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ABSTRACT The measurement of tissue and cell oxygenation is important for understanding cell metabolism. We have
addressed this problem with a novel optical technique, called triplet imaging, that exploits oxygen-induced triplet lifetime changes
and is compatible with a variety of fluorophores. A modulated excitation of varying pulse widths allows the extraction of the life-
time of the essentially dark triplet state using a high-fluorescence signal intensity. This enables the monitoring of fast kinetics of
oxygen concentration in living cells combined with high temporal and spatial resolution. First, the oxygen-dependent triplet-state
quenching of tetramethylrhodamine is validated and then calibrated in an L-ascorbic acid titration experiment demonstrating the
linear relation between triplet lifetime and oxygen concentration according to the Stern-Volmer equation. Second, the method is
applied to a biological cell system, employing as reporter a cytosolic fusion protein of -galactosidase with SNAP-tag labeled with
tetramethylrhodamine. Oxygen consumption in single smooth muscle cells A7r5 during an [Arg®]-vasopressin-induced contrac-
tion is measured. The results indicate a consumption leading to an intracellular oxygen concentration that decays monoexponen-
tially with time. The proposed method has the potential to become a new tool for investigating oxygen metabolism at the single

cell and the subcellular level.

INTRODUCTION

Oxygen is a key molecule involved in almost every energy
cycle within a cell (1) and is responsible for regulating
signaling pathways. Measurement techniques addressing
partial oxygen pressure (PO,) or even directly the concentra-
tion of oxygen [O,] in vivo are of great interest because they
provide us with information for deeper and more complete
understanding of cell metabolism (2).

Many methods exist for local oxygen sensing at the cell
level. In 1972, Knopp and co-workers (3,4) attempted to
demonstrate intracellular oxygen levels using fluorescence
intensity quenching. However, it was only 15 years later
that a technique emerged which could overcome the previous
limitations, leading to more reliable measurements by using
lifetime quenching of various phosphorescence-emitting
probes. Meanwhile, many probes based on luminescence
and phosphorescence quenching have been proposed (5-9).
A newer approach toward highly localized sensing has been
proposed by Finikova and co-workers in 2008 (10,11) by
using two-photon excited phosphorescence probes. Alterna-
tively, Koo et al. (12) proposed insertion of specifically
engineered probes (encapsulated by biologically localized
embedding with a diameter of 120 nm into the cells) that
resulted in highly sensitive and specific nanosensors for
dissolved oxygen based on phosphorescence quenching.
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Alternative probes for dissolved oxygen measurements
include: 1), colorimetric probes (13); 2), methods based on
fluorescence lifetime measurements of the very long-living
fluorophore RTDP (14,15); and 3), endogenous protopor-
phyrin IX probes that emit a characteristic delayed fluores-
cence signal (16,17). The third type of alternative probe has
been employed recently in vivo (18) to measure the mitochon-
drial oxygen tension of the heart, bringing this noninvasive
technique closer to clinical application.

However, most of these techniques are based on low-
intensity signals—making it difficult for investigators to
achieve, simultaneously, both high spatial resolution at the
cellular level and high speed for monitoring oxygen kinetics.
Such low-intensity-signal techniques only allow for nonlo-
calized ensemble measurements or spatially resolved time-
averaged signals. Here, we present a spatio-temporally
resolved oxygen measurement at the single-cell level, based
on a fluorescence signal. This method is compatible with
almost any fluorophore having a (nonradiative) triplet state
that is quenched by diffusing oxygen, and it can be used
with many of the different labeling protocols available.

Our experimental concept is based on a modulated excita-
tion leading to a variation of their triplet state population.
The method has been initially validated and published as
a spectroscopic method by Sandén et al. (19). Recently,
the same team showed the first images based on triplet life-
times taken with a laser-scanning microscope (20). Although
this approach is easy to implement, the method is still limited
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due to long acquisition times; i.e., ~3 min are required to
make a single image recording. Here we present a wide-field
approach that allows triplet lifetime acquisition within 2 s,
which is well suited for monitoring oxygen metabolism cycles
in living cells that typically span some seconds (e.g., ~40 s).

