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Abstract: Biological tissue discrimination is relevant in guided surgery. Nerve identification
is critical to avoid potentially severe collateral damage. Fluorescence imaging by oxazine
4-perchlorate (O4P) has been recently proposed. In this work, the cytotoxicity of O4P on U87
human-derived glioma cells has been investigated as a function of concentration and operating
room irradiation modes. A custom-built optical irradiation device was employed for controlled
optical dosimetry. DNA damage and O4P intracellular localization was also investigated by
immunofluorescence and confocal microscopy. The results show that concentration below 100
UM can be considered safe. These results contribute to the assessment of the feasibility of O4P
as a nerve biomarker.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Biomedical optical diagnosis can be implemented by intrinsic label-free techniques [1]. These
techniques facilitate clinical translation, as no exogenous component needs to be administered to
the patient, and most of them can be non-contact. They can be based on measuring coherence [2],
spectral [3,4], polarization [5] or even depolarization [6] information, among others. The aim of
any of these diagnostic techniques is usually to distinguish between healthy and pathological
biological tissues. Healthy tissue type discrimination is also a relevant clinical problem. It is
fundamental to avoid undesired collateral effects in the particular case of guided surgery [7-9].
Healthy tissue discrimination is more complex in general with label-free techniques, compared
with pathological tissue discrimination. Techniques such as diffuse reflectance spectroscopy
(DRS) have been successfully applied to this problem [10]. Healthy tissue discrimination by
DRS has demonstrated some difficulties with some specific biological tissue types, such as
nerve or skin [11-13]. Nervous tissues are particularly challenging. This is due to the potential
significance for the patient of collateral damage on this tissue type. It is then critical to clearly
discriminate nervous tissue from other soft tissues during guided surgery.

The discrimination of nervous tissue during guided surgery can be implemented by extrinsic
substances administered to the patient. The use of fluorescence agents has demonstrated its
applicability in guided surgery for tumoral tissue discrimination [14] or treatment monitorization
[15]. Approved clinical fluorophores, such as indocyanine green (ICG) or Methylene Blue
(MB), are intended for tumoral tissue discrimination. For the particular case of nervous tissue
fluorophores of the oxazine family have been proposed [16]. Among them, oxazine 4-perchlorate
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(O4P) has demonstrated specificity on in vivo rats [17]. It is therefore a potential candidate
for nervous tissue discrimination in guided surgery, showing increased contrast on peripheral
nerve tissue [17—-19], and central and peripheral nerve tissue [16]. The specificity is proved to
be associated to nervous glial cells, with no significant accumulation on neuronal cells. Apart
from nerve specificity, cytotoxicity is crucial for potential clinical translation of this fluorophore.
Although some previous results on mice show no apparent behavioral effects, there is a need of
quantitative and systematic cytotoxicity analysis [19]. This quantitative study of cytotoxicity
is essential for the potential clinical applicability of the fluorophore. Cytotoxicity must be also
tested as a function of irradiation [20], as the fluorophore is photoactivated and photobleached
during a routine imaging diagnostic procedure.

In this work we analyzed cytotoxicity of O4P on U87 human-derived glioma cells. U87
glioma cell line was chosen among nervous tissue cell lines as representative of central nervous
system glia, where O4P is expected to accumulate. Glial cells are estimated to be much more
affected by the fluorophore in a dose-dependent model. Non-glial or other non-nervous tissues
are proven not to accumulate significant amounts of O4P, and as a consequence are much less
prone to suffer from cytotoxicity. In the case of neuronal cells, experiments on in vivo rats
have demonstrated no apparent impairment of motor function and sensory integrity during the
24 h post-injection [16]. This cell line is also widely used and presents reasonable cultivation
characteristics. Cytotoxicity was tested by a colorimetric proliferation assay for different O4P
concentrations. The analyses included the potential effect of photoactivation and photobleaching
by different irradiation spectra. A custom irradiation setup was built to be able to irradiate Petri
dishes and multiwell plates. Two different irradiation spectra were considered, wide band visible
(white) and a narrower spectrum around 630 nm. The first situation resembles conventional
visible illumination in the operating room, while the second imitates fluorescence diagnostic
imaging of O4P, as it comprises the absorption maximum. Immunofluorescence assays were also
carried out to evaluate potential DNA damage. A significant DNA damage may not directly lead
to cell death, but could greatly affect cell viability. The subcellular distribution of O4P is also
investigated. The results show the potential safe O4P concentrations, as a function of irradiation
type. The analysis considers cell death and DNA damage.

