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ARTICLE INFO ABSTRACT

Keywords: Exogenous administration of the photodynamic agent hexaminolevulinate induces Protoporphyrin IX (PpIX)
Bladder cancer accumulation in malignant tissue. This may enable differentiation from healthy tissues by emission of a dis-
Urine tinctive red fluorescence. It provides the photo-specific detection when excited with blue light at 405 nm. This

Non-invasive study determines the ex-vivo processing conditions (time, concentration, temperature and addition of a fluor-

escent dye) required for HAL-induced PpIX fluorescence to successfully discriminate between bladder cancer and
benign fibroblast cells shed in urine at the single cell level. HAL-induced fluorescence was 4.5 times brighter in
cancer cells than non-cancer cells when incubated in the optimum conditions, and could be used to correctly
identified bladder cancer cells captured within a newly developed immunofunctionalized biosensor with 88%
efficiency. This biosensor is designed to facilitate the immuno-capture of cancer cells by interaction with car-
cinoma specific anti Epithelial Cell Adhesion molecule (anti-EpCAM) antibodies. Anti-EpCAM antibodies were
immobilized on polyoxazoline (POx) plasma polymers by covalent bonds in microfluidic channels. Combining
photodynamic and immunoselective approach therefore constitute a promising approach for the non-invasive
diagnosis of bladder cancer with two independent level of confidence.

Objective: This study investigate the relationship between different regulatory factors (time, concentration,
temperature and addition of a fluorescent dye) and Hexaminolevulinate (HAL)-mediated photodynamic diag-
nosis of bladder cancer (PDD) in vitro. We examine the natural photosensitizer Protoporphyrin IX (PpIX)
fluorescence induced by HAL in several human bladder cancer cell lines and one non-cancer foreskin fibroblast
cell line and identify the processing conditions that maximise the difference in fluorescence intensity between
malign and benign cell types. The detection of HAL induced fluorescence at a single cell level by a selective
cancer cell capture platform is also tested.

Materials and methods: Experiments were performed on cultured monolayer cells and cells in suspension. The
cell lines examined included the transitional epithelium carcinoma cell lines HT1197, HT1376, EJ138 and RT4,
and the non-cancer foreskin fibroblasts HFF. Cells were incubated with HAL in various doses, time and tem-
perature settings. We also used the nuclear red as a tool to study the PpIX subcellular localization. PpIX
fluorescence intensities were measured and analysed using fluorescence microscope software. Finally, we
evaluated the possibility of using HAL to discriminate between cancer and non-cancer cells from a mixed cell
population using a newly developed immunofunctionalized microfluidic platform.

Results: The accumulation of PpIX in bladder cancer cells was significantly higher than in non-cancer cells, both
cultured monolayer cells and cells in suspension. Effectively, the fluorescence intensity was 4.5 times brighter in
bladder cancer cells than non-cancer foreskin fibroblast cells when incubated in the optimum condition, in which
the nuclear stain adjuvant acted as a fluorescence enhancer. Cancer cells displayed PpIX accumulated mainly in
mitochondria but none or very little PpIX was observed in non-cancer cells. HAL-induced fluorescence could be
used to correctly identify bladder cancer cells within the EpCAM conjugated POx based microfluidic sensor with
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an 88% capture selectivity rate.
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Conclusions: These findings prove that the application of HAL-induced PpIX fluorescence can successfully dis-
tinguish between cancer and non-cancer cells in vitro. This test can provide advanced second level of confidence
on the cancerous nature of cells captured by the immunofunctionalized bladder cancer diagnostic platform.

1. Introduction

Bladder cancer is one of the most common forms of cancer diag-
nosed worldwide. In the United States, it is the seventh most common
cause of cancer death [1] with 60,000 new cases and 12,000 deaths
occurring in 2017 [2]. Cancers of the urinary bladder are usually ur-
othelial carcinomas, and most patients are diagnosed with low grade
non-muscle invasive bladder cancer (NMIBC), which has a high recur-
rence rate of 70%. Additionally, 50% of NMIBC are likely to progress to
the more aggressive and higher grade muscle invasive bladder cancer
(MIBC) [3].

For this reason bladder cancer survivors have to undertake frequent
follow up tests for the rest of their lives. The nature of the follow-up
tests currently used in clinical practice has earnt bladder cancer the title
of most expensive cancer to treat from diagnostic to death per capita
[4]. Cystoscopy, the current gold standard diagnostic method, is in-
vasive, costly and often fails to detect flat lesions [5]. The most common
non-invasive test is cytology, which has disappointingly low sensitivity
rates [6]. While several other non-invasive approaches have been pro-
posed over the years, they have not proven accurate enough to supplant
cystoscopies. Hence, improved non-invasive diagnostic methods for use
in long term surveillance still need to be developed to improve bladder
cancer management.

