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Abstract. High-grade dysplasia (HGD) in Barrett’s esophagus (BE) poses increased risk for developing esopha-
geal adenocarcinoma. To date, early detection and treatment of HGD regions are still challenging due to the
sampling error from tissue biopsy and relocation error during the treatment after histopathological analysis. In
this study, CP-A (metaplasia) and CP-B (HGD) cell lines were used to investigate the “seek-and-treat” potential
using 5-aminolevulinic acid-induced protoporphyrin IX (PpIX). The photodynamic therapy photosensitizer then
provides both a phototoxic effect and additional image contrast for automatic detection and real-time laser treat-
ment. Complementary to our studies on automatic classification, this work focused on characterizing subcellular
irradiation and the potential phototoxicity on both metaplasia and HGD. The treatment results showed that the
HGD cells are less viable than metaplastic cells due to more PpIX production at earlier times. Also, due to mito-
chondrial localization of PpIX, a better killing effect was achieved by involving mitochondria or whole cells com-
pared with just nucleus irradiation in the detected region. With the additional toxicity given by PpIX and potential
morphological/textural differences for pattern recognition, this cellular platform serves as a platform to further
investigate real-time “seek-and-treat” strategies in three-dimensional models for improving early detection and
treatment of BE. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.2.028002]
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1 Introduction
Barrett’s esophagus (BE) is a precancerous condition occurring
in the lower esophagus, where the original squamous epithelium
undergoes metaplastic transformation and is replaced by the
intestinalized columnar cells.1,2 BE can progress through low-
grade dysplasia to high-grade dysplasia (HGD), which signifi-
cantly increases the risk of developing esophageal adenocarci-
noma if early treatment is not provided.3–5 Although various
interventions have been studied extensively,6–11 the diagnostic
techniques are still inadequate and suspected areas of HGD may
be missed because of sampling errors for the initial biopsies or
because of an inability to locate the same target areas on repeat
endoscopy. This is a common problem because pathological
analysis following four-quadrant biopsy is the current gold stan-
dard for evaluating suspected lesions. Because it can take several
days to process, stain, and examine the biopsies, diagnosis and
treatment are commonly separated into two steps, which leads to
difficulties in accurate relocalization of the lesions in separate
procedures.4 Optical biopsy is an emerging technique that
takes advantages of the distinct tissue optical properties of
targeted lesions to enable real-time diagnosis.12 In particular,
the cellular-based optical biopsy retrieves subcellular Barrett’s-
associated characteristics by the use of point spectroscopy or
endomicroscopy.4,13 However, there are substantial challenges

in detecting dysplasia in BE with optical biopsy including
poor signal-to-noise ratio, low specificity in fluorescence endos-
copy imaging14 and significant patient-to-patient variability.4 To
address these challenges, microscopic-based visualization of
subcellular morphology with the addition of an exogenous con-
trast agent is desirable to enhance the contrast between normal,
metaplastic, and HGD regions. Fluorescence of photosensitizers
used in photodynamic therapy (PDT) has been reported to be
beneficial in distinguishing drug–cellular interactions, giving
PDT photosensitizers additional merits besides being therapeu-
tic reagents.15 Using fluorescence from FDA-approved photo-
sensitizers as a contrast agent becomes an attractive option for
clinical translation of the techniques.16,17 In addition, the use of
photosensitizers may provide additional treatment efficacy. In
other words, integrated detection and treatment can be achieved
using well-characterized light illumination immediately follow-
ing a robust detection with quantitative feature extraction and
classification. Palanca-Wessels et al. have developed metaplasia
(CP-A) and HGD (CP-B, CP-C, and CP-D) cell strains from
BE.18 The morphological features and cellular behaviors of
these cell lines have been investigated along with normal squ-
amous epithelial cells in both coculture and organotypic culture
models.18–20 Therefore, these cell lines could potentially serve as
a cellular-based platform to study the integrated early detection
and treatment of BE.
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In this study, we have focused on characterizing the subcel-
lular irradiation efficacies in order to understand the potential
protoporphyrin IX (PpIX) phototoxicity on both metaplasia
and HGD cell lines after detection. The microscopic images
obtained at subcellular resolution would be comparable with
microendoscopic technologies in development.13,21,22 Among
potential PDT “contrast agents,” 5-aminolevulinic acid (5-ALA)
is an endogenous heme precursor that localizes well in mucosal
tissues.10 It produces preferential accumulation of cytotoxic
PpIX at the mitochondrial membranes,23,24 which can poten-
tially lead to treatment selectivity; more importantly, PpIX pro-
vides the nucleus contrast for detection of HGD.13 To date,
although 5-ALA has been studied extensively for treating BE
in vivo, limited selectivity was noted for dysplastic cells.11,25–30