2. Materials and methods

2.1.  Cell culture and fluorophore

Human-derived glioma U87 cell line (ATCC HBT-14) was grown as monolayer in Dulbeccés
modified Eaglés medium (DMEM) (Lonza; Walkersville, MD, USA), supplemented with 10%
fetal bovine serum (FBS) (HyClone, Global Life Science; Pasching, Austria), penicillin (100
U/mL) and streptomycin (100 ug/mL) (Lonza; Verviers, Belgium). Cell cultures were maintained
in standard environmental conditions for their growth, at 37°C and in humidified atmosphere
with 5% CO;.

Oxazine 4-perchlorate (O4P) was provided by BOC Sciences (Bocsci; NY, USA). A stock
solution was prepared at a concentration of 15 mM in phosphate buffered saline (PBS), pH 7.4
(Gibco; ThermoFisher Inc.). O4P has an absorbance peak at 616 nm and an emission peak at
635 nm in this solvent [16].

2.2. lrradiation and Imaging system

A custom-built irradiation system was employed. The system was designed to irradiate 60 mm
diameter Petri dishes and 96 multiwell plates with 6 different types of optical radiation. The
system consists of a high-power white LED source with 200 nm spectral width (MWWHLPI;
Thorlabs Inc., USA). The source is driven by an electronic control system that allows modulation.
The driver controls the emission irradiance. Six irradiation modes can be selected by means of
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a filter wheel. In this work the irradiation modes corresponding to white light (no filter) and
630 nm (FF01-630/92-25; Semrock, USA) are used. The resulting radiation is uniformized by
an optical system, composed by a diffuser and a collimating lens, to achieve a homogeneous
exposure across the surface of the Petri dish or the multiwell. Figure 1(A) shows a schematic of
the device. The measured spectra of the incident radiation, either with white light (Fig. 1(B)) or
light filtered at 630 nm (Fig. 1(C)) is also included in Fig. 1.
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Fig. 1. A) Schematic design of the custom-made cell irradiation system, consisting of a
driver-controlled broadband LED, a diffuser, a collimation system and a filter wheel for
bandwidth selection. The system can irradiate Petri dishes and multiwell plates. B) White
light irradiation spectrum. C) 630 nm irradiation spectrum.

Images of the cells were acquired using a Leica TCS SP5 inverted confocal microscope (Leica
Biosystems; Wetzlar, Germany). O4P was excited using a laser at 633 nm. All images were
analyzed using Image] software (NIH, Bethesda, Maryland, USA; http://rsb.info.nih.gov/ij/).
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2.3. Assay for cytotoxic activity

Viability of U87 cells was measured using CellTiter 96 AQueous One Solution Cell Proliferation
Assay (PROMEGA; Madison, WI, USA), based on the MTS colorimetric assay [21]. MTS is a
tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) that turns into purple formazan in the presence of phenazine methosulfate,
produced by NADPH-dependent dehydrogenases, which are active only in viable cells. Cells at a
density of 104 cells/100 uL of culture media were inoculated in a 96-microwell plate (Corning;
NY, USA).

After 24 h, cells were incubated with increasing concentrations of O4P (50, 100, 200, 400
uM) for 4 h. Light treatment was performed from below by means of the previously described
custom-built irradiation device (Fig. 1). Cells were exposed to an irradiance of 10 mW/cm?
for 15 min with both white light and at a wavelength A = 630 nm. The wells were washed with
PBS before being replaced with fresh culture. Cells were incubated overnight for 12 hours,
and then O4P and irradiation cytotoxic effects were determined. To quantify the number of
viable cells, 20 pL of CellTiter 96 AQueous One Solution Reagent was added following the
manufacturer’s instructions, and incubated for another 4 hours under the same conditions, after
which the absorbance was measured at 490 nm.

The experiments were repeated 4 times. Cell viability was calculated according to the following
equation: Cell viability (%) = (sample absorbance / control absorbance) x 100.