In a calibration experiment, the method’s ability to monitor
changes in oxygen concentration with the standard fluoro-
phore tetramethylrhodamine (TMR) was demonstrated. We
employed L-ascorbic acid to remove dissolved oxygen in
discrete steps while monitoring the triplet lifetime.

The technique was then applied to measure the oxygen
consumption of a smooth muscle cell upon induced contrac-
tion. Previous studies on oxygen consumption by Hogan
(21,22) used phosphorescence lifetime analysis by which
the oxygen kinetics at a tissue level were determined during
the contraction of muscle fibers of Xenopus laevis. The same
group also indirectly measured oxygen uptake kinetics at
the cell level by employing a sealed chamber and measur-
ing the extracellular oxygen concentration (23). In contrast
to this earlier work on oxygen kinetics employing extracel-
lular phosphorescence lifetime measurements in a sealed
chamber, our method provides spatio-temporal resolution
at the intracellular and subcellular level.

In accordance with these previously measured kinetics, we
found that the oxygen concentrations, upon induced contrac-
tions, decay monoexponentially with time.

MATERIALS AND METHODS
The concept: modulated excitation

Most fluorophores can be modeled as a three-level system, as indicated in the

Jablonski scheme, with two singlet states and one triplet state (Fig. 1 A). The

lifetime of the triplet state 71 is typically 2—4 orders-of-magnitude longer than

the lifetime of the associated excited singlet state 7. A pulsed excitation of

fluorescent molecules with long-lived triplet states leads to a characteristic

response of their fluorescence emission as a function of the pulse width.
The rate equations for this simplified model are

P P Py
T10 TT Tex
Py
e O I i RO (1)
d PT T10 Tisc Tex
Pr_Pr
Tisc TT i

where P, P, and P are the respective populations of the singlet states and the
triplet state, ¢ is the lifetime for the singlet state relaxation, iy is the inter-
system crossing lifetime from the excited singlet state to the triplet state, 7. is
the excitation lifetime, and 7 is the triplet state lifetime. Based on these equa-
tions, we can simulate the response to a modulated excitation (see Fig. 1 B)
using typical rate constants of a given fluorophore. The result of the simula-
tion shows an increase of the triplet state population for longer pulse widths,
which decreases the number of molecules available for the singlet states. This
leads to a correspondingly weaker fluorescence signal for longer pulse widths
compared with short excitation pulses (shown in Fig. 2 A).

The above result further indicates that modulated excitation can be specif-
ically employed to improve the signal intensity. This principle is used in the
triplet relaxation modality proposed by Donnert et al. (24,25).
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To increase the contrast of the kinetics-related variations and to avoid the
need for a high dynamic range, we remove the strong linear increase of this
signal by illumination with an isodosis of light exposure for all different
pulse patterns. This is achieved by varying the number of pulses (see
Fig. 2 for illustration). The resulting response for the average fluorescence
intensity (Fig. 2 B) can be derived from Eq. 1 using (1/71¢ + 1/7c) = 1/710;
the evolution of the triplet state population Py is described by a second-order
differential equation:

d’p 71071\ dP
7107T72T+ Tio + Tr + —— )=
dr Tex ) dt
T T 1 @
+ (1 + 10 + qr T)PT = 47—
Tex TEX Tex

Assuming a rectangular excitation, separated into an on- and an off-period,
allows the equation to be solved for the respective states using an onset (An-
satz) of the form

Pr = aexp(kt) + b. 3)

The boundary conditions are determined by the steady-state assumption
(e.g., continuous pulses). This leads to an expression for the average fluores-
cence intensity for an isodosis of light exposure,
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where k, describes the population rate of the triplet state after onset of exci-
tation, P14 is the relative triplet state population at equilibrium for constant
excitation, and vy(7) is a scaling factor that depends on the concentration of
fluorophores and the detection efficiency; these values are given as