Our goal is to use the BE cellular platform to investigate the
feasibility of integrated detection and treatment. The quantita-
tive imaging analysis, feature extraction, and classification per-
formance have been investigated in our group,31 followed by the
characterization of localized, subcellular treatment efficacy in
this study to examine the optimal irradiation scheme.

2 Materials and Methods
We characterized the dose response curves of two BE cell lines
(CP-A and CP-B) to various doses of light fluence using one-
photon and two-photon irradiations. Three irradiation regimes
that target the whole cell, mitochondria, and cell nuclei were
applied at each light dose in order to investigate the treatment
efficacy as a result of targeted subcellular PDT. Experiments
were conducted in the presence or absence of 5-ALA for pos-
itive and negative controls.

2.1 Cell Culture

CP-A (nondysplastic metaplasia, ATCC® CRL-4027™,
American Type Culture Collection, Manassas, Virginia) and
CP-B (HGD, ATCC® CRL-4028™) are both hTERT-immortal-
ized epithelial cells derived from human esophagus.18 These
well-characterized premalignant cell lines were selected as an
in vitro platform to study subcellular treatment efficacy. Both
cell lines were cultured under identical conditions using the
same batch of MCDB 153 base medium (M7403, Sigma, St.
Louis, Missouri), supplemented with 5% fetal bovine serum
(16000-036, Gibco®, Life Technologies, Burlington, Ontario,
Canada), 0.25 μg∕mlAmphotericin B (A2942, Sigma), 1% pen-
icillin/streptomycin (15140-122, Gibco®), 0.4 μg∕ml hydrocor-
tisone (H0888, Sigma), 140 μg∕ml bovine pituitary extract
(P1476, Sigma), 20 mg∕LAdenine (A8626, Sigma), 0.1% insu-
lin-transferrin-sodium selenite (I1884, Sigma), 20 ng∕ml
Recombinant EGF (E9644, Sigma), 4 mM glutamine
(G7513, Sigma), and 1 nM cholera toxin (C8052, Sigma).
Cells were maintained at 37°C in a water-jacketed CO2 incuba-
tor (Forma Series II, Thermo Fisher Scientific Inc., Waltham,
Massachusetts) and passaged as recommended by ATCC. All
experimental data were acquired using cells within 10 passages
after cryopreservation to minimize the variability due to cell
degradation.32

2.2 Experimental Preparation

In this study, 5-ALA (A3785, Sigma) served as a fluorescent
marker as well as a PDT photosensitizer. A stock solution of
100 mM 5-ALA dissolved in PBS (14190-144, Gibco®) was
prepared and stored in 1 ml aliquots in the dark. Fresh

photosensitizer-containing medium was prepared by further
diluting the stock solution in the serum-free complete culture
medium to a working concentration of 0.5 mM that provides
sufficient contrast without yielding dark toxicity.

Cells were detached from a 25 cm2 culture flask with 2.5×
Trypsin-EDTA solutions (0.5%, 15400-054, Gibco®). A cen-
trifugation process at 125g was used to resuspend cells in
fresh trypsin-free culture medium. A total of 1 × 105 cells were
seeded on a gridded glass-bottom dish (P35G-2-14-CGRD,
MatTek, Ashland, Massachusetts) 24 h before the experiment.
The culture medium was then replaced by the 0.5-mM 5-ALA-
containing medium for a specified incubation period before the
experiment. Samples were rinsed with Hanks balanced salt sol-
ution (14025-092, Gibco®) supplemented with 20 mM of Hepes
buffer (15630-106, Gibco®) before imaging and were immersed
in 1 mL of Hanks-Hepes buffer during the imaging acquisition
procedures.

