) 1*In%*, (B) *In
treated cells in a control and in a high osmotic pressure medium esta

after NIR light exposure. Under high osmotic pressure conditions established by dextran,

-DTPA, and (C) ®H-H,O. A, near-infrared photoimmunotherapy (NIR-PIT)-
blished by NaCl demonstrated the inflow of **In®* at both 3 and 60 min
111n3* inflow was not observed. B, NIR-PIT-treated

cells in a control and in a high osmotic pressure medium established by NaCl did not demonstrate the inflow of *In-DTPA at 3 min, but
11n-DTPA flowed into the cells at 60 min. Under the high osmotic pressure conditions established by dextran, there was no difference
between the Tra-IR700 (+) and Tra-IR700 (-) groups neither at 3 min nor at 60 min. C, The Tra-IR700 (+) group showed an increase in uptake
in both a normal medium and in a high osmotic pressure medium established by NaCl at both 3 and 60 min after NIR light irradiation, although

it was not statistically significant. Data are represented as mean + SE
test (*P < .05)

early time point during NIR-PIT. As shown in Figures 1 and 2, it was
suggested that minute plasma membrane perforations that were
large enough for ions but not for dextran to pass through were
induced by NIR-PIT before obvious morphological damage, such as
cell swelling, was apparent. Na*-inflow was observed even when the
function of Na* transporters or channels was blocked (Figure 1B,C),
suggesting that Na* was able to penetrate a damaged plasma mem-
brane. Fluorescent intensity was decreased at 10 minutes in Tra-
IR700 (+). This can be explained by the leakage of Na*-indicator
itself through the severely damaged plasma membrane. Fluorescent
intensity was also decreased at 4°C and in the presence of tetrodo-
toxin for 10 minutes, but the extent was smaller. This is in accor-
dance with the observation that the membrane damage was smaller
in these conditions in 10 minutes. Subsequently, calcein (~1.4 nm)
penetrated the damaged plasma membrane, and the larger EthD-1
(~2.6 nm) entered cells after bleb formation (Figure 3). These results
suggested that plasma membrane permeability was increased with
time after NIR light irradiation. We presume that the plasma mem-
brane damage consists of a tiny “hole” induced by activated mAb-
IR700 immediately after NIR light irradiation and that this “hole” is
extended with time.

Quantitative cell uptake studies using ***In®* and ***In-DTPA sup-

111|n3+

ported the above discussion. uptake was increased both at 3

and 60 minutes after NIR light irradiation (Figure 4A), whereas 5.
DTPA uptake was increased only at 60 minutes (Figure 4B). These
results suggested that NIR-PIT induced minute plasma membrane per-
forations that were large enough for 1n®*

NIR light

to pass through immedi-

ately after irradiation, and that plasma membrane

M (n = 4). Statistical significance was determined by the Tukey-Kramer

permeability was increased with time, which then allowed **In-DTPA
to pass through. Under high osmotic pressure conditions established
by dextran, **In%* uptake in Tra-IR700 (+) at 60 minutes was higher
than that at 3 minutes, suggesting that the plasma membrane damage
became so extensive that even the large dextran molecules could pass
through (~3.7 nm). In contrast, there was no difference between
1n_DTPA uptakes at 3 and 60 minutes under high osmotic pressure
conditions established by dextran. A possible reason for this “no-dif-
ference” may be that ' In-DTPA interacted with dextran, therefore
decreasing the diffusion velocity and increasing the time required for
111n-DTPA to enter the cells. Moreover, as dextran is taken up by the
cells by endocytosis or absorption through the plasma membrane,?°-22
the uptake of *!In-DTPA attached to dextran might be increased in
the Tra-IR700 (-) group under the high osmotic pressure condition
established by dextran compared to other osmotic pressure condi-
tions. However, we presume other reasons, such as adsorption to the
plasma membrane for the increased uptake of *!In-DTPA, because
the uptake was not enhanced in 60 minutes compared to 3 minutes. If
it is endocytosis, uptake should be increased with time. In the case of
a small-sized molecule, it is not easy for it to be internalized into the
cell by endocytosis after adsorption of the molecule to the plasma
membrane.2® The dextran we used in the present study was not large
enough for endocytosis (MW ~6000). Thus, we consider that *%In-
DTPA-dextran complex was adsorbed to the plasma membrane, but
internalization rarely occurred thereafter. Taken together, our results
suggested that NIR-PIT initially induced minute plasma membrane per-
forations that were large enough for small ions to pass through, and

that the damage was irreversibly extended with time.
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FIGURE 5 A Scheme explaining the changes in plasma membrane damage induced by near-infrared photoimmunotherapy (NIR-PIT)

As cells have a plasma membrane repair mechanism that
responds to damage in order to prevent cell death,>®>?* tiny plasma
membrane perforations usually do not induce cell death (eg, electro-
poration®® and bead—loadingzé). In contrast, the minute damage
induced by NIR-PIT was irreversibly extended, and the permeability
was increased without membrane repair. It is possible that the per-
meability increase is partly related to breakdown of cytoskeletal pro-

7 as the inflow of Ca?" can activate cysteine

teins such as actin,?
proteases, which affect the plasma membrane through proteolysis of
cytoskeletal proteins.?® The ion-inflow also disturbs the intracellular
jonic balance and induces water inflow, followed by cell swelling.2%-%°
In fact, in our experiments, Figure 4C indicated that water molecules
(®H-H,0) entered cells after NIR light irradiation and that the inflow
of water molecules was prevented in high osmotic pressure condi-
tions. Although further in vivo studies are needed by local injection
of dextran, high osmolality might function to be temporally protec-
tive to this cell death. Therefore, the minute plasma membrane per-
forations, through which ions can pass, would be a trigger for the
permeability increase, plasma membrane rupture, and necrotic/im-
munogenic cell death during NIR-PIT (Figure 5).

We demonstrated that the minute plasma membrane perfora-
tions induced by mAb-IR700 of NIR-PIT have different characteris-
tics in terms of the passage of ions and molecules, compared to
membrane-targeted photosensitizers of PDT. That is, potassium
ion and calcein do not pass thorough the plasma membrane after
conventional membrane-targeted PDT.3! In contrast, our results
showed that sodium ion and calcein passed through the damaged
plasma membrane induced by NIR-PIT. Thus, although similar
membrane damage seems to be induced by both phototherapies,
membrane permeability for ions and molecules after irradiation
was clearly different, suggesting that the mechanism causing the
membrane damage should be different. Membrane lipid peroxida-
tion is responsible for inducing membrane damage in PDT3%3®
but any oxidative changes on major unsaturated lipid molecules
after NIR-PIT have not been detected so far.>*? Unlike conven-
tional plasma membrane-targeted photosensitizers, an mAb-IR700
is sufficiently far away from the plasma membrane and does not
induce oxidative damage because of the very short half-life of sin-
glet oxygen.!?®* There is a report that free radical scavengers
reduced the effect of NIR-PIT,%® although this has not been gen-
erally accepted.>*?

The molecular mechanism causing such minute plasma membrane
damage in NIR-PIT remains unclear. As the membrane damage is not
mainly caused by ROS generation,'* further research on IR700 after
NIR light irradiation seems to be needed in order to fully understand
the mechanism of NIR-PIT. However, our findings provide new infor-
mation regarding the cytotoxic damage of the plasma membrane at
early time points during NIR-PIT. This study indicated that irre-
versible minute damage on the plasma membrane was induced
before significant morphological damage became apparent, which
should be important for NIR-PIT.
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