A significant increase in urinary bladder cancer detection rate, and
in particular urothelial neoplastic lesions, was achieved by the in-
troduction of Photodynamic diagnosis (PDD) using 5-aminolevulinic
acid (5-ALA)-assisted cystoscopy [7,8]. PDD uses a photosensitizer
which, when triggered with a light source of the right wavelength,
emits a cancer specific fluorescence in tumour tissues. 5-ALA is a nat-
ural amino acid synthesized from succinyl-CoA and glycine in haem
biosynthesis. 5-ALA does not fluoresce, but is a precursor of the natural
photosensitizing metabolite, protoporphyrin IX (PpIX) [9-11]. Exo-
genous administration of 5-ALA increases the accumulation of PpIX
primarily in tumour tissues. When excited with blue light at 405 nm
wavelength, tumour cells emit a bright red fluorescence at 620 nm,
reportedly several fold brighter than normal healthy cells [12,13]. The
use of this particular light wavelength is the core concept of “photo-
specific detection”.

Kriegmair and his colleagues [7] introduced the use of exogenous 5-
ALA administration by instillation or ingestion in bladder cancer pa-
tients, followed by blue light cystoscopy. This technique proved to be
more sensitive than white light cystoscopy when applied to high grade
flat tumours which are otherwise missed easily [14,15]. Hexaminole-
vulinate (HAL) is the most successful and common use of 5-ALA deri-
vative [16], and has been approved for in vivo photodynamic detection
of bladder cancer by the FDA and European Union. It has been reported
to increase PpIX fluorescence intensity in lower concentrations and
with shorter exposure than 5-ALA itself [17,18]. HAL being more li-
pophilic than 5-ALA [19], its cellular uptake through the plasma
membrane is greater. HAL-mediated fluorescence cystoscopy sig-
nificantly improves bladder cancer detection in clinical practice [20].
For these reasons, the potential of 5-ALA and its derivatives as fluor-
escent photosensitizers for the PDD of bladder cancer ex vivo has since
been investigated [21-23]. Several research groups have reported that
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the fluorescence intensity of cancer cells was higher and stronger than
normal cells after HAL incubation. [21,24].

Nonetheless, there are still limitations to the use of 5-ALA and its
derivatives for bladder cancer diagnosis in voided urine samples. These
include the non-specific fluorescence displayed by urinary bacteria
after 5-ALA incubation [25], the presence of a significant number of
background cells and urine metabolites [26] in conjunction with the
low number of cancer cells actually being shed in urine; as well as
lengthy sample processing. The problem of non-specific fluorescence of
bacteria may be partially resolved by using HAL instead of 5-ALA. In-
deed, Fotinos et al. indicated that no fluorescent porphyrins were
produced by bacteria when HAL is used [25]. This finding has since
been supported by Nakai et al. [24]. The rarity of cancer cells shed in
urine is a challenge that could be successfully addressed by cell en-
richment technologies, such as microfluidic devices designed to selec-
tively immobilise cancer cells from mixed cells population in suspen-
sion [27]. Such enriching microdevices used in combination with novel
markers like HAL, could significantly improve the sensitivity of cancer
detection in urine, potentially down to single cell sensitivity. Further-
more, as established for blue light cystoscopy, HAL proved to be su-
perior over 5-ALA in ex vivo [24] setting due to its high lipophilicity. As
a result, lower dosage and shorter incubation time are needed, and to
achieve higher PpIX fluorescence selectivity in tumour cells [16,28].

We previously reported on a novel microfluidic approach for the
non-invasive selective capture of cancer cells in voided urine [27].
Carcinoma specific Epithelial Cell Adhesion molecule (EpCAM) anti-
bodies were immobilized on polyoxazoline (POx) plasma polymers by
covalent bonds in microfluidic channels [29-31]. The anti-EpCAM
functionalized POx film facilitates the direct selective immuno-capture
of cancer cells by EpCAM antibodies in urine samples. Here we propose
to use this technology in conjunction with HAL based photodynamic
detection to add an additional level of confidence in detecting the
presence of bladder cancer cells in urine. In this work we study the
HAL-induced PpIX fluorescence in several human bladder cancer and
non-cancer control cell lines with the aim to maximise the difference in
fluorescence intensity between malignant and benign cell types. Dif-
ferent variables such as time, concentration and temperature were
tested as well as the addition of another fluorescent dye adjuvant to
identify optimum condition for HAL-mediated PDD ex vivo for the
identification of cancer cells selectively captured in
munofunctionalised microfluidic devices.