2.3 Imaging Acquisition

The fluorescence emission of 5-ALA-induced PpIX was col-
lected by a laser scanning confocal microscope (TSC SP5 and
DMI 6000 B, Leica, Wetzlar, Germany) equipped with an argon-
ion laser operating at 514 nm for one-photon irradiation and a
femtosecond Ti:sapphire laser (Chameleon-Ultra, Coherent,
Santa Clara, California) pulsing at 810 nm for two-photon exci-
tation. The emission spectral band was set as 600 to 750 nm to
maximize the detected PpIX intensity, in combination with a
transmitted light detector to acquire bright field images.

2.4 Subcellular Treatment

Both cell lines were incubated with 5-ALA for 3 h before im-
aging and subcellular treatment. The light fluence levels used for
imaging and dose response curves are summarized in Table 1,
where the fluence was calculated based on the average power
(P) measured at the sample plane, total exposure time (t),
and the field of view (FOV): 246 × 246 μm2. In order to under-
stand the cytotoxic roles played by light fluence and PpIX
and eventually to select an appropriate ablative approach, the
dose response curves were compared between three treatment
schemes selected manually based on the bright field and 5-
ALA images using the built-in software of the microscope:

Table 1 Parameters of light doses applied to cell imaging (*) and
dose response curves.

One-photon excitation Two-photon excitation

P ðμWÞ × t ðsÞ
Fluence
(J∕cm2) P ðmWÞ × t ðsÞ

Fluence
(J∕cm2)

0.15 × 6.4 0.002* 45 × 1.28 124*

28 × 5.12 0.24 45 × 5.12 495

70 × 10.24 1.18 45 × 25.6 2478

70 × 25.6 2.96 45 × 51.2 4955

70 × 51.2 5.92 45 × 102.4 9910

Note: Asterisks mean that the fluence used for imaging acquis-
ition is 0.002 J∕cm2.
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(1) Nucleus treatment: only cell nuclei were illuminated;
(2) Mitochondrial treatment: only a portion of the perinuclear
region highlighted by PpIX was irradiated, with the size of the
irradiation field being similar to its cell nucleus; (3) Whole cell
treatment: the light was applied through the whole FOV without
any selection. The irradiated areas are demonstrated in Fig. 1.
All treatment schemes were applied at the focal plane of the cells
only, which focused on the center section of approximately
1 μm in thickness. To compare the treatment efficacy after vari-
ous regimes, a cell viability dye, propidium iodide (PI) (P3566,
Life Technologies), at a working concentration of 300 ng∕mL
was used to stain the nuclei of cells which had a compromised
cell membrane at 2 h after the initial irradiation. The fluores-
cence intensity from PI was collected using the excitation
light at 488 nm in combination with the emission range of
600 to 700 nm. Therefore, dead cells are highlighted by PI,
and the cell viability was obtained based on the ratio of the
remaining cells (nonstained by PI) to the original cell count
in the same FOV indicated by the gridded dish. Cell counts
were obtained with the highlight of PpIX fluorescence in the
experimental groups or using the bright field images in the con-
trol groups. Cells were grown to a density that precluded cell
overlap to yield accurate counting results.

3 Results

3.1 Fluorescence of Protoporphyrin IX

Sample PpIX fluorescence images of metaplastic (CP-A) and
HGD (CP-B) cells are shown in Fig. 1. Differences in cell
line morphology were observed when cell mitochondria were
highlighted by PpIX; CP-A cells showed dense mitochondrial
distribution close to the perinuclear region demonstrating a
rounder shape, while the mitochondria of CP-B cells spread
out through the cells demonstrating a more elongated morphol-
ogy. Maximum PpIX synthesis typically occurs within 6 h of
incubation.27 It is noted that PpIX intensity in CP-B at 3 h of
incubation is comparable with that in CP-A at 6 h of incubation,

indicating a faster PpIX synthesis in CP-B cells. Further analysis
of the cellular fluorescence images identified a small set of mor-
phological and textural features that differentiated metaplastic
(CP-A) and dysplastic (CP-B) cells with a sensitivity of 95%
and specificity of 87%, yielding an area under the curve of
0.95 for the receiver operating characteristics curve.31

3.2 Subcellular Irradiation

Light treatment was given at 3 h after 5-ALA incubation, where
the metaplastic and HGD cells exhibited significantly different
intracellular PpIX intensity31 (photon counts of 32� 3 in CP-B
and 23� 2 in CP-A, p < 0.01) in our imaging analysis study
(data not shown). We employed various regimes to investigate
and characterize their treatment efficacy, which could be rel-
evant when the cellular-based treatment or ablation is integrated
with endomicroscopic technology. Figures 2–5 demonstrate the
dose response curves of CP-B (HGD) and CP-A (metaplasia)
cells to various laser irradiation doses using 514 nm (Figs. 2
and 3) or 810 nm (Figs. 4 and 5) irradiations and the cell survival
rate associated with three subcellular treatment approaches.