To evaluate the response of U87 cells to the different doses of O4P in the presence and
absence of radiation, a two-way ANOVA analysis with several samples per group was carried out.
Values with p<0.05 were considered statistically significant. Results were presented as relative
mean + standard deviation (SD) respect to control cells.

2.4. Immunofluorescence

Control, O4P treated and/or irradiated cells growing on polylysine-treated glass coverslips were
used for immunofluorescence. Cells were fixed with 3.7% paraformaldehyde in PBS, washed in
PBS and permeabilized with PBS which contained 0.5% Triton X-100. They were then incubated
with 0.05% Tween 20 before adding the primary antibody (Mouse monoclonal anti-histone
H2AX phosphoSer139, 1:200 immunostaining; Millipore-Upstate, MA, USA). Afterwards they
were washed with PBS and treated with 0.05% Tween 20. Finally, they were incubated with
the specific secondary mouse antibody conjugated with FITC (1:75 immunostaining; Jackson
Laboratories Inc., USA). Samples were mounted with Vectashield (Vector; Burlingame, CA,
USA). Fixed cells were stained with Propidium Iodide (PI), and DAPI to mark the nucleus.

Confocal images (1024 x 1024 pixels; 126.3 nm pixel size) were acquired on a SP5 laser-scan
microscope (Leica Biosystems; Wetzlar, Germany), with a 40x/1.25 Oil objective, 2 Airy Units
pinhole, 3x electronic zoom and 200 Hz speed using LAS AF acquisition software. Cells were
excited at 405 nm (DAPI), 488 nm (YH2AX) and 543 nm (PI) laser lines and fluorescence
emission was captured between 415-490 nm (DAPI), 500-550 nm (YH2AX) and 600-660 nm
(PI). The choice of excitation sources and emission filters assures fluorophore specificity. Images
are presented after digital adjustment of curve levels to maximize signal. In all cases, exposure
time, sensor gain, and digital manipulation were the same for control and experimental samples.
Fluorochromes and colours are as indicated in the corresponding figure legends.

The quantitative analysis of the proportion of control and U87 cells with DNA damage nuclear
foci was carried out using ImageJ. The average of the fluorescence intensity was estimated on six
confocal sections per sample (n =3). Average values were pooled for the subsequent analysis
using a two-way ANOVA with post-hoc Tukey HSD (Honestly Significant Difference) was used
to determine the statistical significance of differences between control and irradiated cells. Values
are mean values + SD.
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2.5. Intracellular distribution of O4P

U87 cells were cultivated on polylysine-treated glass coverslips. Cells were treated with an
appropriate amount of fluorophore for 4 hours. They were irradiated at 630 nm for 15 or 30
minutes, with the same conditions shown in the cytotoxicity assay. O4P was removed by washing
twice with PBS buffer before their fixation with 3.7% paraformaldehyde in PBS. Cells were
washed twice with PBS and were placed on a slide using an antifade mounting medium with
DAPI (Vectashield, Vector; Burlingame, CA, USA).

Images of the cells were acquired using a Leica TCS SP5 inverted confocal microscope
(Leica Biosystems; Wetzlar, Germany). DAPI was excited at 405 nm and radiation was collected
between 415-490 nm, and O4P was excited using a laser at 633 nm and the emission was filtered
in the range 645-700 nm. The composed images were obtained by Image].

3. Results

The protocol described in materials and methods was applied to cell cultures with different
fluorophore concentrations and irradiation types. As it can be seen in Fig. 2, dark controls do
not exhibit statistically significant difference in cell death at the lowest non-zero concentration
of fluorophore assayed (50 uM), compared with cells without treatment. However, the other
amounts of O4P probed (100, 200 and 400 uM) produce significant decreases in cell viability of
12.92%, 63.09% and 93.81% respectively (Table ).
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Fig. 2. Cytotoxicity assay results, expressed as percentage of viability of the U87 cells
in dark and after 15 minutes of 10 mW/cm? irradiation with white light (A) and A=630
nm light (B). Cells were treated with different amounts of O4P (0, 50, 100, 200 and 400
uM) for 4 h. These data represent the relative (in percentage) cell viability with respect to
the negative control after 4 independent experiments. The results were analyzed using a
two-factor ANOVA test with 6 samples per group. Statistical significance is indicated by
*p<0.05, **p<0.01, ***p<0.001.