im-

2. Materials and methods
2.1. Cell culture

Human foreskin fibroblasts (HFFs) (Cell Lines Service, DKFZ,
Germany) were cultured in Dulbecco’s Modified Eagles Medium
(DMEM) (Life Technologies, Australia) supplemented with 10% (v/v)
fetal calf serum, 100 IU/mL penicillin, 100 pg/mL streptomycin and 1%
L-glutamine (200 mM). Four human Caucasian bladder transitional-cell
carcinoma cell lines were obtained from European Collection of
Authenticated Cell Cultures (ECACC). EJ138 (No. 85061108); HT 1376
(N0.87032402); HT 1197 (No.87032403) and were cultured in
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Minimum Essential Medium Eagle (MEME) (Sigma-Aldrich, Australia)
with the same supplements as above as well as 1% 100x MEM Non-
essential Amino Acid Solution. RT4 (No. 91091914) was cultured in
McCoy’s 5A medium (Sigma-Aldrich, Australia) with the same supple-
ments as above. All cells were cultured at 37 °C with 5% CO2 in a hu-
midified atmosphere. Cells viabilities were measured with an auto-
mated cell counter LUNA-II™ (Logos Biosystems, South Korea) after
staining with trypan blue.

2.2. Chemicals

Hexaminolevulinate (HAL) hydrochloride and phosphate-buffered
saline (PBS) tablets were purchased from Sigma-Aldrich (NSW,
Australia). HAL was supplied as a powder and was dissolved in PBS to
different concentrations from 0 to 250 uM. Nuclear red™ LCS1 (Cat#
17542),a cell-permeant nucleic acid detection dye, was obtained from
AAT Bioquest® (CA 94085, USA). Dimethylsulphoxide (DMSO) was
used as a reconstitution solvent for Nuclear red™ LCS1 stock solution.
Polyclonal goat anti-human EpCAM antibody (AF960) was purchased
from R&D Systems. Chemicals were stored in aliquots at -20 °C until
use.

2.3. PpIX fluorescence microscopy

2.3.1. Cell monolayer in vitro

Cells were seeded in 96-well plates (Corning, NY) and cultured at
different time points in serum-free culture medium containing different
concentrations of HAL (0-250 uM) for 2 to 24 h (Fig. S1) at 37°C.
Serum-free media is necessary because lipophilic fluorescent PpIX dif-
fuses out of the cells faster in culture media containing serum [32]. The
96-well plates were kept in a CO2 incubator for the whole incubation
period. After incubation, the HAL containing medium was discarded
and the cells washed with PBS (Fig. 1a).

PpIX intensity was measured using a custom made inverted fluor-
escent microscope (Olympus, IX83, Japan) in which the light excitation
wavelength was set to 405nm and emission wavelength to 600 nm,
using a specially designed filter cube (Chroma) and an Operetta high-
content imaging system (PerkinElmer Inc. USA).

2.3.2. Cells in suspension

Cells were removed from the culturing flasks after trypsinization,
then resuspended in the serum-free medium to dilute the trypsin and
adjusted to the targeted cell density. The cells in suspension were in-
cubated in the dark from 30 min to 6 h with serum-free mediums con-
taining different concentrations of HAL at 37 °C in a humidified 5% CO2
incubator. After incubation, the cells were centrifuged at 1500 rpm for
5min. and the HAL containing medium discarded. Cells were re-
suspended with PBS, and 100 pl per well was aliquoted into 96-wells
plates.

PpIX fluorescence was imaged using appropriate LED lamps and
custom filters, referred to as PpIX optical channel in the following.
Images at x 5 magnification were recorded and the fluorescence in-
tensity measured using CellSens software (Olympus, Japan).
Fluorescence images were captured and used for visualizing the cellular
localization of PpIX.

2.3.3. Temperature

To evaluate the effect of temperature on PpIX fluorescence, cells
were stored in the dark at different temperature settings (4°C, RT
"23°C, and 37°C) in closed test tubes following the exogenous HAL
incubation from 30 min to 2h with PBS, following steps as described
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above in “Cells in suspension” section.

2.3.4. Nuclear red

Human bladder cancer cells HT1376 and non-cancer foreskin fi-
broblasts cells HFF were incubated in the dark at 37 °C with 0, 10, 50
and 100 uM HAL in serum-free medium for 1 and 2 h. Cells were then
centrifuged, and HAL-containing medium decanted before incubating
for another 15 min with nuclear red stain diluted in DMSO. Prior to
imaging, cells were washed with PBS twice. Nuclear Red fluorescence
was imaged using appropriate LED lamps and custom filters, referred to
as Cy5 optical channel in the following.

