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Real-time luminescence microspectroscopy
monitoring of singlet oxygen in individual cells
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A new setup for direct microspectroscopic monitoring of singlet oxygen (*O,) has been developed in our
laboratory using a novel near-infrared sensitive InGaAs 2D-array detector. An imaging spectrograph has
been inserted in front of the 2D-array detector, which allows us to acquire spectral images where one
dimension is spatial and the other is spectral. The work presents a detailed examination of sensitivity and
noise characteristics of the setup and its ability to detect *O,. The 'O, phosphorescence-based images
and near-infrared luminescence spectral images recorded from single TMPyP-containing fibroblast cells
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reflecting spectral changes during irradiation are demonstrated. The introduction of spectral images
addresses the issue of a potential spectral overlap of 'O, phosphorescence with near-infrared-extended
luminescence of the photosensitizer and provides a powerful tool for distinguishing and separating them,
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1. Introduction

Singlet oxygen ('0,), the first excited state 'A, of molecular
oxygen, is a highly reactive species which plays an important
role in a wide range of biological processes, e.g. cell signalling,
immune response, macromolecule degradation, or elimination
of neoplastic tissue during photodynamic therapy (PDT). Prob-
ably the most important way of 'O, production is the photo-
sensitizing process, where a molecule of a photosensitizer (PS)
is excited by light and forms the triplet state by inter-system
crossing, which can afterwards collide with ground state
oxygen O,(°L,") giving rise to '0,. 'O, exhibits a very weak
near-infrared (NIR) phosphorescence band around 1275 nm
(with a quantum yield of ~ 6.5 x 1077 in water'), which
allows for its direct detection. 'O, phosphorescence-based
microscopy of cells containing either exogenous or endo-
genous PSs would be an invaluable tool for research in fields
of PDT or antioxidants. Although significant progress has been
achieved, especially by Ogilby’s group about 10 years ago,>™*
'0, luminescence microscopy at the cellular and sub-cellular
level still remains a big challenge. The recent introduction of
improved NIR-sensitive 2D arrays is about to bring a renais-
sance into this field.

Given the very poor quantum yield of 'O, phosphorescence,
remarkable efforts have been put into the development of

“Charles University in Prague, Faculty of Mathematics and Physics, Department of
Chemical Physics and Optics, Ke Karlovu 3, 121 16 Praha 2, The Czech Republic.
E-mail: marasolc@centrum.cz; Fax: +420221911249; Tel: +420221911248
bUniversity of Aarhus, Department of Chemistry, Center for Oxygen Microscopy and
Imaging, Langelandsgade 140, 8000 Aarhus, Denmark

This journal is © The Royal Society of Chemistry and Owner Societies 2014

which can be applied to any photosensitizer manifesting near-infrared luminescence.

indirect methods of 'O, detection and imaging. Among others,
a Singlet Oxygen Sensor Green® (SOSG) fluorescent probe has
been used for imaging of 'O, production in vivo in plant leaves
subjected to photo-oxidative stress® or for microscopy of
individual living cells.® However, due to endogenous 'O,
production from the probe itself, this technique lacks
specificity.”® A different approach was implemented by
Mosinger et al.: singlet oxygen-sensitized delayed fluorescence
(SOSDF), where the PS itself acts as a 'O, probe, was employed
for imaging of 'O, generation in polymeric nanofibers loaded
with tetraphenylporphyrin.’ The phenomenon of SOSDF has
recently been observed in our lab in solutions of a wide range
of water-soluble 'O, PSs, and SOSDF thus seems to be a poten-
tially promising indirect method for microscopy of biological
systems.'®'" Although the indirect methods generally exhibit
much stronger signals than 'O, phosphorescence, they bear
obvious disadvantages as an inhomogeneous spatial distri-
bution of the probe in a cell and its non-perfect specificity to
'0,. Therefore, '0, phosphorescence-based microscopy is still
irreplaceable.

Several papers on direct 'O,-based imaging of tumors during
PDT using either a 2D detector array or a scanning approach
have been published."”* In the field of microscopy, the group
of Ogilby managed to acquire nice images of 'O, phosphor-
escence from individual nerve cells loaded with TMPyP.*™*
However, as only a 1D array detector was available, the sample
had to be scanned line by line, which led to a prolonged acqui-
sition and exposure time in the range of several minutes and
gradual photobleaching during the scanning process.

