Photochemical &
Photobiological
Sciences

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Photobiological
Scie

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

» . t L r—

[{ RO~YAL SOCIETY
OF CHEMISTRY WWW.ISC.Org/pps


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Photochemical & Photobiological Sciences

Real-time luminescence microspectroscopy monitoring of singlet oxy-

gen in individual cells.

Marek Scholz,** Roman Dédic,” Jan Valenta,” Thomas Breitenbach,” and Jan Hala“

A new setup for direct microspectroscopic monitoring of
singlet oxygen (' 0,) has been developed in our laboratory
using a novel near-infrared sensitive InGaAs 2D-array de-
tector. An imaging spectrograph has been inserted in front
of the 2D-array detector, which allows us to acquire spec-
tral images where one dimension is spatial and the other is
spectral. The work presents a detailed examination of sen-
sitivity 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 reflecting spec-
tral changes during irradiation are demonstrated. The in-
troduction of spectral images addresses the issue of a po-
tential spectral overlap of O, phosphorescence with near-
infrared-extended luminescence of the photosensitizer and
provides a powerful tool for their distinguishing and sepa-
ration, which can be applied to any photosensitizer mani-
festing near-infrared luminescence.

1 Introduction

Singlet oxygen (10,), the first excited state lAg of molecu-
lar oxygen, is a highly reactive species which plays an im-
portant role in a wide range of biological processes, e.g. cell
signalling, immune response, macromolecule degradation, or
elimination of neoplastic tissue during photodynamic ther-
apy (PDT). Probably the most important way of 'O, pro-
duction is the photosensitizing 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 02(32; ) giving rise to '0,.
10, exhibits a very weak near-infrared (NIR) phosphores-
cence band around 1275 nm (with quantum yield of ~ 6.5 x
10~7 in water!), which allows for its direct detection. 'O,
phosphorescence-based microscopy of cells containing either
exogenous or endogenous PSs would be an invaluable tool for
research in fields of PDT or antioxidants. Although there have
been a significant progress achieved especially by Ogilby’s
group about 10 years ago>*, 10, luminescence microscopy
on the cellular and sub-cellular level still remains a big chal-
lenge. The recent introduction of improved NIR-sensitive 2D
arrays is about to bring a renaissance into this field.

Given the very poor quantum yield of 'O, phosphores-
cence, a remarkable effort have been put into the development
of indirect methods of 'O, detection and imaging. Among
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others, 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 mi-
croscopy of individual living cells®. However, due to en-
dogenous 'O, production from the probe itself, this tech-
nique lacks specificity 8. A different approach was imple-
mented by Mosinger et al.: Singlet oxygen-sensitized de-
layed fluorescence (SOSDF), where the PS itself acts as a
10, 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 10, PSs
and SOSDF thus seems to be a potentially promising indi-
rect method for microscopy of biological systems!®!l. Al-
though the indirect methods generally exhibit much stronger
signals than 'O, phosphorescence, they bear obvious disad-
vantages as an inhomogeneous spatial distribution of the probe
in a cell and its non-perfect specificity to ' O,. Therefore, 10,
phosphorescence-based microscopy is still irreplaceable.

Several papers on direct !0,-based imaging of tumors dur-
ing PDT using either a 2D detector array or a scanning ap-
proach have been published '>~'*. In the field of microscopy,
the group of Ogilby managed to acquire nice images of
10, phosphorescence from individual nerve cells loaded with
TMPyP>*. However, as only a 1D array detector was avail-
able, the sample had to be scanned line by line, which led to a
prolonged acquisition and exposure time in the range of sev-
eral minutes and uneven photobleaching across the acquired
image.