Tex + Tio + 4171

k= —
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where £, denotes the pulse width; T}, the repetition rate; and 79, Tr, and Tex
express the respective lifetimes as used in Eq. 1. Further, I'(F) is the local
concentration of fluorophores, 7 is a conversion factor between the emitted
intensity and the digital readout of the camera, and gf = 77 /7]) + T is
the quantum efficiency of the fluorophores and the triplet quantum yield is

given by ¢t = T10/Tisc-

Oxygen

The diradical oxygen molecule exhibits the special property of having the
triplet configuration as the lowest energy state (ground state) (26—28). This
unique feature renders O, an important acceptor for energy transfers from
the long-lived triplet state of a fluorescent molecule (Fig. 1 A). The concept
of triplet-state quenching by oxygen has been known for a long time (29);
it is exploited for measuring oxygen concentrations by phosphorescence life-
time in which high oxygen concentrations lead to shorter phosphorescence
lifetimes (3,4,22,30). However, because of the low quantum yield and the
slow turnover, phosphorescence leads only to low-intensity signals.
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For fluorescent molecules, triplet-state quenching by oxygen is ambig-
uous. Because it induces transition back to the ground state, it helps control
the essentially dark triplet states by allowing reexcitation and emission of the
molecule. However, in doing so, it photosynthesizes singlet-oxygen—which

is a highly reactive radical and a prominent source for photobleaching and
cell phototoxicity (31-35).

Oxygen versus triplet lifetime

The relationship between the concentration of a quencher (oxygen) and the
triplet lifetime is described by the Stern-Volmer equation (36,37),

TT0

— = 1 =+ quTO [02}, (5)
T

where T is the triplet lifetime in the absence of the quencher and k is
a quenching constant obtained by the Smoluchowski equation

kg = 4rmR(Dp + Dq)Ns x 107, (6)

and where D are the diffusion coefficients of the quencher and the fluoro-
phore, R is the radius of interaction between quencher and fluorophore,
r is the quenching efficiency, and N, is Avogadro’s number.

To obtain an accurate relation between triplet lifetime 7p and oxygen
concentration [O,], constants 7o and k4 both need to be known precisely.

In the presence of reducing and oxidizing systems, alternative relaxation
pathways exist for the triplet state, as has been demonstrated by Rehm and
Weller (38). In more recent work, this knowledge has been exploited for
improved photostability (39,40). Biological cells are complex systems
with many different organelles and local environments, including different
reducing and oxidizing systems. Further, a cell cannot be considered as
a homogenous medium and hence, we also expect varying diffusion
constants. At present, it is not possible to determine 719 = T1o(¥) and
kq = kq(7) in a precise manner for all different and nonstationary organelles
of a cell. Therefore, we propose to limit the observation to the triplet state
relaxation rate kr, which is the inverse of the triplet lifetime:

B} 1 1
MO = E T )

+ ky(7) [02(F)]. )

7(7)

Assuming that a variation in the concentration of the quencher does

not influence 7o (¥) nor kq (), we may express the variation of the concentra-
tion as

d. L d -
) = k(0] ®)
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FIGURE 2 Simulation: (A) Typical fluorescence signal for different pulse
widths at 50-us repetition rate. The drop in intensity compared with the
linear increase originates from an increased average triplet-state population.
This limits the molecules available in the singlet states and therefore
decreases the fluorescent signal. (B) The same system illuminated with an
isodosis of light exposure for all different pulse patterns as illustrated next
to the curves.

In other words, the variation of the quencher concentration ${[O,]} is

proportional to the variation in the triplet relaxation rate ${kr(¥)}.

Triplet imaging setup

The system used for our experiments consists of a microscope (Axiovert
200, Obj.: Plan-Neofluar 40x/0.75 Ph2; Carl Zeiss, Oberkochen, Germany)
with a custom-made excitation setup (as shown in Fig. 3 A) integrating
a Millennia Pro laser (10s Nd:YVO4, A = 532 nm; Newport Spectra Physics,
Santa Clara, CA). An output power of >7 W was required for a full-field
illumination to reach an illumination intensity corresponding nearly to satu-
ration of the fluorescent molecules. The beam was focused to a diameter
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of =175 pum in the sample plane, resulting in a maximum intensity
of =0.59 mW/,umz. Fast modulation of the laser beam was achieved by
an acousto-optical modulator (model No. M200-4B/E-LD4 with driver
A341 for a rise-time of =10 ns; Gooch and Housego, Highland Heights,
OH). The pulse sequence was generated with a function generator (model
No. 33250A 80 MHz; Agilent, Santa Clara, CA). Splitting and filtering of
excitation and emission signals was achieved by special filters (Z532/10x%,
Q565LP, HQ620/100m; Chroma Technology, Rockingham, VT) and the
detection was done by an electromagnetic charge-coupled device camera
(Luca; Andor Technology, Belfast, Northern Ireland).