Table 1. Cytotoxic effect of the tested irradiations in combination with different concentrations of
O4P on the percentage of cellular death in U87 cells. Results of 4 independent experiments
expressed as relative Mean + SD with respect to dark control.

O4P concentration (uUM)

Light 0 50 100 200 400

Dark 100 98.72+6.93 87.08 £10.23 36.91+15.36 6.19+1.41
White Light 100.49 +7.66 104.03 +3.21 79.61 £9.50 29.55+10.94 6.13+2.43
630 nm 103.04 +1.94 108.96 + 16.00 81.18 +17.83 34.59+23.23 594 +1.25

No statistical reduction in cell viability was detected with the irradiations tested. As it can be
seen in Fig. 2(A), the combination of white light and the lowest dose (50 uM), does not induce
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changes in cell survival compared to cells with no fluorophore. However, as the concentration of
O4P increases, a fall in the number of living cells takes place. At a concentration of 100 uM O4P,
a decrease in cell viability around 15% was observed, which rises to 63% and 94% when the
cells were incubated with 200 uM and 400 uM of compound, respectively (Table 1).

Figure 2(B) reflects the results obtained when cells were treated with red light at 630 nm
wavelength, which corresponds to the fluorophore maximum absorption. A combination of 50
uM and 630 nm light practically produces no change in cell viability. This fact is in accordance
to the previous cases of unirradiated controls and cells exposed to white light. On the other hand,
growth inhibition was observed at 100, 200 and 400 uM O4P concentrations (18.82%, 65.41%
and 94.06%, respectively). This impact on cell viability is comparable with that of dark and
white light results (Table 1).

The IC50 calculated values are 169.87 uM, 184.79 uM and 142.65 uM for the dark controls,
cells treated with white light and treated with red light at 630 nm, respectively. The IC50 of each
group was estimated using an IC50 Calculator (https://www.aatbio.com/tools/ic50-calculator/).

Although at 630 nm the dose-response curve has shown a slight effect on cell growth, it can be
assumed that the combination of O4P and the irradiation conditions assayed in this study had no
effect on the viability of U87 cells.

Next, we investigate whether the presence of O4P may cause DNA damage in U87 cells, with
or without light exposure. An immunofluorescence assay for the histone H2AX phosphorylated
on Ser139 (TH2AX), a DNA damage marker, has been carried out and fluorescence intensity of
DNA repair foci has been quantified (Figs. 3 and 4; TH2AX in green, PI in red, DAPI in blue).
The aim is to mark nuclei (with DAPI), the whole cell (with PI) and the location of DNA damage
in the nucleus (with TH2AX histone). The potential influence of O4P signal if it would be
marginally contributing to the PI image in non-control samples, or the intensity of PI images are
not relevant, as they are just employed to delineate cells and make images appear more realistic
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Fig. 3. DNA damage. A) Measurements of fluorescence intensity signals of TH2AX. B)
High doses of O4P (100 uM) induce significant DNA damage (B.a), compared to control
(B.b). In some of these cells, the amount of damage is dramatic (B.c, B.d). YTH2AX (green),
PI (red).
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Fig. 4. Representative examples of confocal microscopy images from dark control (A-H),
white light (I-P) or at 630 nm irradiated cells (Q-X). Comparison between cells in the
absence of fluorophore (controls A-D, I-L and Q-T) and cells treated with 100 uM of O4P.
DAPI (blue), YTH2AX (green), and PI (red). Scale bar =50 um.

in the final merge. TH2AX test marks DNA damage, and it is intended to be a complementary
analysis to further explore cell viability. Its utility is, on one side, to show cells that could be
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Fig. 5. O4P distribution (DAPI in blue, O4P in red). A) U87 confocal microscopy images
treated with 50 and 100 uM of O4P either in dark or after irradiation at 630 nm for 15 and 30
min. Representative images of the localization of the fluorophore were taken after 4 hours of
incubation. Nuclei labelled with DAPI are shown in blue. Scale bar =25 um. B) Higher
magnification of merged images with no fluorophore and 100 uM. Scale bar =20 um.
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non-viable in the near future, even if they are marked as alive in the previous cell death test.
On the other side, this analysis could help to refine the acceptable cytotoxic dose, that could be
established under the IC50 cell death viability threshold if DNA damage is too high.