The aim of the work is to present our new setup using a
novel 2D array InGaAs detector NIRvana: 640 from Princeton
Instruments, to evaluate its imaging ability, and to demonstrate
10,-based microspectroscopy images of individual cells. The
new 2D detector, which is now commercially available, al-
lowed us to shorten the acquisition time of 'O,-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 di-
mension is spatial and the other is spectral. Our methodol-
ogy of acquiring spectral images of individual cells provides
a foundation 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 photosen-
sitizer throughout the work in order to relate to older work
of Ogilby’s group?*!> and other numerous papers on lumi-
nescence microscopy and spectroscopy of TMPyP in mam-
malian cells 1017, Moreover, the NIR-extended luminescence
of TMPyP %18 manifests the necessity of spectral images for
distinguishing between PS and 'O, luminescence.
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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 OBJ (LM-
Plan IR, 50x/0.55, Olympus) by the 500 nm dichroic longpass
mirror DLP (Edmund Optics). The lens L1 (f=50 mm, Thor-
labs) is inserted into the excitation path to enlarge the illumi-
nated spot on the sample S (i.e., shifting the laser focal plane
out of the sample focal plane). The diameter of the illumi-
nated area on the sample is 94 um. The laser power density at
the sample usually varied from 1 W/cm? to 5 W/em? depend-
ing 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 mir-
ror GM (Edmund Optics) to the NIR detection path or by slid-
ing the GM out passed to the VIS detection path. In the NIR
path, the signal is passed through a combination of NIR long-
pass and shortpass filters F depending on the specific experi-
ment (longpass 850 nm and 1100 nm, shortpass 1100 nm Ed-
mund Optics; longpass 1250nm and 1350 nm Thorlabs) and
then focused by lens L2 (achromatic, f=20cm, Edmund Op-
tics) on the entrance slit of the imaging spectrograph (Acton
SpectraPro 2500i, Princeton Instruments) which is coupled to
a NIR-sensitive InGaAs camera (NIRvana:640, Princeton In-
struments) cooled to -80°C. The spectrograph was used either
with a grating (150 g/mm, 1.2 um 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 um corresponds to area of 0.34 x (.34 ym on the sam-
ple as determined from the 58 x magnification of the system.
At 1275nm (1O, phosphorescence band), the spatial resolu-
tion due to the diffraction limit is ~ 1.4 um according to the
Rayleigh criterion as determined by objective numerical aper-
ture 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 10nm as defined by the
width of the entrance slit of the spectrograph. The VIS de-
tection path is realized analogically by a VIS sensitive back-
illuminated silicon camera (Spec-10:400B, Princeton Instru-
ments) 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 (Thorlabs) to enable simultaneous detec-
tion in the VIS and NIR spectral regions, and the set of filters
F was completed by 1274/40 nm and 1200/40 nm bandpass fil-
ters (Omega Optical) with peak transmission > 70%.

The 3T3 mouse fibroblasts (ATCC: CCL 92, cultured as de-
scribed in'7) were seeded out to half confluence into dishes
(u-Dish 35mm, glass bottom, IBIDI) one day before the in-
cubation. The cell samples for the imaging experiments have
been prepared by three different incubation procedures:

P1) Incubation according to the procedure applied to neu-
rons described by Ogilby et al.?, which includes replace-
ment of intracellular H,O with D,O in order to increase the

S
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Fig. 1 The scheme of the setup for NIR luminescence
microspectroscopy. The bottom part of the figure schematically
shows the spectral regions detected by VIS and NIR path,
respectively. Detailed description is provided in the text.

10, lifetime. Briefly, the monolayer of cells covering the
dish was washed properly with a D,0O-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
isotonic D,0-based saline solution with 100 uM 5,10,15,20-
tetrakis(1-methyl-4-pyridinio)porphine (TMPyP*!61%) and
washed properly with an isotonic D,0O-based saline solution
afterwards to remove the extracellular TMPyP.

P2) Analogically to the procedure P1, but the cells were in-
cubated for 20 hours.

P3) An aliquot of 100 uM TMPyP was added into growth
medium and the sample was incubated for 20 hours 1617 then
H, O was replaced with D, O (as described above) and the sam-
ple was kept in D,O-based saline solution for 1h.

In all the cases, the cell samples were held under oxygen
atmosphere during the experiments. Most of the experiments
were carried out with cells prepared according to the proce-
dure P1. Experiments demonstrating NIR spectral changes
during irradiation (Fig.4-A) were performed with cells in-
cubated according to P2, which show substantially increased
retention of TMPyP while they still maintain their shape as
demonstrated by the fluorescence image. The incubation ac-
cording to P3 minimizes the stress imposed on the cells com-
pared to the latter two procedures but generally produces a
weaker signal. 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: Monolayer of the cells in the dish was washed with
neat PBS and then treated for five minutes with 0.4% Try-
pan 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 in-
tact membranes are not.
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3 Results and discussion

3.1 Sensitivity and noise characteristics of the setup

The ability of the system to detect !0, 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 (NaN;, 10 mM) containing samples
(data not shown). In order to estimate the 'O,-detection ef-
ficiency, a 0.1 mm pathlength cuvette filled with 200 uM so-
lution of tetraphenylporphin (TPP) in benzene was used as
a sample on the microscope stage. Quantum yield of 10,
production (@, = 0.6540.15%°) and quantum yield of 'O,
phosphorescence (®p, = 4.7+ 1.7 X 1073121y are well docu-
mented 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 'O, phosphorescence.