Since both drug and light contribute to cell toxicity, the fol-
lowing comparisons of PDT treatment responses were made:
(1) the dose responses of different cell lines, (2) the dose
responses of subcellular treatment, (3) 5-ALA and control
groups without drug administration, and (4) the effect of one-
photon and two-photon illuminations.

When comparing the dose response between two different
cell lines incubated with 5-ALA (Fig. 2), it was observed that
the HGD cells (CP-B) exhibited a significantly lower survival
rate than CP-A cells when the light fluence is greater than
2.96 J∕cm2 (p < 0.01): CP-B cells showed an approximately
20% reduction in viability comparing with CP-A cells when
using either mitochondria or whole cell treatment. When a light
fluence of 5.92 J∕cm2 was given, CP-B cells were observed to
be 37% and 51% less viable than CP-A cells with the mitochon-
dria and whole cell treatment, respectively. These facts suggested
the dysplastic cell line was more sensitive to the treatment. The

Fig. 1 Sample protoporphyrin IX (PpIX) fluorescence images of metaplastic (CP-A) and high-grade dys-
plasia (HGD) (CP-B) cells: (a) CP-A cells were incubated with 5-aminolevulinic acid (ALA) for 6 h. (b) CP-
B cells were incubated with 5-ALA for 3 h. The red pseudocolor at the mitochondria was PpIX fluores-
cence excited by an Argon ion laser at 514 nm and collected at the spectral range between 600 and
750 nm. Cell regions selected for photodynamic therapy (PDT) treatment were highlighted, including
cell nuclei (solid line), partial mitochondria (dotted line), and the whole cell region that can be visualized
in bright field images (dashed line).
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proportional cytotoxic contribution from the light irradiation
and the photosensitizer will be discussed further when compar-
ing 5-ALA groups with control groups.

Various extents of phototoxic effects from subcellular PDT
treatment were also observed. In general, when cells were incu-
bated with 5-ALA, whole cell and mitochondrial irradiations
yielded better efficacy when compared with nucleus treatment.
This trend is obvious when the light dose is higher than
2.96 J∕cm2 for CP-B (p < 0.01) and 5.92 J∕cm2 in CP-A
(p < 0.01). These results indicate that the irradiation regime
involving mitochondria (PpIX location) may enhance the treat-
ment efficacy in HGD while keeping most of metaplasia cells
unharmed. For example, when mitochondria of CP-B and CP-A
were both irradiated with light at 5.92 J∕cm2, CP-B cells were
observed to be less viable (p < 0.01). This selectivity may be
further enhanced when integrated with quantitative feature
extraction and detection.

The dose response curves were also collected using cells
without 5-ALA administration (Fig. 3). The results observed
from nonstained CP-A and CP-B cells indicated that both cell
lines had equivalent responses to the photothermal and photo-
chemical laser effects in no-drug controls. Both cell lines were
observed to have greater than 80% of viability with good mor-
phological appearance after being exposed to the high
fluence of 5.92 J∕cm2, indicating that the light-induced

photochemical and photothermal reactions at this level corre-
sponded to approximately 20% cell death, with no difference
observed between cell lines and subcellular regimes
(p > 0.05). In other words, when comparing the results with
5-ALA groups, 20% of cell deaths caused by mitochondrial

Fig. 2 Cell survival rates of (a) HGD and (b) metaplasia cells after
various subcellular treatment regimes were plotted against five
laser irradiation fluences operating at 514 nm, ranging from the flu-
ence for imaging acquisition (0.002 J∕cm2) to 5.92 J∕cm2. It was
observed that CP-B cells exhibited lower survival rate than CP-A
cells when the light fluence is greater than 2.96 J∕cm2, and CP-B
cells had up to 50% less viability than CP-A cells when the whole
cell area was irradiated. Subcellular treatment also yielded a range
of phototoxicity. The reduction of cell viability using 5.92 J∕cm2

was due to the total energy deposition at the “nonstained” cell nuclei,
and a similar trend was seen between cell lines. When intracellular
PpIX was partially activated in the mitochondria and whole cell
PDT regimes, it yielded better CP-B killing efficacy and the cell viabil-
ity was inversely proportional to the area of activated PpIX (Table 2).
Error bars in all figures represent weighted standard deviation from
three repetitive trials of each set.