No significant differences have been observed between the lower fluorophore amounts tested
(25 and 50 uM) and control (Fig. 3(A)). The signal for this active histone is notably increased, and
appears concentrated in multiple nuclear foci, upon treatment with 100 uM of O4P (Fig. 3(B)). A
qualitative analysis of the cells under a confocal microscope has shown that the cells exposed
with the maximum concentration of O4P (100 uM) present a multitude of positive foci for H2AX
in the nucleus compared with controls and cells treated with 25 and 50 uM O4P, although the
number of positive cells is lower (Fig. 4).

Regarding the effect of irradiation with white light or at 630 nm, or combined with increasing
concentrations of O4P, no significant differences have been observed between non-irradiated
cells and those treated with light (Fig. 3).

The location of the fluorophore at the subcellular level was also investigated by confocal
microscopy. U87 cells were grown with 0, 50 and 100 uM of O4P for 4 hours. Nuclei were
marked with DAPI. Images obtained are shown in Fig. 5 (DAPI in blue, O4P in red). The control
image of O4P (0 uM of O4P) appears black as expected, with no signal of DAPI. A uniform
distribution of the molecule throughout the cytosol is observed, whereas it seems to be largely
excluded from the nucleus.

To confirm if the light exposure causes any change in the subcellular location of the fluorophore,
the experiment was repeated after irradiating at 630 nm for 15 and 30 minutes. As a consequence
of photobleaching, a general intensity decrease with the radiation at 630 nm, compared to dark
(no irradiation), is observed. As it can be seen in Fig. 5(A), irradiation did not alter the outcome.
This effect is similar to the previous lack of influence of irradiation on cell viability. Irradiation
does not modify O4P distribution under any of the conditions tested, being dispersed throughout
the cytoplasm of the cell. Figure 5(B) shows higher magnification merged images that confirm
the highly preferential accumulation of O4P in the cytoplasm.

4. Discussion

Accidental sectioning of peripheral or central nerves during common surgery interventions is
relatively usual. However, there is currently no reliable technology available to discriminate
nervous tissue from other ones in real time during surgical operations or laparoscopic procedures.
Apart from the difficulty of developing highly specific fluorescent agents for nervous tissue per se,
other inconvenient is that these molecules must be able to cross the blood-brain barrier (BBB) or
the blood-nerve barrier (BNB). Therefore, they must have a small molecular size, around 500 Da
as maximum, and a lipophilic character, with LogD values between 0.5 and 3 at pH 7.4. Oxazine
4 presents a molecular weight of 395.84 Da, with a LogD value at pH 7.4 of 3.38 [16]. As most
compounds able to overcome these barriers are lipidic by nature, undesirable accumulation in the
adjacent adipose tissue may appear [22,23].

Oxazine 4-perchlorate (O4P) is a small-sized fluorophore with high specificity for nervous
tissue [17], which emits fluorescence at wavelengths close to the NIR window [16]. Due to
its characteristics, it could be a good candidate for future applications in the field of medicine
[18]. The success in clinical translation of O4P depends, in addition to its formulation and
specificity, on its non-toxicity at the doses necessary to be detected. The safety of O4P was
tested in this work by using a colorimetric assay to determine its toxicity on U87 cells treated
with different concentrations of O4P (0, 50, 100, 100, 200 and 400 uM), see Fig. 2 and Table 1.
These concentrations are considered to be representative of clinical use of O4P, as adequate
nerve tissue contrast has been demonstrated with concentrations around 100 uM [16,17,19]. The
obtained results indicate that this fluorescent compound affects the viability of this cell line in a
dose-dependent manner. According to this study, it could be assumed that O4P concentrations



Research Article Vol. 13, No. 1/1 Jan 2022/ Biomedical Optics Express ~ 206 |

Biomedical Optics EXPRESS A

lower than 100 uM are safe (considering the existence of toxic effect when there is less than 75%
of cell viability). The theoretical half-maximum inhibitory concentration (IC50) was calculated
to be 169.87 uM.