The aim of the work is to present our new setup using a
novel 2D array InGaAs detector NIRvana:640 from Princeton
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Instruments, to evaluate its imaging ability, and to demon-
strate '0,-based microspectroscopy images of individual cells.
The new 2D detector, which is now commercially available,
allowed us to shorten the acquisition time of '0,-based images
substantially to ~5 s with respect to older work by Ogilby et al.
An imaging spectrograph inserted in front of the 2D-array
detector allows us to acquire spectral images where one dimen-
sion is spatial and the other is spectral. Our methodology of
acquiring spectral images of individual cells provides a foun-
dation for separation of 'O, phosphorescence from spectrally
overlapping NIR-extended luminescence of the PS, which
otherwise may be a persistent problem for a number of
different photosensitizers. TMPyP is used as a photosensitizer
throughout the work in order to relate to older work of
Ogilby’s group®™*'® and numerous other papers on lumine-
scence microscopy and spectroscopy of TMPyP in mammalian
cells.'®'” Moreover, the NIR-extended luminescence of
TMPyP'®'® shows the necessity of spectral images for dis-
tinguishing between PS and 'O, luminescence.

2. Experimental

The experimental setup is schematically represented in Fig. 1.
It is built around an inverted fluorescence microscope (IX71,
Olympus). The excitation beam provided by the 405 nm CW
laser (LDM405.120.CWA.L, Omicron) is passed through ND
filters and coupled into the NIR-corrected objective OB]
(LMPlan IR, 50%/0.55, Olympus) by the 500 nm dichroic long-
pass mirror DLP (Edmund Optics). The lens L1 (f = 50 mm,
Thorlabs) is inserted into the excitation path to enlarge the
illuminated spot on the sample S (i.e., shifting the laser focal
plane out of the sample focal plane). The diameter of the illu-
minated area on the sample is 94 pm. The laser power density
at the sample usually varied from 1 W cm™ to 5 W cm™>

S
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405nm ND SH L1 NIR
L —+—+— DLP| [cam. [ NIR
SPC
VIS - H I
VIS cam. GM/ |F L2
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1
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Fig.1 The scheme of the setup for NIR luminescence microspectro-
scopy. The bottom part of the figure schematically shows the spectral
regions detected by VIS and NIR paths, respectively. A detailed descrip-
tion is provided in the text.
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depending on the specific experiment. The luminescence
emission from the sample collected by the objective passes
through the dichroic mirror DLP and is either directed by the
golden mirror GM (Edmund Optics) to the NIR detection path
or, by sliding the GM out, passed to the VIS detection path. In
the NIR path, the signal is passed through a combination of
NIR longpass and shortpass filters F depending on the specific
experiment (longpass 850 nm and 1100 nm, shortpass
1100 nm, Edmund Optics; longpass 1250 nm and 1350 nm,
Thorlabs) and then focused by lens L2 (achromatic, f= 20 cm,
Edmund Optics) on the entrance slit of the imaging spectro-
graph (Acton SpectraPro 2500i, Princeton Instruments) which
is coupled to a NIR-sensitive InGaAs camera (NIRvana:640,
Princeton Instruments) cooled to —80 °C. The spectrograph
was used either with a grating (150 ¢ mm™", 1.2 pm blazed) for
spectroscopy or with a mirror for imaging. The shutter SH in
the excitation path controlled by the camera is opened only in
the period of exposure to minimize the photobleaching of the
sample. In the imaging mode, the pixel size of the NIRvana
camera 20 x 20 pm corresponds to an area of 0.34 x 0.34 pm
on the sample as determined from the 58x magnification of
the system. At 1275 nm ('O, phosphorescence band), the
spatial resolution due to the diffraction limit is ~ 1.4 pm
according to the Rayleigh criterion as determined by the objec-
tive numerical aperture of 0.55. Therefore, 2 x 2 binning was
performed to meet the Nyquist sampling theorem. In the
spectroscopy mode, the spectral resolution of the system was
10 nm as defined by the width of the entrance slit of the
spectrograph. The VIS detection path is realized analogically
by a VIS sensitive back-illuminated silicon camera (Spec-
10:400B, Princeton Instruments) coupled to the imaging
spectrograph (Acton SP 2300i, Princeton Instruments). During
recent further improvements the golden mirror GM was
replaced by a 1000 nm shortpass dichroic mirror DM (Thor-
labs) to enable simultaneous detection in the VIS and NIR
spectral regions, and the set of filters F was completed by
1274/40 nm and 1200/40 nm bandpass filters (Omega Optical)
with peak transmission >70%.