In the limit of weak excitation laser power, the number of
10,-phosphorescence photons N emitted from the laser ex-
cited volume per second can be determined as

P(1—10"4)PpDpy
N= :
hv

6]

where P is the excitation laser power, AV 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 di-
vided by the number N of emitted ' O,-phosphorescence pho-
tons gives the detection efficiency 1 of the whole setup. Fig. 2
shows the dependence of the apparent 1 value on the decreas-
ing excitation power. The decrease of the apparent 1 values
at higher excitation powers can be explained by saturatation
and/or local photobleaching of the PS. The real detection ef-
ficiency m of the setup was estimated by extrapolation of the
apparent 1 value to zero excitation power. The applied exper-
imental method provides a lower limit for the detection effi-
ciency 1 (e.g. due to sample thickness larger than the depth of
field of the imaging system) and therefore it can be concluded
that 1 2 1%. The luminescence collection efficiency of the
objective with N.A. = 0.55 is 1| = 8.2% for isotropic emitter
(which is the case of !05). The transmission efficiency of the
rest of the detection path is 1y = 45% as determined by trans-
missions of individual optical elements. The relatively com-
plicated setup with spectrograph requires us to be very care-
ful when choosing optical elements with optimal performance.
The quantum efficiency of the NIRvana camera is stated to be
N3 = 85% by the manufacturer. The theoretical detection ef-
ficiency ' = N1M2N3 = 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 a 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 dark (attached to
a spectrograph with entrance slit closed; spectrograph being at
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Fig. 2 The apparent luminescence detection efficiency 1 in
dependence on the laser excitation power. The data were fitted by a
stretched exponential function.

room temperature in a dark room). The values of dark counts
per pixel in Fig. 3 were obtained as a mean number of counts
per pixel in the averaged sequence of dark frames. Neither
background nor flat-field correction were used. The principal
sources of dark counts are i) readout of the detector and ii)
darkcurrent - a thermally induced buildup of dark charge over
time. Dark counts values can be fitted as a linear function of
exposure time. The slope of the line (350 counts/s/pixel) cor-
responds to darkcurrent and matches the value provided by the
manufacturer in the detector 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 back-
ground 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 dis-
played in Fig. 3* The values of standard deviation roughly cor-
respond to the square root of the DC level of dark counts, i.e.
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 5s (260 counts if 2 X 2-binning
applied). The readout noise corresponding to standard devi-
ation of dark counts at a very short exposition of 1 ms (115
counts per pixel with no significant dependence on readout
speed) is obviously the main constituent 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 manufacturer states that exposure
times up to 1-2 minutes are possible. Together with the de-
tection efficiency of the setup this provides a framework for
evaluation whether the 'O,-based image of a particular sam-
ple can be detected. Further reference on the characterization
of noise and sensitivity of imaging systems and detectors can
be found in numerous publications2%~23.

Let us consider the following calculation: The 2 x 2 binned
pixel corresponds to an area of S = 0.68 x 0.68 um? on the

* Standard deviation calculated for a difference image 2> — difference between
two images with the same exposure time — provides similar results.
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Fig. 3 Dark counts per pixel and its standard deviation for different
exposure times per frame.

sample. Assuming that we observe a mammalian cell with a
thickness of w &~ 5 um, 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 t = 5's, the noise-equivalent signal is s = 260
counts per 2 x 2 binned pixel. The concentration of 'O, pro-
viding the noise-equivalent signal in the 2 x 2 binned pixel in
acquisition time ¢ is then

['0,] = 18uM, @)

s
- T]lkphVNA
where kp, &~ 0.2s7! is the radiative rate of 'O, in D,0',
N = 1%, and N5 Avogadro constant. The corresponding con-
centration of TMPyP in D,O-treated cells can also be esti-
mated. Irradiation power per unit of area /4 absorbed by the
TMPyP-loaded cell monolayer meets the following equation

shw

= ~0.23W/cm?, 3
T](I)phq)ASl /Cm 3)