2.4. Cell capture

2.4.1. Plasma surface deposition

Polymethylmethacrylate (PMMA) slides with 3 microchannels
grooves were coated with a plasma deposited oxazoline thin films using
a custom made parallel plate plasma reactor, as described previously
[27]. 2-methyl-2-oxazoline (Sigma Aldrich Australia) precursor was
introduced in the reactor with a 1.3e™! mbar working pressure. The
plasma was ignited for 3 min with a continuous radiofrequency power
of 50 W. The coated microfluidic chips were kept in the dark under
vacuum until further use [33].

2.4.2. Functionalization of the polyoxazoline-coated substrate

One microchannel of the POx coated slides is used unmodified as
positive control. POx biocompatibility [29] allows non-specific at-
tachment of all cell types. The test channel was functionalized with
anti-EpCAM antibodies (EpCAM). The anti-EpCAM antibody solution
(60 L of 10 ug/mL in PBS) was added to the microchannel and stored
in 4°C overnight for binding. The microchannel slide was then in-
cubated at 37 °C for 1 h, before adding 1 mg/mL skim milk solution to
block the remaining POx surface for 45 min. The last microchannel was
also blocked with 1 mg/mL skim milk solution, to be used as a negative
control on which cell binding is inhibited. The microchannels were
gently rinsed with PBS three times to remove any unbound protein and
fresh PBS was added.

2.4.3. Selective cancer cell capture assay

Both Non-cancer foreskin fibroblast HFF and bladder cancer
HT1376 cells were incubated in suspension with 50 uM HAL at 37 °C for
first 30 min. and 23 °C for the next 30 min.. Cancer HT1376 cells were
stained with 0.25 uM nuclear red for 10 min.. The cell densities of both
cell lines were adjusted to range between 2 X 10° to 3 x 10° cells per
mL, then mixed together in 1:1 ratio. 50 uL of the mixed cell solution
was pipetted into each microchannel for fluorescence imaging. After
45 min, unbound cells were rinsed off with fresh PBS in all micro-
channels and the surfaces were imaged a second time. The fluorescence
micrographs were used to determine the number of cell captured and
PpIX fluorescence intensities.

2.4.4. Statistical analysis

Mean values and standard deviation (SD) of fluorescence intensity
value for each concentration at each time point were calculated and
analysed for each cell line. The student’s t-test (GraphPad and Minitab
18 software) was used to establish the significance of differences.
Statistical significance was considered as p < 0.05.
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Fig. 1. Effect of time and concentration on the 5-ALA induced fluorescence of cell monolayers. a) Schematic of the monolayer in vitro experiment. b) time-dependent
and concentration-dependent graphs of mean fluorescence intensities accumulated in different cell lines after incubation with various concentrations of HAL. c)
intracellular localization of PpIX in bladder cancer cells (HT1376 and HT1197) and non-cancer cells (HFF) after incubation with 50 uM HAL for 6 h. Bright red

fluorescent observed in both cancer cells but none in non-cancer cells under fluorescence microscopy, magnification 10 X . Brackets: *p < 0.05; **p < 0.01;

p < 0.001.

3. Results and discussion
3.1. PpIX fluorescence in cell monolayers in vitro

Both bladder cancer cells lines monolayers (HT1197 and HT1376)
displayed a bright red fluorescence when incubated with serum-free
mediums containing various concentrations (10-250 uM) of HAL over 2
to 24h incubation period. The differences in PpIX fluorescence in-
tensity and intracellular localization of PpIX in each cell monolayers are
shown in Fig. 1b and 2c. While the fluorescence intensities did not show
much difference between 25 to 100 uM in most cell lines, HT1376
performed better at 50 uM in some conditions (Fig. 1b and S1). Non
cancer foreskin fibroblast HFF cells had lower PpIX fluorescence in-
tensity than the cancer cells which remained rather constant for all HAL
concentrations and incubation times. In contrast, the mean fluorescence
intensities of cancer cell lines HT1197 and HT1376 demonstrated a
time- and concentration-dependent pattern. The HAL-induced PpIX
fluorescence in HT1197 and HT1376 increased with time from 2 to 8 h
before decreasing from the 10.5h time point (Fig. S1). A comparable
time dependence was observed for two additional bladder cancer cell
lines EJ138 and RT4 (Fig. S1), we can see variations in between cell
lines at different HAL incubation time and concentration, which in-
dicate that the HAL-induced PpIX production is a complex, dynamic
mechanism. As we recently reviewed (“In order for the light to shine so
brightly, the darkness must be present*- Why do cancers fluoresce with 5-

aminolaevulinic acid? *Francis Bacon (1561-1626), K. McNicholas et al,
British Journal of Cancer, in press). Further investigations, beyond the
scope of this work, are underway to try and give elements of response to
this question.