The 3T3 mouse fibroblasts (ATCC: CCL 92, cultured as
described in ref. 17) were seeded out to half confluence into
dishes (p-Dish 35 mm, glass bottom, IBIDI) one day before the
incubation. The cell samples for the imaging experiments have
been prepared by three different incubation procedures:

(P1) Incubation according to the procedure applied to
neurons described by Ogilby et al.,> which includes replace-
ment of intracellular H,O with D,O in order to increase the
0, lifetime. Briefly, the monolayer of cells covering the dish
was washed properly with a D,O-based saline solution and
treated with a hypertonic D,O-based saline solution for
5 minutes. Then the cells were incubated for 5 hours in an iso-
tonic D,0-based saline solution with 100 pM 5,10,15,20-tetra-
kis(1-methyl-4-pyridinio)porphine (TMPyP*'®'®) and washed
properly with an isotonic D,O-based saline solution afterwards
to remove the extracellular TMPyP.

(P2) Analogous to the procedure P1, but the cells were
incubated for 20 hours.
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(P3) An aliquot of 100 pM TMPyP was added into
growth medium and the sample was incubated for
20 hours,"®"” then H,O was replaced with D,O (as described
above) and the sample was kept in a D,0-based saline solution
for 1 h.

In all cases, the cell samples were held under an oxygen
atmosphere during the experiments. Most of the experiments
were carried out with cells prepared according to the pro-
cedure P1. Experiments demonstrating NIR spectral changes
during irradiation (Fig. 4-A) were performed with cells incu-
bated according to P2, which show substantially increased
retention of TMPyP while they still maintain their shape as
demonstrated by the fluorescence image. The incubation
according to P3 minimizes the stress imposed on the cells
compared to the latter two procedures but generally produces
a weaker signal. A trypan blue staining test provided viabilities
of the cells >85%, <10%, and >95% for procedures P1, P2, and
P3, respectively.

Trypan blue exclusion assay for testing the cell membrane
integrity: a monolayer of the cells in the dish was washed with
neat PBS and then treated for five minutes with 0.4% Trypan
blue solution (Sigma-Aldrich) diluted four-fold in PBS. The
cells were washed again with neat PBS afterwards and the
monolayer was inspected using bright field microscopy. Dead
cells are stained by trypan blue while the cells with intact
membranes are not.

3. Results and discussion

3.1. Sensitivity and noise characteristics of the setup

The ability of the system to detect 'O, was first tested by
measuring NIR spectra of air-saturated solutions of several
porphyrin-based PSs. The spectra featured a typical 'O, band
around 1275 nm which was quenched in nitrogen-saturated
samples or sodium azide (NaN3, 10 mM) containing samples
(data not shown). In order to estimate the 'O,-detection
efficiency, a 0.1 mm pathlength cuvette filled with 200 uM
solution of tetraphenylporphyrin (TPP) in benzene was used as
a sample on the microscope stage. Quantum yield of 'O, pro-
duction (@, = 0.65 + 0.15°°) and quantum yield of 'O, phos-
phorescence (P, = 4.7 + 1.7 x 107> (ref. 1 and 21)) are well
documented for TPP in benzene. A combination of 1100 nm
and 1250 nm longpass filters was used in the detection path
and the spectrograph was set to imaging mode. By measuring
the spectra, it was verified that >90% of the emission is indeed
due to '0, phosphorescence.

In the limit of weak excitation laser power, the number of
'0,-phosphorescence photons N emitted from the laser excited
volume per second can be determined as

P(1 —10"4) PPy

N = s
hv

(1)
where P is the excitation laser power, v photon energy, and

A = 0.23 absorbance of the sample at the wavelength of the
laser. The total number of signal counts on the detector
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Fig. 2 The apparent luminescence detection efficiency 5 as a function
of the laser excitation power. The data were fitted by a stretched expo-
nential function.

divided by the number N of emitted 'O,-phosphorescence
photons gives the detection efficiency # of the whole setup.
Fig. 2 shows the dependence of the apparent  value on the
decreasing excitation power. The decrease of the apparent 7
values at higher excitation powers can be explained by satur-
ation and/or local photobleaching of the PS. The real detection
efficiency 5 of the setup was estimated by extrapolation of the
apparent 5 value to zero excitation power. The applied experi-
mental method provides a lower limit for the detection
efficiency 7 (e.g. due to sample thickness larger than the depth
of field of the imaging system) and therefore it can be con-
cluded that # 2 1%. The luminescence collection efficiency of
the objective with N.A. = 0.55 is 5; = 8.2% for the isotropic
emitter (which is the case for '0,). The transmission efficiency
of the rest of the detection path is 1, = 45% as determined by
transmissions of individual optical elements. The relatively
complicated setup with the spectrograph requires us to be very
careful when choosing optical elements with optimal perform-
ance. The quantum efficiency of the NIRvana camera is stated
to be 13 = 85% by the manufacturer. The theoretical detection
efficiency #' = minans = 3.1% represents the upper limit and
thus it can be concluded that the quantum efficiency of the
setup is 1-3%. It is obvious that there is still plenty of room
for improvement, the objective being the most limiting
element.