All devices were controlled with a MATLAB (The MathWorks, Natick,
MA) application enabling convenient and rapid acquisition.

Image processing

To extract the triplet lifetime, extensive image processing is necessary as
illustrated schematically in Fig. 3 B.

Most importantly, the intensity decrease due to photobleaching needs to
be clearly separated from the triplet lifetime kinetics-related decrease. For
this purpose, we estimated bleaching by interlaced bleaching measurements
at the shortest pulse width. The measured photobleaching curve (Fig. 4 A,
green curve) was modeled by a decaying exponential and fitted using an effi-
cient algorithm based on the Poisson noise assumption (41). The fitted decay
parameters were then used to correct the modulated excitation response
curve (Fig. 4 A, blue curve).

The next processing step was the fitting of the triplet lifetime. For this, we
fixed the values for the singlet lifetime 7, the intersystem crossing rate ki,
and the excitation rate Tex = Tex (7). We assumed 7 and ki to be constant
over the whole image. For TMR, we measured 7;) = 2.3 ns on a dedicated
fluorescence lifetime setup (42) with single photon-counting capability
(PicoQuant Sepia II ps laser LDH-D-C-470, MPD PDM 50ct, and PicoHarp
300; PicoQuant Photonics, Westfield, MA). The same fluorescence lifetime
value for TMR was also measured by Eggeling et al. (43). The absorption
cross section has been estimated using the absorption spectrum (Invitrogen,
Carlsbad, CA) and a published value for TMR of 19 (A = 515 nm) =
1.33 x 107 cm? (43). We used an absorption cross section of a¢
(A=532nm) = 1.86 x 10~ "® cm?. The intersystem crossing rate for a partic-
ular experiment was estimated by a global fit of k. and 7r. Because the
intersystem crossing rate could vary between different biological cells, we
repeated this global fit for every experiment. For improved reliability we
took typically 3—5 measurements of a particular cell and ;s was set to the
average of these measurements for an experiment. As the diameter of our
excitation spot was smaller than the size of our image, the spatial profile of
the excitation rate had to be taken into account. We assumed a Gaussian
illumination profile, the position and beam width of which were estimated
using a uniform layer of TMR deposited on and bound to a cover slide.
However, fitting a Gaussian profile to the measured intensity did not lead to
satisfactory results for 71 over the whole range of the image. Hence, an iter-
ative fit of the triplet lifetime was used to optimize the excitation beam profile
parameters to obtain a homogeneous triplet lifetime, as one would expect in
such an experiment. Fig. 4 B shows the respective cross sections of the
assumed excitation shape in comparison with the measured intensity profile.
To determine not only the shape but also the value of the excitation rate, we
measured the optical power transmitted through our system and calculated the
maximum excitation rate at the center of the excitation spot. Therefore, the
triplet imaging fit was reduced to finding two parameters for each individual
pixel: the triplet lifetime 7t and the factor v (which is proportional to the inten-
sity of a specific region). Fitting these two (nonlinear) parameters by a stan-
dard optimization technique such as the Marquardt-Levenberg algorithm is
very slow, and hence, not suitable for processing an acquisition of nine images
containing 496 x 658 pixels. We circumvented this time-consuming step and
used an alternating least-squares approach for fast fitting. This resulted in
typical fitting times of ~90 s for 152 x 115 x 9 pixels on a standard desktop
computer (Xeon 3.2 GHz, 2 GB RAM,; Intel, Santa Clara, CA).