This trend was independent from the imaging systems used to
measure the fluorescence intensity. (Fig. S2) Furthermore, the fluores-
cence intensity was greatest for HAL concentrations between 25 to 100
uM. Lower HAL concentrations did not induce significant PpIX bio-
synthesis in the cancer cells compared to the healthy foreskin fibroblast
HFF cells. On the other hand, HAL concentrations higher than 100 pM
seemed to initiate cytotoxicity and damage to the cells as noted by a
decrease in fluorescence intensity and the formation of extracellular
vesicles (Fig. S3). Again, the observed trends in fluorescence intensity
were consistent amongst all bladder cancer cell lines and all instru-
ments, thus confirming the robustness of the findings (Fig. S1 and S2).
Finally, HAL-induced fluorescence of the cancer cell monolayer was
tested on difference cell growth substrates, namely plasma POx coated
and non-coated microfluidic channels, Fig. S4. Again, the fluorescence
intensity of cancer cells was higher than that of healthy cells and it
increased with time just the same as on tissue culture plate. From these
results, we deemed the HAL concentrations of 50 and 100 uM to be the
optimum for further experiments. The patterns of intracellular PpIX
localization (Fig. 1c) observed by fluorescence microscopy were dif-
ferent between bladder cancer H1197 and HT1376 cells. PpIX was not
only visible in discreet cell organelles but also extended to the
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cytoplasm and nuclear region. Fluorescence in HT1376 and HT1197
cancer cells was also distributed in a few very bright red spots and in
the plasma membrane.

It is also worth noting that PpIX production by exogenous HAL
administration was found to be a cell density dependent phenomenon
in the monolayer configuration. The PpIX fluorescence increased with
increasing monolayer cell numbers, in agreement with previous studies
[8,34,35]. It is well known that cancer cells tend to grow and divide
densely which increases their cell to cell interaction [34]. One mani-
festation of this cancer specific behaviour is an increased intercellular
sharing of metabolites such as ions, molecules and likely in this case,
PpIX [35].The HAL-induced PpIX molecules are synthesized in the
mitochondria viathe haem biosynthesis pathway. ABCG2 exports PpIX
from the mitochondria to the cytosol and reduced ABCG2 levels have
been reported to boost PpIX fluorescence in human bladder cancer T24
and human histiocytic lymphoma U937 cells [36]. Some studies have
pursued the role of other membrane transporters such as heme exporter
feline leukemia virus subgroup C receptor (FLVCR) and translocator
protein (TSPO) on PpIX intra and intercellular transport. Rosenberg
et al. showed that the suppression of TSPO protein can cause PpIX ac-
cumulation [37], while others have demonstrated that PpIX can be
exported out of the cells by FLVCR1 [38]. The presence of PpIX fluor-
escence in the cytoplasm and along the intercellular space observed
here for HT1376 and HT1197 cell lines therefore warrant further

Photodiagnosis and Photodynamic Therapy 28 (2019) 238-247

investigation as it could be indicative of enzymatic activity and/or
protein expression level unique to cancer cells.

3.2. PpIX Fluorescence in cells in suspension

The purpose of our current studies is to evaluate the feasibility of
HAL for the fluorescently-assisted detection of cancer cells in patient
urine samples. For the non-invasive diagnostic of bladder cancer, HAL
would be applied to urine samples in which cancer cells are be shed. In
this practical situation, the cancer cells are not in the form of an ideal
monolayer, but rather are dispersed in suspension. To test the real use
scenario as accurately as possible we used cells in suspension for further
experiments. Also, in an effort to mimic realistic time and reagent
constraints, we tested a lower HAL concentration range (0-150 pM) and
extended the investigation towards shorter incubation time (0.5-6 h).