The dark noise of the NIRvana detector cooled to —80 °C
was determined in the following experiment: Sequences of
twenty frames were acquired for a range of exposure times per
frame (1 ms-25 s), the detector being in the dark (attached to
a spectrograph with the entrance slit closed; the spectrograph
being at room temperature in a dark room). The values of dark
counts per pixel in Fig. 3 were obtained as the mean number
of counts per pixel in the averaged sequence of dark frames.
Neither background nor flat-field corrections were used. The
principal sources of dark counts are (i) readout of the detector
and (ii) dark current — a thermally induced buildup of dark
charge over time. Dark count values can be fitted as a linear
function of exposure time. The slope of the line (350 counts
per second per pixel) corresponds to the dark current and

Photochem. Photobiol. Sci,, 2014, 13, 1203-1212 | 1205


http://dx.doi.org/10.1039/c4pp00121d

Published on 30 May 2014. Downloaded by Charles University in Prague on 01/08/2014 13:27:33.

Paper
22000 T T T T —~ 170
dark counts O

std.dev. = 160
20000 L -
@ =4 150 §
§ 18000 4 140 §.
M =

X .

£ 16000 130 3
© 1120 B
14000 @

4 110

12000 L L -~ 100

0 5 10 15 20 25
exposure time [s]

Fig. 3 Dark counts per pixel and standard deviation for different
exposure times per frame.

matches the value provided by the manufacturer in the detec-
tor specification, whereas the y-axis intercept is related to the
readout. The DC level of the dark counts is not uniform over
the detector, but applying background correction can easily
remove the bias pattern in the image. Therefore, the noise
level is determined by standard deviation of dark counts in
individual pixels. In every pixel of the detector, the standard
deviation of dark counts across the sequence of frames was
determined. The mean value of the standard deviation over all
the pixels in the detector is displayed in Fig. 3.7 The values of
standard deviation roughly correspond to the square root of
the DC level of dark counts, ie. revealing properties of the
Poisson distribution, as expected. The standard deviation of
dark counts per pixel (i.e. the dark noise level) of the detector
cooled down to —80 °C was found to be 130 counts per pixel in
5 s (260 counts if 2 x 2-binning applied). The readout noise
corresponding to standard deviation of dark counts at a very
short exposure of 1 ms (115 counts per pixel with no signifi-
cant dependence on readout speed) is obviously the main con-
stituent of the overall noise. Therefore, if a decreased time
resolution is not a concern, it can be more convenient to use
one longer exposure instead of several shorter ones. The manu-
facturer states that exposure times up to 1-2 minutes are poss-
ible. Together with the detection efficiency of the setup this
provides a framework for evaluation whether the 'O,-based
image of a particular sample can be detected. Further refer-
ences on the characterization of noise and sensitivity of
imaging systems and detectors can be found in numerous
publications.**™*

Let us consider the following calculation: the 2 x 2 binned
pixel corresponds to an area of § = 0.68 x 0.68 pm” on the
sample. Assuming that we observe a mammalian cell with a
thickness of w & 5 pm, the volume from which the signal is
collected to the 2 x 2 binned pixel is V = 2.3 fl. If the acqui-
sition time is ¢ = 5 s, the noise-equivalent signal is s = 260
counts per 2 x 2 binned pixel. The concentration of 'O, provid-

1 Standard deviation calculated for a difference image*” - difference between two
images with the same exposure time - provided similar results.
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ing the noise-equivalent signal in the 2 x 2 binned pixel in
acquisition time ¢ is then

r0,] = — 18M, (2)

s
ntkphVNA
where kpi, ~ 0.2 s7" is the radiative rate of 'O, in D,0," n = 1%,
and N, is the Avogadro constant. The corresponding concen-
tration of TMPyP in D,O-treated cells can also be estimated.
Irradiation power per unit of area I, absorbed by the TMPyP-
loaded cell monolayer meets the following equation:

shw

Iy=—
RN

~ 0.23W/cm?, (3)
where o is the photon energy, @, = 0.4 is the quantum yield of
'0, in a cellular environment,'® and @y, = kynta ~ 6 X 107° is
the phosphorescence quantum yield of 'O, using the lifetime
of 'O, in a cell 74 ~ 30 ps.'®*® In the approximation of the
Lambert-Beer law, the absorbance of the sample A4 = log(1 —
In/Iy) = 0.11 for I, = 1 W ecm™>. The concentration of TMPyP in
the monolayer of cells is then