Since a main future objective is the use of the fluorophore in the operating room, the cytotoxicity
of O4P in combination with white light and light at 630 nm was analyzed. Irradiance was
kept constant at 10 mW/cm? and irradiation time was 15 minutes for all wavelengths. The
results showed that there is not a synergistic effect on cytotoxicity between concentration and
irradiation, see Fig. 2. According to these results, O4P induces cell death in our cellular model in
a dose-dependent manner. As in the absence of light, there was a decrease in cell number of
approximately 20% at 100 pM, of 70% at 200 pM and of 95% at 400 pM. The IC50 for irradiated
cells was also very similar to that calculated for cells not treated with light, 184.79 uM and
142.65 puM for cells irradiated with white light and at 630 nm, respectively. From these findings,
it can be ruled out that there is no increased toxicity due to photoactivation of O4P.

H2AX has a role in the DNA damage response induced from diverse origins. This protein is
phosphorylated on the serine 139 residue rapidly after exposure of cells to ionizing radiation
[24,25]. Immunofluorescence with this DNA damage marker was performed on U87 cells treated
with 25, 50 and 100 pM O4P, both in the dark and irradiated with white light and at 630 nm,
see Fig. 3 and Table 2. After quantification of the positive foci for the activated histone, no
differences were observed either at the lower concentrations (25 and 50 uM), or among the
diverse irradiation conditions used. However, at the highest concentration (100 uM), besides of a
slight statistically significant increase in genome damage, qualitative changes are shown. More
cells with deep damage, near apoptosis, were perceived, see Fig. 4. This fact is consistent with
the decrease in cell viability seen at this concentration, which was around 20%. The multitude
of positive foci at 100 uM compared to cells treated with 25 and 50 uM would explain the large
standard deviations observed for the maximum concentration (Fig. 3(A) and Table 2).

Table 2. Total fluorescence intensity signal of TH2AX as a function of O4P concentration. Values
of controls are normalized to 100% of fluorescence intensity. Values are mean + SD versus control.

O4P concentration (uM)

Light 0 25 50 100

Dark 100 122.97 +7.05 156.84 + 105.64 410.35 +£382.80
White Light 101.69 + 19.80 150.76 +26.63 162.26 +26.34 395.13 +221.28
630 nm 139.54 +5.62 143.52 +57.37 160.19 +96.00 228.43 +187.60

Intracellular localization of fluorophores can influence the molecular mechanism of cytotoxicity,
impacting the cell and the quality of the signal during in vivo imaging [26,27]. As no significant
nucleus colocalization was observed for O4P, with no change with photoexcitation, see Fig. 5,
the distribution is estimated to be cytosolic. The cytosolic distribution of O4P suggests that the
mechanisms involved in its toxicity are cytoplasmic, probably located in the mitochondria.

5. Conclusions

Guided surgery relies on an adequate identification of the biological tissues to be resected in
real time. Apart from identifying malignant tumoral tissues, it is critical to clearly mark crucial
tissues whose damage could provoke several collateral harmful effects. One of these critical
tissues is nerve. Nerve identification is not solved, although there are some approaches based on
fluorophores such as O4P. In this work the cytotoxicity of O4P on U87 human-derived glioma cells
has been investigated. The analysis included the influence of irradiation type that could be present
in the operating room, mainly wide band visible and that employed for fluorescence imaging of
O4P around 630 nm. DNA damage was also investigated by immunofluorescence, in order to
see if subtle potential harmful effects were being produced. O4P intracellular localization was
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also studied. The results show that there is a significant influence of fluorophore concentration,
as expected. The influence of irradiation type, either white or around 630 nm, is negligible.
Concentration values below 100 uM can be considered safe according to this study on glioma
cells, including the effects of cell death and DNA damage. This study demonstrates the feasibility
of employing O4P as a nerve marker under the point of view of cytotoxicity on human-derived
glioma cells. Further studies should verify if the previously mentioned concentrations show no
adverse effects on normal central and peripheral nerves, in vivo on small animals, and if they are
able to provide enough image quality for nerve identification in the operating room. Although
they are expected to suffer a reduced uptake, potential O4P cytotoxicity on other non-nervous
tissue types should be also tested prior to clinical use.
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