A significant increase of PpIX fluorescence intensities in cells in
suspension was observed when compared to monolayer cells. This could
be due to the additional cell surface area available to uptake HAL for
cells in suspension. At comparable incubation time (2h) and HAL
concentration (50 uM) the fluorescence of cancer cells in suspension
was three time higher than that of cell monolayers. This result indicates
that HAL-induced fluorescence is particularly well suited for use in
voided urine samples containing suspended malignant cells. The accu-
mulation of PpIX increased in a time-dependent manner for both cancer
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Fig. 2. Effect of time and concentration for cells in suspension. a) Schematic of the experiment. b) time-dependent and concentration-dependent graphs of PpIX
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cells HT1197 & HT1376. The absolute fluorescence intensity for cancer
HT1376 cells increased with time from 3500 a.u. at 0.5 h to 6000 a.u. at
2 h. Non-cancer foreskin fibroblast HFF cells expressed a slight increase
in the PpIX level over 2h HAL incubation but not at 0.5h and 1 h. No
significant difference in fluorescence emission was observed over the
range of HAL concentrations investigated (10 uM to 150 pM). For all
cell lines in suspension PpIX fluorescence is time dependent but see-
mingly not dose independent. Similar to the monolayer configuration,
the fluorescence intensities variance from the mean was greater for
longer HAL incubation time in cancer cells (Fig. 2b and S5). Overall, the
difference of mean fluorescence intensities between both cancer cells
lines and non-cancer cells is statistically significant (p < 0.0001).

Based on our data as depicted in Fig. 2b. Also, here we used 10° cells
on average but we know that in some cases patient urine sample cel-
lularity is much higher than that, and so, although 25 pM maybe suf-
ficient for cell line experiments. We decided to choose 50 uM to guar-
antee excess HAL will be available for future practical applications. And
propose that the optimum condition for diagnostics with 1h-2h in-
cubation.

3.3. Effect of temperature

PpIX is synthesized through the heme biosynthesis pathway. This
multi-step process, can be affected by many factors, including tem-
perature. Tumours have a higher temperature compared to neigh-
bouring normal tissues [39,40] and studies have shown that more cel-
lular PpIX is formed at higher temperatures in human cells [41,42].
This is because the heme biosynthesis is an enzymatic process and the
rate of enzymatic activities increases as the temperature is raised, until
the optimum temperature of around 37 °C in human cells [41,43]. This
cancer specific phenomenon is readily used in blue light cystoscopy for
the identification of tumors in situ. To determine if temperature would
be a factor affecting the PpIX fluorescence ex situ, we used the same
experimental setup as for cells in suspension but incubated the cells in
HAL at 4°C and room temperature of 23 °C instead of 37 °C. Our data
(Fig. 3 and S7) indicates that the cancer specific PpIX fluorescence is
not only dependent on HAL incubation time but also temperature. The
PpIX fluorescence intensities of HT1376 cells incubated at 23 °C was
comparable to that observed at 37 °C, and significantly brighter than in
healthy cells. However, for incubation conducted at 4 °C, the fluores-
cence in the cancer cells was just as low as that of healthy foreskin
fibroblast HFF cells, and so at all three time points and all concentra-
tions. HFF did not express significant differences in fluorescence in-
tensity at any of the temperatures and time conditions examined. All
cells were incubated under the same conditions and shown no differ-
ence between HAL in PBS or in serum-free media (Fig. S6).

During the first 0.5 h of HAL application, the PpIX fluorescence was
almost 2 times lower than after 2h incubation at 37 °C, similarly to
what was observed for cells in suspension (section 3.2). The difference
in mean fluorescence intensities between HFF and HT1376 cells was
highly statistically significant when incubated at 37°C [95% CI
p = 0.00008 (0.5h), p = 0.00,002 (1h), p = 0.000000002 (2h)] and
statistically different when incubated at room temperature [95% CI
p = 0.00007 (0.5h), p = 0.00,001 (1 h), p = 0.0000001 (2h)]. There-
fore, we concluded the best approach for use would be to incubate HAL
at 37 °C for 2h.

Several studies investigated how the temperature influences 5-ALA
uptake and its conversion to PplIX in vitro or in vivo. Most of the previous
in vivo research focused on skin cancer [42,44-46]. Their data proves
that PpIX production in the skin cells is temperature dependent. No or
little PpIX production occurs when the skin temperature was below
15°C. In good agreement with the results presented here, these works
reported that PpIX fluorescence increased as the temperature increased
between 23 °C and 37 °C. Other research groups investigating different
types of cancer cells monolayers in vitro also indicated that a rise in
temperature increases the PpIX production [41,47]. Here we
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demonstrated for the first time that this trend also holds for cells in
suspension which is an important finding for the future use of HAL in
ex-vivo diagnosis of cancer from body fluids.