— A —
[TMPyP] = P 1.1 mM (4)
where ¢ ~ 2 x 10° M~ em™" is the absorption coefficient of
TMPyP at its maximum. This is a conceivable concentration of
the PS accumulated in a cell,'® although it has to be remem-
bered that it is only an estimate, as many of the used para-
meters may depend on various factors, such as oxygen
saturation, excitation intensity, etc.

The '0,-detection ability of the NIRvana camera and that of
the older custom-made InGaAs 1D-array detector’’ used by
Ogilby’s group were compared using the same excitation inten-
sity and an air-saturated solution of TMPyP in D,0O-based PBS
as a sample. The data indicate that the signal-to-noise ratio is
somewhat larger (1.6 = 0.6x) for the NIRvana detector. Never-
theless, the main advantage of the NIRvana camera compared
to the older 1D-array is the ability to acquire the image all at
once without scanning, which dramatically reduces acquisition
time and also eliminates the problem of gradual photobleach-
ing during the scanning process (i.e. in the case of the 1D-
array scanning approach, every strip of the resulting scanned
image is acquired in a different time and different stage of
photobleaching®?).

3.2. Overlap of luminescence of singlet oxygen and a
photosensitizer in cells

Fig. 4-A displays the cell sample incubated with 100 pM TMPyP
for 20 h in a D,O-based saline solution (incubation procedure
P2). At the beginning, the bright field image, visible fluo-
rescence image, and the fluorescence spectrum were acquired.
Then ten consecutive frames of 5 s of NIR spectral images
were acquired using continuous excitation with a power
density of 5 W cm™? and a combination of 850 nm longpass
and 1100 nm longpass emission filters. Spectral images are
collected from the region defined by the entrance slit of
the spectrograph (green rectangle in the Fig. 4-A: image

This journal is © The Royal Society of Chemistry and Owner Societies 2014
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Fig. 4 (A) NIR luminescence based images and spectra accompanied by bright-field and VIS fluorescence-based images of 3T3 mouse fibroblasts
incubated for 20 h with 100 uM TMPyP in a D,O-based saline solution (incubation procedure P2). The green rectangles are defined by the entrance
slit of the spectrographs and represent the area the spectral images are collected from. The graphs of spectra were obtained by vertical binning of
the spectral images. A further description is provided in the text. (B) Changes of luminescence intensity in three different spectral regions during the
course of irradiation. Q denotes the sample that contained a 'O, quencher (NaNs or H,O).

>1250 nm), their vertical dimension being spatial whereas the
horizontal dimension is spectral. The detected spectra
obtained by vertical binning of the spectral images are shown
at three selected times (5 s, 30 s, and 50 s). The characteristic
'O, phosphorescence band around 1275 nm is clearly visible.
The broad-band signal overlapping with 'O, phosphorescence,
which is due to the tail of the PS luminescence, bleaches
much faster than the 'O, phosphorescence itself (discussed
hereinafter). Therefore, after 50 s irradiation the 'O, band
becomes prominent and free of the broad-band background.
Afterwards, the image of 'O, phosphorescence was acquired
with 10 s exposure using a combination of 850 nm and
1250 nm longpass filters. Then the sample was left in the dark
for 5 minutes and the liquid surrounding the cells was stirred
very gently. No change in the sharpness of the NIR and VIS
luminescence images was observed. Moreover, the intensity
of >1250 nm emission slightly increased and there was no
reappearance of the broad-band background. This indicates
that the signal originated inside the cells and that no substan-
tial leakage of the PS out from the cell occurred. The increased
intensity may be explained by the recovery of oxygen concen-
tration inside the cells after its depletion during irradiation.
Furthermore, the fluorescence spectra before and after the
experiment were compared. Apart from the lowered intensity, a
slight change of the spectral shape can be observed (the
longer-wavelength band being relatively weaker). The distri-
bution of the fluorophore inside the cells also slightly differs
as was observed from fluorescence images before and after
(data not shown). These observations are in line with pre-
viously reported relocalization of TMPyP within the cell during