Fig. 3 Cell survival rates of nonstained (a) HGD and (b) metaplasia
cells after various subcellular treatment regimes were plotted against
five laser irradiation fluence levels operating at 514 nm, ranging from
the dose of imaging acquisition (0.002 J∕cm2) to 5.92 J∕cm2. Both
cell lines showed equal responses to laser doses with approximately
80% viability after being exposed to the light fluence of 5.92 J∕cm2. A
small and reproducible amount of phototoxicity was seen between
light doses, which is consistent with the viability reduction of nucleus
treatment in Fig. 1.

Fig. 4 (a) HGD and (b) metaplasia cells after various subcellular treat-
ment regimes were plotted against five fluence levels operating at
810 nm, ranging from the dose for imaging acquisition (124 J∕cm2)
to 9911 J∕cm2. The results agreed with 1-photon treatment, where
CP-B cells are more susceptible to PpIX phototoxicity.
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and whole cell treatments was attributed to the laser effect,
which agrees with the observed 20% cell deaths from the
nucleus-only treatment in the 5-ALA group. The relationships
between different treatment regimens are described and summa-
rized in Table 2.

As demonstrated in Figs. 4 and 5, the dose response curves
were also collected using two-photon irradiation. The relation-
ships between different treatment regimens are described and
summarized in Table 3. It was noted that the dose response
curves were consistent with the results obtained from the
one-photon treatment, where CP-B cells were more susceptible
to PpIX phototoxicity. In addition, because the focal volume of
two-photon irradiation is much smaller than one-photon irradi-
ation, the difference in viability of CP-B caused by PpIX was
observed to be smaller than it was with one-photon treatment, as

summarized in items c and d of Table 2. This was consistent
with one-photon treatments for 5-ALA-stained HGD showing
better efficacy than two-photon treatment when mitochondria
were irradiated, as observed in Figs. 2 and 4 (p < 0.05). CP-
A cells showed a similar viability between one- and two-photon
regimes, which could be attributable to less intracellular PpIX
concentration at 3 h of incubation (as mentioned in Fig. 1) or
more resistance to the photosensitizing toxicity.

4 Discussion
In this study, subcellular irradiation of two BE cell lines was
investigated as a potential in vitro model for “seek-and-treat”
for esophageal dysplasia. It has also been demonstrated that
the intracellular PpIX could serve as a contrast agent to highlight
both types of esophageal cells (Fig. 1), while acting as a photo-
sensitizer for selective treatment (Figs. 2 and 4). Image process-
ing and classification have been performed in the coculture
model that showed 95% sensitivity and 87% specificity for dif-
ferentiating HGD based on these images.31 The specific PDT
efficacy achieved by subcellular irradiation was also character-
ized and correlated with the relative amount of intracellular
PpIX activation and the light fluence applied to the cells. Using
confocal fluorescence images of these cells, we found that both
CP-B and CP-A cells achieved their maximum PpIX formation
at mitochondria within 5 to 6 h, while the dysplastic cells (CP-B)
demonstrated faster PpIX production than the metaplastic cells
(CP-A), especially at 3 h of incubation (photon counts of 32� 3
in CP-B and 23� 3 in CP-A, p < 0.01).31 Treatment was given
and characterized at an earlier time frame (3 h); therefore, even if
a false positive of detection occurs, it may not be harmful for the
falsely treated metaplastic cells.