I
where 7 is the photon energy, ®, ~ 0.4 quantum yield of
10, in cellular environment !¢, and Dph = kpnTa ~ 6 X 10~
phosphorescence quantum yield of 'O, using lifetime of 'O,
in a cell T4 ~ 30 us 1926, In the approximation of the Lambert-
Beer law, the absorbance of the sample A =log(1 —1Ix/Ip) =
0.11 for Iy = 1 W/cm?. The concentration of TMPyP in the
monolayer of cells is then

[TMPyP| = A =1.IlmM 4
Ew

where £ ~ 2 x 100M~'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 parame-
ters may depend on various factors, such as oxygen saturation,
excitation intensity efc.

The 'O,-detection ability of the NIRvana camera and
the older custom-made InGaAs 1D-array detector?’ used by
Ogilby’s group were compared using the same excitation in-
tensity and air-saturated solution of TMPyP in D,O-based
PBS as a sample. The data indicate that the signal-to-noise
ratio is somewhat larger (1.6 & 0.6x) for NIRvana detec-
tor. Nevertheless, the main advantage of the NIRvana cam-
era 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 photobleaching during the scanning process (i.e. in
the case of 1D-array scanning approach, every strip of the re-
sulting scanned image is acquired in a different time and dif-
ferent stage of photobleaching>*).

3.2 Overlap of luminescence of singlet oxygen and pho-
tosensitizer in cells

Fig.4-A displays the cell sample incubated with 100 uM
TMPyP for 20 h in D,O-based saline solution (incubation pro-
cedure P2). At the beginning, the bright field image, visible
fluorescence image, and the fluorescence spectrum were ac-
quired. Then ten consecutive frames of 5s of NIR spectral
images were acquired using continuous excitation with power
density of 5 W/cm? and combination of 850 nm longpass and
1100 nm longpass emission filters. Spectral images are col-
lected from the region defined by the entrance slit of the spec-
trograph (green rectangle in the Fig.4-A: image>1250nm),
their vertical dimension being spatial whereas the horizontal
dimension is spectral. The detected spectra obtained by verti-
cal binning of the spectral images are shown at three selected
times (5's, 30's, 50s). The characteristic 1o, phosphorescence
band around 1275 nm is clearly visible. The broad-band sig-
nal overlapping with 'O, phosphorescence, which is due to
the tail of the PS luminescence, bleaches much faster than
the 'O, phosphorescence itself (discussed hereinafter). There-
fore, after 50s irradiation the 'O, band becomes prominent
and free of the broad-band background. Afterwards, the im-
age of 'O, phosphorescence was acquired with 10 s exposition
using a combination of 850 nm and 1250 nm longpass filters.
Then the sample was left in dark for 5 minutes and the lig-
uid 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 in-
side the cells and that no substantial leakage of the PS out from
the cell occurred. The increased intensity may be explained
by the recovery of oxygen concentration inside the cells af-
ter its depletion during irradiation. Furthermore, the fluores-
cence spectrum before and after the experiment were com-
pared. Apart from the lowered intensity, a slight change of the
spectral shape can be observed (the longer-wavelength band
being relatively weaker). The distribution of the fluorophore
inside the cells also slightly differs as was observed from fluo-
rescence images before and after (data not shown). These ob-
servations are in line with previously reported relocalization of
TMPyP within the cell during irradiation*!328:2%, Finally, the
1275 nm spectral band was quenched by addition of 10 mM
NaNj,, a specific 10, quencher, which further supports that
the 1275 nm band can indeed be identified with 'O, phospho-
rescence. The 'O, band is quenched by NaNj also in a fresh
sample (prior to irradiation), contrary to the broad-band back-
ground, which is not quenched (data not shown). No distinct
10, phosphorescence band appeared in H,O-treated samples
which is in line with expectations, as H,O is a much more po-
tent 1 O,-deactivator than D, 0 and it was also shown to be the
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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 pM TMPyP in D, O-based saline solution (incubation procedure P2). The green rectangles are defined
by the entrance slit of the spectrographs and represent the area where the spectral images are collected from. The graphs of spectra were
obtained by vertical binning of the spectral images. Further description is provided in the text. B: Changes of luminescence intensity in three
different spectral regions during the course of irradiation. Q denotes that the sample contained a !0, quencher (NaN 5 or H,0).