This journal is © The Royal Society of Chemistry and Owner Societies 2014

irradiation.”">*®%° Finally, the 1275 nm spectral band was
quenched by addition of 10 mM NaNj; a specific 'O,
quencher, which further supports that the 1275 nm band can
indeed be identified with 0, phosphorescence. The *O, band
is quenched by NaN; also in a fresh sample (prior to
irradiation), contrary to the broad-band background, which is
not quenched (data not shown). No distinct 'O, phosphor-
escence band appeared in H,O-treated samples, which is in
line with expectations, as H,O is a much more potent 'O,-
deactivator than D,O and it was also shown to be the major
quencher of 'O, in cells.”®

Fig. 4-B demonstrates how the luminescence signal
changes during the course of irradiation in the cell samples
incubated according to the procedure P2. The signal was
measured in three different spectral regions — 600-800 nm
(VIS fluorescence of PS), 1180-1230 nm (NIR luminescence of
PS), and 1250-1300 nm ('O, emission). The VIS fluorescence
signal shows a rise at the beginning, which is in line with
older observations.* The broad NIR background luminescence
of PS clearly bleaches faster than the 'O, emission. The bleach-
ing of NIR luminescence of PS is slowed down when a specific
'0, quencher is added. This suggests that the bleaching is at
least partly caused by oxidation due to 'O,. The bleaching of
VIS fluorescence is not substantially influenced by the pres-
ence of '0, quenchers. The '0, quencher can be either NaNj,
or D,O can be replaced with H,O which also dramatically
reduces 'O, lifetime. The displayed kinetics were averaged over
five normal samples and five NaN;/H,O-treated samples.

The NIR broad-band background luminescence of TMPyP
appears also in bulk solutions of TMPyP in D,O (concentration

Photochem. Photobiol. Sci,, 2014, 13, 1203-1212 | 1207
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Fig. 5 NIR spectra taken from TMPyP solutions of two different con-
centrations under diverse excitation powers. A 1 mm cuvette containing
the solution was placed on the microscope sample stage. The green
rectangle is defined by the entrance slit of the spectrograph and rep-
resents the area the spectral image was collected from. The graph of the
spectrum was obtained by vertical binning of the spectral image.

range 100-500 pM), as demonstrated in Fig. 5. The solutions
were placed in a 1 mm pathlength cuvette on the microscope
stage. Interestingly, in a concentrated sample (500 pM TMPyP)
at strong excitation intensities (9 W cm™>) the NIR broad-band
background is enhanced and 'O, phosphorescence is sup-
pressed, whereas using a weaker excitation, 2.5 W cm™> at the
same concentration leads to a recovery of 'O, phosphorescence
and a decrease of the NIR broad-band background.f The dis-
played spectral image of this sample also demonstrates that
the 1170-1200 nm emission is confined to the region where
the excitation is strongest, whereas 'O, phosphorescence is
emitted also from weakly excited regions (this cannot be due
to 'O, diffusion because the diffusion length is <1 pm'®?®).
These observations indicate that the NIR broad-band back-
ground luminescence is enhanced when the concentration of
excited states is larger, suggesting that an excited state reaction
or excited state complex formation takes place. For each con-
centration, there is an optimal excitation intensity to achieve
maximal 'O, phosphorescence signal and contrast. Too large
excitation power or PS concentration may actually lead to
signal suppression. This conclusion could be extended also to
the cell samples loaded with TMPyP, where the local TMPyP
concentration can be relatively large (millimolar range for

1The experiment with different excitation intensities was conducted in the fol-
lowing way: first, a series of spectral images was acquired (with the same
sample) as the excitation power was being decreased. At the end (with the same
sample), the excitation power was increased again and a spectral image was
acquired. Then, with a fresh sample, a series of spectral images for increasing
excitation powers was acquired as a control experiment. Analogous experiments
were carried out several times with consistent results.
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living human skin fibroblasts incubated with 100 pM
TMPyP'®). Therefore, an optimal excitation intensity has to
be chosen carefully for each sample according to the PS
concentration.

The spectral changes during irradiation of the cell samples
shown in Fig. 4 could be partly explained by a reduction of the
local TMPyP concentration due to photobleaching (as dis-
cussed in the previous paragraph). However, the full expla-
nation is probably far more complicated. An interplay of
several additional factors, such as formation of TMPyP-photo-
product(s) with reduced NIR emission still producing 'O, or
TMPyP relocalization to different cell compartments,**>?%?? is
likely to be manifested. The NIR broad-band background was
observed in cells loaded with TMPyP from three different sup-
pliers (Porphyrin Systems, Frontier Scientific, and Sigma-
Aldrich) and was not observed in a sample without TMPyP,
which proves that autofluorescence can be excluded and that
an effect of impurity is improbable.