Correlating the discrepancy of intracellular PpIX to treatment
efficacy, CP-B cells were found to be more susceptible to PpIX
activation when different light fluence and subcellular treatment
regimens were given. In contrast, both nonstained cell lines were
observed to demonstrate similar viability when the same fluence
was applied. According to the results from Figs. 2–5, compari-
son between groups and the corresponding explanations were
summarized in Table 2. It is clear that the viability reduction
between the 5-ALA groups and control (nonstained) groups
was solely due to the photosensitizing effects from PpIX.
This conclusion is further supported when comparing the

Fig. 5 (a) Nonstained HGD and (b) metaplasia cells after various sub-
cellular treatment regimes were plotted against five fluence levels
operating at 810 nm.

Table 2 The difference in cell viability between treatment regimes using one-photon PDT (5.92 J∕cm2).

Comparison Viability Notes

CP-A to PpIX CP-APpIX-whole 59% CP-Acontrol-whole 79% −20% due to CP-A responses to PpIXa

CP-APpIX-mito 74% CP-APpIX-nucleus 77% −3% (PpIX was partially activated)b

CP-B to PpIX CP-BPpIX-whole 8% CP-Bcontrol-whole 82% −74% due to CP-B responses to PpIXc

CP-BPpIX-mito 37% CP-BPpIX-nucleus 72% −35% (PpIX was partially activated)d

Cell sensitivity CP-BPpIX-whole 8% CP-APpIX-whole 59% CP-B is more sensitive to treatmente

CP-BPpIX-mito 37% CP-APpIX-mito 74% CP-B is more sensitive to treatmentf

Cell to light fluence CP-Acontrol-nucleus 75% CP-APpIX-nucleus 77% Laser effect dominatesg

CP-Bcontrol-whole 82% CP-Acontrol-whole 79% Equivalent response to laser fluenceh

Note: Superscripts a–h correspond to the items discussed in the main text.
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viability between the nucleus treatment and mitochondrial treat-
ment because the nucleus treatment irradiated the part “without
PpIX.” As shown in Table 2 from items a to d of one-photon
irradiation, it was observed that the CP-B cells demonstrated
51% lower viability than CP-A cells after PpIX activation
using whole cell irradiation. This was consistent with the com-
parison between 5-ALA incubated CP-A and CP-B cells with
whole cell and mitochondrial irradiations (items e and f in
Table 2). Although cell death was attributed to both photother-
mal and photochemical interactions, an additional 50% decrease
in CP-B viability compared with CP-A cells may have been
related to the discrepancy in intracellular PpIX intensity, where
approximately 50% more PpIX intensity was observed in CP-B
cells at 3 h of incubation, as mentioned in the previous para-
graph. It should be noted that the difference in survival rate
can also be affected by the intrinsic PDT resistance and sensi-
tivity of CP-A and CP-B, respectively. However, CP-B viability
is comparable with the previous 5-ALA-based cell study in a
well-oxygenated environment.33 Furthermore, equivalent cell
responses to laser irradiation were found to be consistent
between group comparisons as shown in items g and h of
Table 2. The nucleus treatment on 5-ALA and nonstained
groups caused no difference in viability, and the whole cell treat-
ment between both no-drug controls also led to less than 5%
difference in viability. Table 3 summarizes the results from two-
photon PDT, which are similar to the one-photon irradiations
except that the CP-B was less susceptible to the treatment, as
PpIX was activated less efficiently. For instance, in items a and
c of Table 3, CP-B only yielded an approximately 40% decrease
in viability when compared with CP-A (16% versus 54%),
which could also be partly attributed to the discrepancy of intra-
cellular PpIX (23%)31 and the intrinsic cell responses. The bio-
logical (cytotoxic) effect that is linearly proportional to the
photosensitizer concentration was also in agreement with pre-
vious fluorescence-based studies on pharmacokinetics and
localization of PpIX accumulation in vivo. In those studies,
the PDT-induced necrosis was significantly greater in the con-
trol group and the intratissue PpIX fluorescence was correlated
with the tissue damage after treatment.34,35