3.4. Effect of nuclear red

Nuclear red was chosen as a tool for the subcellular localization of
PpIX. It is a cell-permeant nucleic acid detection dye which stains nuclei
in live cells, and shows red fluorescence significantly enhanced upon
binding to DNA. The fluorescence spectrum of PpIX and nuclear red are
shown in Fig. 4a. The Soret band of the excitation spectrum has a
maximum at 405nm and emission at 635 nm for PpIX. However, nu-
clear red exhibits excitation at 622 nm and emission at 645 nm. As the
excitation wavelength are well separated, there is no cross over from
one fluorescent dye to the other when appropriate narrow band ex-
citation filters are used (Fig. S8).

After 1 h of HAL incubation and 15 min nuclear red treatment in
37 °C, both bladder cancer HT1376 and HT1197 cells showed clear red
fluorescence when observed in the nuclear red and HAL fluorescence
channels. Fluorescence microscopy revealed that, while the nuclear red
localised in the cell nucleus as expected, accumulated PpIX mainly
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respectively. Nuclear red increased cancer cell sensitivity to PpIX accumulation after HAL incubation. b) Fluorescence microscopy images of different cell lines after
incubation with HAL. Cells were incubated in serum-free medium with 50 uM HAL for 1 h. Cells were stained with 0.5 uM nuclear red for 15 min before observation.
HAL-induced PpIX red fluorescence were observed in HT1197 and HT1376 cells but not in HFF cells. Original magnification 5 x .

localised in other cell organelles in both bladder cancer HT1197 and
HT1376 cells (Fig. 4b). Based on current knowledge of the heme bio-
synthesis pathway, it is likely that PpIX is accumulating in the mi-
tochondria, however, further investigation is warranted to confirm
PpIX localisation and determine if it differs from one cell type to an-
other.

Most remarkably, we observed that the addition of nuclear red in-
creased, overtime, the specificity of the HAL-induced fluorescence to-
wards cancer cells. Indeed, after 2 h HAL incubation, the accumulation
of PpIX in both cancer HT1197 and HT1376 cells was markedly higher
in cells treated with nuclear red than HAL alone. In contrast, the much
less fluorescent HFF did not exhibit any difference in the presence or
absence of nuclear red. Similar results were observed after just 1 h HAL
incubation, but only for HT1376. (Fig. 5a.) Quantitatively, after 2h
incubation with 50 uM HAL, the PpIX fluorescence intensity increased
by 20 and 30% for HT1197 and HT1376 cancer cells, respectively,
when incubated with nuclear red. In the same conditions, no increase in
fluorescence is observed for the healthy foreskin fibroblast HFF cells.
Overall, the fluorescence of HT1376, was after 2 h incubation with 50
UM HAL and nuclear red, 4.5 times higher than that of healthy HFF (Fig.
S9).

This result indicates that the post-treatment with nuclear red in-
creased the PpIX accumulation specificity. It could therefore be used as
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an adjuvant to better discriminate between healthy and cancer cells. To
shed light on the mechanism that could explain this enhanced cancer
specificity, we investigated the cell viability in the relevant experi-
mental conditions (HAL 50 puM, 1h, and nuclear red 15 min incuba-
tion). Results are shown in Fig. 5b. Both HAL and nuclear red have
moderate toxicity for HT1376 and HT1197. HFF, on the other hand,
bear a 50% decrease in cell viability when treated with HAL and nu-
clear red. Interestingly, the % of viability for both cancer cell lines are
slightly lower after 1 h HAL incubation alone.

The difference observed, in both viability and PpIX fluorescence,
between cancer and healthy cell could be the result of distinctive en-
zymatic activities, which can in part be explained by existing literature
investigating the heme biosynthesis pathway triggered by the admin-
istration of exogenous HAL. It has been shown that excess free heme
causes the formation of cytotoxic lipid peroxide which increases
membrane permeability and sequentially may trigger cell lysis and
death [48,49]. Yet, at least two distinct aberrant enzymatic expression
have been reported that could explain why heme production is hin-
dered and PpIX accumulates in bladder cancer cells.

First, iron deficiency, or more precisely the lack of available mi-
tochondrial iron is very common in cancer [49] and has been attrib-
uted, in bladder carcinoma, to low level of mitochondrial iron trans-
porters Mitoferrin 1 and 2 [48,50]. Second, low levels of FECH -an
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enzyme that catalyzes the formation of heme through the integration of
iron into PpIX, -has been reported for bladder cancer tissue [51,52].
Low FECH level means that PpIX accumulates rather forming peroxide
triggering heme. Taken together, low level of FECH and iron could
reduce the free heme toxicity in cancer cells compared to foreskin fi-
broblast HFF cells.