major quencher of 10, 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 fluores-
cence of PS), 1180-1230 nm (NIR luminescence of PS), and
1250-1300 nm (1O, emission). The VIS fluorescence signal
shows rise at the beginning, which is in line with older ob-
servations*. The broad NIR background luminescence of PS
clearly bleaches faster than the 'O, emission. The bleaching
of NIR luminescence of PS is slowed down when a specific
10, 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 presence
of 10, quenchers. The 'O, quencher can be either NaNj, or
D,O can be replaced with H,O which also dramatically re-
duces 10, 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 (concen-
tration range 100-500 uM), as demonstrated in Fig.5. The
solutions were placed into 1 mm pathlength cuvette on the
microscope stage. Interestingly, in a concentrated sample
(500 uM TMPyP) at strong excitation intensities (9 W/cm?)
the NIR broad-band background is enhanced and 'O, phos-
phorescence is suppressed, whereas using a weaker excita-
tion 2.5 W/cm? at the same concentration leads to a recovery
of 10, phosphorescence and decrease of the NIR broad-band
background.” The displayed spectral image of this sample also

+ The experiment with different excitation intensities was conducted in the fol-
lowing way: First, a series of spectral images was acquired (with the same

demonstrates that the 1170 — 1200 nm emission is confined to
the region where the excitation is strongest, whereas 'O, phos-
phorescence is emitted also from weakly excited regions (this
cannot be due to !0, diffusion because the diffusion length is
< 1um162%), These observations indicate that the NIR broad-
band background luminescence is enhanced when the concen-
tration of excited states is larger, suggesting that an excited
state reaction or excited state complex formation takes place.
For each concentration, there is an optimal excitation intensity
to achieve maximal 10, 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 lo-
cal TMPyP concentration can be relatively large (millimolar
range for 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 con-
centration.

The spectral changes during irradiation of the cell sam-
ples shown in Fig.4 could be partly explained by reduc-
tion of the local TMPyP concentration due to photobleach-
ing (as discussed in the previous paragraph). However, the
full explanation is probably far more complicated. An in-
terplay of several additional factors, such as formation of
TMPyP-photoproduct(s) with reduced NIR emission still pro-
ducing 10, or TMPyP relocalization to different cell compart-
ments+152829 " {g likely to be manifested. The NIR broad-

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 in-
creasing excitation powers was acquired as a control experiment. Analogous
experiments were carried out several times with consistent results.
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Fig. 5 NIR spectra taken from TMPyP solutions of two different
concentrations 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 represents the area where the spectral image was
collected from. The graph of the spectrum was obtained by vertical
binning of the spectral image.

band background was observed in cells loaded with TMPyP
from three different suppliers (Porphyrin Systems, Frontier
Scientific, and Sigma-Aldrich) and was not observed in a sam-
ple 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 back-
ground luminescence of photosensitizer in cells

As it was demonstrated in the previous section, the NIR tail of
TMPyP luminescence can spectrally overlap with 10, phos-
phorescence. The following section shows 10,-based images
of cells and discusses the possible ways of separation of 10,
signal from NIR luminescence of the PS.

Fig. 6-A displays the images of a cell incubated for 5h with
100 uM TMPyP in D,O-based saline solution (incubation pro-
cedure P1). Ten consecutive frames of 5 s were acquired using
continuous 1 W/em? irradiation. The image >1250 nm (com-
bination of 850 and 1250 nm longpass filters) is the sum of the
last four frames (i.e. 20s exposition). Subsequently, the spec-
tral image was obtained with 25 s exposition. The bright-field
and fluorescence images were taken afterwards. The spectrum
shows that 'O, phosphorescence is the dominant spectral fea-
ture. Additionally, it was verified for other cells that the in-
tensity 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 850-1100nm image
(I;, combination of 850nm longpass and 1100 nm shortpass

filters) was acquired with 1s exposition. Subsequently the
>1250 nm image (/) was taken with 5 s exposition. Then the
aliquot of 10 mM NaN; was added to the sample and this was
gently stirred and left in dark for 5 minutes. Afterwards, the
850-1100 nm image (/3) with 1s exposition and the >1250 nm
image (I;) with 5s exposition were acquired again. A slight
drop in the 850-1100nm signal can be observed, which is
probably indicating a certain level of photobleaching. How-
ever, much stronger drop of signal after addition of NaNj; is
seen in the case of the >1250nm image (). The 10, signal
is assumed to be almost completely quenched in the Iy image
- this is formed mainly by the NIR background luminescence
of TMPyP. The '05-based image (Rip,) can be then recon-
structed by subtracting Iy from I,. Moreover, the I image can
be corrected by factor I; /15 in order to compensate for the pho-
tobleaching of the NIR background luminescence of TMPyP
during the irradiation:
il

Rig, = 12—14E.
Such reconstructed image thus shows only the portion of the
signal which is quenched by NaN,, i.e. 10, signal. The
bright-field and fluorescence images are shown for compari-
son.