3.3. Separation of singlet oxygen image from the background
luminescence of the photosensitizer in cells

As was demonstrated in the previous section, the NIR tail of
TMPyP luminescence can spectrally overlap with 'O, phos-
phorescence. The following section shows '0,-based images of
cells and discusses possible ways of separation of 'O, signals
from NIR luminescence of the PS.

Fig. 6-A displays the images of a cell incubated for 5 h with
100 pM TMPyP in a D,O-based saline solution (incubation pro-
cedure P1). Ten consecutive frames of 5 s were acquired using
continuous 1 W em™? irradiation. The >1250 nm image (com-
bination of 850 and 1250 nm longpass filters) is the sum of
the last four frames (i.e. 20 s exposure). Subsequently, the spec-
tral image was obtained with 25 s exposure. The bright-field
and fluorescence images were taken afterwards. The spectrum
shows that '0, phosphorescence is the dominant spectral
feature. Additionally, it was verified for other cells that the
intensity of the >1250 nm image drops by more than 70% when
the 1250 nm longpass filter is replaced by a 1350 nm longpass
filter.

Fig. 6-B displays another sample of cells incubated accord-
ing to the procedure P1. Four near-infrared images were taken
using 2.5 W cm™? irradiation. First the 850-1100 nm image (I,
a combination of 850 nm longpass and 1100 nm shortpass
filters) was acquired with 1 s exposure. Subsequently the
>1250 nm image (I,) was taken with 5 s exposure. Then the
aliquot of 10 mM NaN; was added to the sample and this was
gently stirred and left in the dark for 5 minutes. Afterwards,
the 850-1100 nm image (I3) with 1 s exposure and the
>1250 nm image (I,) with 5 s exposure were acquired again.
A slight drop in the 850-1100 nm signal can be observed,
which is probably indicating a certain level of photobleaching.
However, a much stronger drop of signal after addition of
NaNj; is seen in the case of the >1250 nm image (I,). The 'O,
signal is assumed to be almost completely quenched in the I,
image ~ this is formed mainly by the NIR background lumines-
cence of TMPyP. The 'O,-based image (Rip,) can be then
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Fig. 6 NIR luminescence based images and spectra accompanied by bright-field and VIS fluorescence-based images of 3T3 mouse fibroblasts
incubated for 5 h with 100 M TMPyP in a D,O-based saline solution (incubation procedure P1). Frames A and B represent two different samples.
The green rectangles are defined by the entrance slit of the spectrographs and represent the areas the spectral images are collected from. The
graphs of spectra were obtained by vertical binning of the spectral images. A Gaussian blur filter with unit radius (ImageJ image processing software)
was applied to smooth the spectral image in order to make the weak spectral features more distinguishable.

reconstructed by subtracting I, from I,. Moreover, the I, image
can be corrected by factor I,/I; in order to compensate for the
photobleaching of the NIR background luminescence of
TMPyP during the irradiation:

Such a reconstructed image thus shows only the portion
of the signal which is quenched by NaNj, ie. 'O, signal.
The bright-field and fluorescence images are shown for
comparison.

The cells prepared according to the procedures P1 and P2
were significantly perturbed during the sample preparation by
changing to D,O-based medium and by the absence of growth
medium. Unperturbed cells exhibited much smaller uptake of
the PS leading to a very weak signal. In order to test the cell
membrane integrity of the cells, a trypan blue exclusion test
was performed. Although the viability of the cells prepared
according to the procedure P1 was found to be >85% as deter-
mined by the trypan blue test, it was observed that TMPyP was
preferentially uptaken into trypan blue-stained dead cells.
Both TMPyP and trypan blue are positively charged water-
soluble molecules which accumulate in the nucleus due to
their high affinity to DNA. In order to prove that we are able
to detect 'O, also from intact cells which are negative in the