When comparing whole cell treatment with mitochondrial
treatment on 5-ALA stained cells, it is necessary to account
for the ratio of the photosensitized areas because only a partial

activation was used in the mitochondrial treatment. We compared
the ratio of the activated area and the corresponding changes in
cell survival rate to obtain a more valid comparison of the two
subcellular regimes. Table 4 showed the calculated values and
standard deviation measured from multiple regions of interest,
suggesting that both whole cell and partial mitochondrial
treatments achieved comparable PDT efficacy although the
whole cell treatment resulted in a lower survival rate due to
additional energy deposition. Moreover, according to the treat-
ment efficacy measured from the single-plane (thickness: one-
photon ∼0.8 μm; two-photon ∼0.5 μm36) subcellular treatment
at the fluence range, it is straightforward to come up with an
assumption that one-photon excitation demonstrated a better
killing efficacy as more PpIX along the light path was excited
to induce the phototoxic effect. However, it should be noted that
the photosensitizing effect would not be proportional to the flu-
ence if the fluence rate applied to the sample depleted the ground
state photosensitizers. The fluence rates used in this study were
up to 0.12 W∕cm2 in one-photon treatment, which have negli-
gible depletion effects on ground state photosensitizers in either
high or low oxygen conditions.37 On the other hand, two-photon
excitation with the fluence rate of 96.8 W∕cm2 exceeded the
reported limit, thus it was possible that the ground state photo-
sensitizer was depleted during the treatment.37

PI was used as a necrotic stain to quantify cell death a short
period of time after irradiation (2 h). It has been reported that
apoptosis could be the main biological effect induced by PDT,
although this depends on the cell type, overall dose, etc.38,39 As

Table 3 The difference in cell viability between treatment regimes using two-photon PDT (9911 J∕cm2).

Comparison Viability Notes

CP-A to PpIX CP-APpIX-whole 54% CP-Acontrol-whole 70% −16% due to CP-A responses to PpIXa

CP-APpIX-mito 71% CP-APpIX-nucleus 81% −10% (PpIX was partially activated)b

CP-B to PpIX CP-BPpIX-whole 9% CP-Bcontrol-whole 65% −56% due to CP-B responses to PpIXc

CP-BPpIX-mito 58% CP-BPpIX-nucleus 87% −29% (PpIX was partially activated)d

Cell sensitivity CP-BPpIX-whole 9% CP-APpIX-whole 54% CP-B is more sensitive to treatmente

CP-BPpIX-mito 58% CP-APpIX-mito 71% CP-B is more sensitive to treatmentf

Cell to light fluence CP-Acontrol-nucleus 81% CP-APpIX-nucleus 84% Laser effect dominatesg

CP-Bcontrol-whole 70% CP-Acontrol-whole 66% Equivalent response to laser fluenceh

Note: Superscripts a–h correspond to the items discussed in the main text.

Table 4 Scaling factors for whole cell and mitochondrial treatments.

Groups

Fractional area
(partial/total activation

of PpIX)
Fractional changes
in survival ratea

One-photon excitation 45%� 11%b 47%� 4%

Two-photon excitation 54%� 11%

aCalculated using the ratios of item d to item c (Tables 2 and 3, values
in “notes”).

bCalculation from a single plane. The one-photon excitation volume
will be further affected by the sample thickness.
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the cell morphological features shown in Fig. 6, cells tended to
demonstrate a necrotic cell death within 2 h after exposure to a
high fluence. This phenomenon could be the consequence of
PpIX-induced oxidative stress.40 This agreed with a previous
report that the oxidative stress-induced necrosis happens shortly
after irradiation; the affected cells change the morphology in less
than 1 h and go through necrosis within 2 h.41

5 Conclusion
In conclusion, the premalignant BE cell lines provide a platform
to investigate detection and treatment strategies using a PDT
photosensitizer. In addition to the distinct morphological pat-
terns revealed by PpIX fluorescence imaging, this study dem-
onstrated potential subcellular treatment strategies and their
corresponding efficacies for cellular-based PDT, which will be
an important component in real-time integrated detection and
treatment of BE using endomicroscopic technology. Our results
demonstrated that the HGD cells were less viable than metaplas-
tic cells after PDT due to increased accumulation of PpIX at
earlier times. More importantly, whole cell and mitochondrial
treatments induced a comparable PDT effect, although the
cell viability is different due to the fractional changes of the irra-
diated PpIX area. In contrast, nucleus irradiation only exhibited
little phototoxicity. With the aid of automatic detection, this
indicates that the appropriately targeted irradiation schemes
directed at mitochondria may further enhance treatment selec-
tivity without introducing excessive phototoxicity for non-HGD
cells. Verifying these strategies in a coculture platform and three-
dimensional cell cultures will be the logical next step complemen-
tary to quantitative imaging processing and classification.
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