While the exact mechanism by which the nuclear red affected the
PpIX production is not clear, the role played by the solvent DMSO
should not be overlooked. DMSO is a highly membrane penetrative 5-
ALA enhancer [53] but also acts as an iron chelator [54] in conjunction
with 5-ALA. In fact, it has already been shown that DMSO [53-57] can
enhance the 5-ALA-induced PpIX accumulation in cells. Our results
further suggest that DMSO actually increases PpIX fluorescence in
cancer cell more than in healthy cells, thus enhancing the specificity of
HAL.

3.5. Cell capture experiment

The efficiency of HAL fluorescence at impartially discriminating
between malignant and benign cells was then tested on immuno-
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captured cell populations. A microfluidic designed to isolate cells based
on their over-expression of EpCAM was used as described previously.
Both healthy foreskin fibroblast HFF and cancer cells were stained with
HAL: 50 uM for 30 min. at 37 °C and 30 min. at 23 °C. In addition, the
cancer cells were also stained with nuclear red, prior to mixing 1:1 both
cell type in PBS. The mix suspensions of healthy and cancer cells were
then dispensed inside three microfluidic channels (Fig. 6d), namely a
negative control ‘block’ channel, a positive control ‘plasma POx’ coated
channel, and the test channel functionalised with anti-EpCAM antibody.
The cells were left to incubate on the different surfaces for 45 min be-
fore rinsing with PBS to dislodge any loosely bound cells. Images of the
cells bound on the different surfaces inside the channels before and
after PBS rinse were taken in bright field, and using custom fluorescent
filters for PpIX and Cy5 (Nuclear red) fluorescence. The number of cells
observed in bright field images correspond to the total number of
cancer and non-cancer cells, while the number of cells observed with
the Cy5 fluorescent filter correspond to cancer cells only. Finally, the
number of fluorescent cells observed with the PpIX fluorescent filter, is
used to determine the capacity of HAL at discriminating between
healthy and cancer cells in the captured cell population.

The number of cells present in the channels before rinse as well as
the number of cells captured in the 3 channels are shown in Fig. 6.
Before rinse, the number of Cy5 positive cells (Fig. 6¢, blue bars) cor-
respond to the number of cells visible in the PpIX optical channel
(Fig. 6b, blue bars). Since non-cancer cells were not stain with Nuclear
red, these results confirms that the cells visible and accounted for with
the PpIX optical filters are indeed cancer cells. It further confirms that
the healthy cells did not produced detectable intensity of PpIX fluor-
escence after HAL-treatment.

After rinse, for all optical filters, less than 3% of the cells remained
bound to the block surface and more than 95% of the cell population
remain bound to the POx coated channel, thus indicating that both
negative and positive control surfaces performed as expected.

The channel functionalized with anti-EpCAM antibody captured
87% of the cells stained with Nuclear red, demonstrating that the se-
lective capture of cancer cell was successful. Most importantly, when
observed through the PpIX filter, an 88% capture rate was also
achieved.

A histogram representing the mean statistical distribution of the
PpIX fluorescence intensity in anti-EpCAM functionalized channels
before and after wash is shown in Fig. 6e. The peak of the intensity
profile occurs at higher fluorescence intensity after rinse than before
(2100 and 1850 a.u., respectively). This is in good agreement with the
results presented above which indicated that the PpIX fluorescence
intensity increases from 1 to 2 h incubation time. Since the fluorescence
intensity of foreskin fibroblast HFF is shifted towards lower values (Fig.
$10), fitting the cell fluorescence intensity histograms could be used to
impartially determine the nature of the captured cells.

Together, these results show that the immuno-capture platform is
highly selective towards cancer cells and that HAL-induced PpIX
fluorescence can be used to gain a second level of confidence on the
malignant nature of the captured cell population. In fact, combining the
selective immune-capture platform to the cancer specific HAL-induced
PpIX accumulation allow for single cells to be individually identified in
the microfluidic device, Fig. 6e.

4. Conclusion

Overall, our findings show that the HAL-induced fluorescence
markedly increased in cancer cells compared to non-cancer cells re-
gardless of whether these were cells in a monolayer or cells in sus-
pension. Optimal conditions for achieving the best discrimination be-
tween cancer and healthy cell fluorescence were with cells in
suspension incubated with 50 uM HAL in 37 °C for 2 h and followed by
nuclear red treatment. This fluorescent technique has been successfully
optimised and applied to the capture and detection of bladder cancer
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cells with a high 88% capture rate. This represents an attractive method
for diagnosing the presence of bladder cancer cells in urine which can
now be tested for performance as a diagnostic test in urine from pa-
tients with suspected bladder cancer or who are undergoing follow up
surveillance.
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