This journal is © The Royal Society of Chemistry and Owner Societies 2014

trypan blue test, we stained the sample with trypan blue before
the luminescence experiment. After washing out properly any
residual trypan blue stain, the sample was placed in the lumine-
scence microscope and the luminescence was measured
selectively from trypan blue-unstained cells. This is demon-
strated in Fig. 7. The samples were irradiated by 2.5 W ecm™>.
Samples 1 and 2 were first exposed for 30 s to obtain the
'0,-based image and then for 50 s and 20 s, respectively, to
obtain the spectral image. The VIS fluorescence intensity
dropped by =75% and =&50%, respectively, during the experi-
ments. The NIR spectrum and spectral images clearly mani-
fest a spectral band around 1275 nm corresponding to 'O,.
NIR luminescence of TMPyP is also present, reaching a similar
intensity around 1200 nm. Various research studies have been
using ~1270 nm and 1200 nm bandpass filters in their experi-
ments to demonstrate that there is an emission around
1270 nm but not around 1200 nm, thus proving that 'O, is the
emitting species.>***" Nevertheless, both ~1270 nm and
~1200 nm images would provide similar intensities in this
case, which is shown in Fig. 8. The cells were incubated for
20 h with 100 pM TMPyP in growth medium (incubation pro-
cedure P3), which minimizes the stress imposed on the cells
in comparison with the other two methods, but usually pro-
vides a weaker signal (here collected for one minute using
an irradiation power of 2.5 W ¢m™). Generally, if the NIR
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Fig. 8 NIR luminescence based images (using either 1274/40 nm or
1200/40 nm bandpass filters) accompanied by bright-field and VIS
fluorescence-based images of 3T3 mouse fibroblasts. The cells were
incubated for 20 h with 100 pyM TMPyP in growth medium and sub-
sequently H,O was replaced with D,O (incubation procedure P3).

luminescence of a photosensitizer extends to wavelengths
>1200 nm, the control experiment using a 1200 nm bandpass
filter may still provide an appreciable signal and, at the same
time, it may be impossible to quench completely the signal
around 1275 nm by a '0, quencher. This demonstrates the
benefits of spectral images over the bandpass filter method
for distinguishing 'O, luminescence. It will be even more pro-

1210 | Photochem. Photobiol. Sci,, 2014, 13, 1203-1212

nounced in the case of H,O-incubated cell samples, where the
'0, signal will be further suppressed compared to the NIR-
extended luminescence of a photosensitizer.

Naturally, the overall aim is to provide 'O, images of
healthy unperturbed cells in their native H,O-based environ-
ment. To this end, further development of the methodology is
required (selection of the most appropriate PS, higher numeri-
cal aperture objective, optimization of the procedure of cell
incubation, irradiation intensity, exposure time, magnification,
etc.).

There are several difficulties associated with the use of TMPyP
as a photosensitizer for '0O,-based microscopy. It was shown
that the irradiation intensity and/or loading concentration has
to be properly chosen to maximize the 'O, luminescence signal
and minimize the TMPyP near-infrared luminescence signal. As
a water-soluble cationic photosensitizer, TMPyP was observed
to accumulate preferentially in the cells with perturbed mem-
branes. Other photosensitizers, possibly lipid-soluble ones,
should also be considered for further experiments.

4. Conclusions

In conclusion, our setup employing the novel NIR-sensitive
2D-array InGaAs detector (NIRvana) proved to be sensitive
enough to provide 'O, images of individual D,O-treated fibro-
blast cells incubated with TMPyP. The overall efficiency of 'O,
phosphorescence detection was estimated to be 1-3%, the
numerical aperture of the objective (N.A. = 0.55) being the
main limiting factor. The main advantage of the new detector
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over the 1D-array InGaAs detector used earlier by Ogilby’s
group®? is its two-dimensionality, which leads to a dramatic
reduction of acquisition times and avoids some of the pro-
blems caused by photobleaching of the sample. Two detection
channels (VIS and NIR) allow us to perform a real-time
imaging of the very weak near-infrared phosphorescence of
'0, and PS simultaneously with visible fluorescence of the PS.
Moreover, our new setup enables us to obtain spectral images
based on 'O, and PS luminescence from individual cells,
where one dimension of the image is spatial and the other is
spectral, allowing us to cover a wide spectral range from
500 nm to 1700 nm. To our knowledge, this is the first report
in this respect. By acquiring a time-development of near-infra-
red spectral images of 'O, and PS luminescence during
irradiation of individual TMPyP-loaded cells, TMPyP was
found to exhibit rather complicated spectral properties with
near-infrared emission extending to the wavelengths corres-
ponding to 'O, phosphorescence. The NIR spectral images
provide a basis for distinguishing and separating 'O, phos-
phorescence from the NIR luminescence of a PS, which may
spectrally overlap for a number of PSs. Further development
of the technique is needed if we wish to provide images of
'0, phosphorescence from unperturbed living cells in their
natural environment without performing a H,0-D,O exchange.
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