The cells prepared according to the procedures P1 and P2
were significantly perturbed during the sample preparation by
changing to D,0-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, trypan blue exclusion
test was performed. Although the viability of the cells pre-
pared according to the procedure P1 was found to be > 85%
as determined by 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 1O, also from intact cells which are negative in try-
pan 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 into the lu-
minescence 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/em?.
Sample 1 and 2 were first exposed for 30s to obtain the 10;-
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 experiments. The
NIR spectrum and spectral images clearly manifest a spec-
tral band around 1275nm corresponding to '05. NIR lu-
minescence of TMPyP is also present reaching a similar in-
tensity around 1200 nm. Various researches have been using
~ 1270 nm and 1200 nm bandpass filters in their experiments
to demonstrate that there is an emission around 1270 nm but
not around 1200nm, thus proving that 1O, is the emitting
speciesz’30’31. 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 20h with
100 uM TMPyP in growth medium (incubation procedure P3),
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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 uM TMPyP in 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 where the spectral images are
collected from. The graphs of spectra were obtained by vertical binning of the spectral images. 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.

which minimizes the stress imposed on the cells in compari-
son with the other two methods, but usually provides a weaker
signal (here collected for one minute using irradiation power
of 2.5 W/cm?). Generally, if the NIR luminescence of a photo-
sensitizer extends to the 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 impossi-
ble to quench completely the signal around 1275 nm by a 1O,
quencher. This demonstrates the benefits of spectral images
over bandpass filter method for distinguishing 'O, lumines-
cence. It will be even more pronounced 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 numer-
ical aperture objective, optimization of the procedure of cell
incubation, irradiation intensity, exposure time, magnification
etc.). The use of TMPyP as a sensitizer for 10,-based mi-
croscopy conceals several obstacles. It was shown that the
irradiation intensity and/or loading concentration has to be
properly chosen to maximize the !0, 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. Another photosensitizers, possibly lipid-soluble ones,

should 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 10, images of individual D,O-treated fi-
broblast cells incubated with TMPyP. The overall efficiency of
10, 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 de-
tector over the 1D-array InGaAs detector used earlier by the
Ogilby’s group?? is its two-dimensionality, which leads to a
dramatic reduction of acquisition times and avoids some of
the problems 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 10, and PS simultaneously with visible fluorescence of the
PS. Moreover, our new setup enables us to obtain spectral im-
ages based on 10, and PS luminescence from individual cells,
where one dimension of the image is spatial and the other is
spectral, allowing 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-infrared
spectral images of 'O, and PS luminescence during irradi-
ation of individual TMPyP-loaded cells, TMPyP was found
to exhibit rather complicated spectral properties with near-
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Fig. 7 A: The difference between trypan blue-stained and -unstained cells in bright field. B: 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 uM TMPyP in
D,0O-based saline solution (incubation procedure P1). Trypan blue-unstained cells were selectively chosen for the experiment. To obtain the
bright-field images in experiments A and B, the samples were illuminated by a lamp through a 600 nm/40 nm bandpass filter in order to

enhance the trypan blue contrast. Gaussian blur filter with unit radius (ImageJ image processing software) was applied to smooth the spectral
images in order to make the weak spectral features more distinguishable.
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VIS Fluo. field BP 1274 nm
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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 uM TMPyP in growth medium and
subsequently H,O was replaced with D,O (incubation procedure P3).
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infrared emission extending to the wavelengths corresponding

to

10, phosphorescence. The NIR spectral images provide

a basis for distinguishing and separation of 'O, phosphores-
cence from NIR luminescence of a PS, which may spectrally
overlap for a number of PSs. Further development of the tech-
nique is needed if we aim to provide images of 'O, phospho-
rescence from unperturbed living cells in their natural envi-
ronment without performing a H,O0-D, O exchange.
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