For the cell images, we performed an averaging of the triplet lifetimes of
three sequentially recorded measurements (2 s per measurement) to improve
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the measurement quality. The triplet relaxation values kr;, shown in the
temporal evolution of the contraction experiments, correspond to the mean
values of three consecutive measurements (kr, ; to kr, j,2):

i+2

1/3 x ZkTJ|i:1;3:(N*2). ©)
J=1

kri = ki1 = ki

The standard deviations indicated for these measurements correspond to the
mean standard deviations calculated over all measurements subtracted by
these respective mean values:

LW 12

> (ke —ry)

i=1

N1 (10)

Model system for calibration

Adhesion of TMR (5-(and-6)-carboxytetramethylrhodamine, succinimidyl
ester), i.e., TAMRA; Invitrogen, Carlsbad, CA) on a glass cover slide has
been achieved by using bovine serum albumin (BSA) as intermediate linker
between the glass cover slide and the TMR-molecules. After deposition of
a droplet of BSA on a glass cover slide, the slide was washed with 3 mL de-
ionized water. In a second step, a droplet of TMR was applied. After 1 min,
the solution was washed with 5 mL deionized water. These test samples

were covered with water during the measurements, either with a droplet of
water on top or by putting the slide inside a flow cell containing water. These
samples served as a simple model for calibration of the experimental setup.

For the oxygen measurements, we used the enzyme ascorbase (Sigma-
Aldrich, St. Louis, MO) for catalysis of the oxidation of L-ascorbic acid
(Sigma-Aldrich) according to the following reaction:

2] -ascorbic acid + O, — 2 L-dehydroascorbic acid

+ 2H,0. (11)
Titration of L-ascorbic acid removes oxygen from a solution in a controlled
way (37). The final reaction mix consisted of 3 mL H,O, 10 units ascorbase
(1 unit oxidizes 1 umole of L-ascorbic acid per min), 20 mM sodium
phosphate buffer, and 0.059,, (w/v) BSA. Adding 300 uL of a solution of
25.5 mM L-ascorbic acid removes all dissolved oxygen inside 3 mL of
H,O at room temperature, provided that there is no reoxygenation from
the environment.

To minimize the oxygen uptake during the experiment the observation
was done in a custom-made polydimethylsiloxane flowcell, with an observa-
tion volume of =20 mm® connected by tubing with low gas permeability
(Fluran HCA with inner diameter of 0.89 mm; Ismatec, Glattbrugg,
Switzerland) to a peristaltic pump (Reglo Digital, Ismatec) at 1.5 uL/s.
The solution reservoir was placed in a larger container connected to a low
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FIGURE 4 Observation of TMR adhering to a glass cover slide with
a water droplet on top of the fluorophores. Measurement parameters:
tp = 1-50 ws, T, = 50 us, P = 7W, and f; = 0.1 ms/pulse pattern.
Nine images measuring the response to a modulated excitation and
four bleaching estimation images acquired at the shortest pulse width.
(A) Intensity for the different pulse widths. The curves are based on
a spatial average over 30 x 30 px in the center of the acquired images.
The bleaching estimation measurement points have been plotted to reflect
the moment they have been taken and not at their specific pulse width of
1 us. Global fitting leads to 7 = 1.17 us. (B) Cross sections of the
triplet lifetime fit in x and y directions (with a respective slice width
and height of 30 px) in comparison with the mean fluorescence intensity
over all pulse patterns as well as the fitted Gaussian excitation intensity.
The shaded areas illustrate the region for the average that is shown in
panel A.
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continuous flow of nitrogen. The L-ascorbic acid doses were added with
a syringe through a tiny access hole in the container.

This model system allowed a verification of the acquisition method and
the fitting algorithm for different oxygen concentrations. As a control, we
measured the oxygen concentration inside the reservoir with an oxygen
probe (SG6 Seven Go Pro dissolved oxygen meter with InLab 605 sensor;
Mettler-Toledo, Greifensee, Switzerland).

Smooth muscle cells A7r5 and TMR labeling

For biological measurements, we used the rat thoracic aorta smooth muscle
cell line A7r5 (44) (cat. No. CRL-1444; LGC Promochem, Wesel, Germany)
cultured in Dulbecco’s modified eagle medium (DMEM, cat. No. 41965;
GIBCO, Invitrogen) supplemented with 10% fetal calf serum (FCS). We
used two different labeling protocols: one to realize transient transfections
and one for stable transfections. For the stable transfection we used A7r5
cells stably transfected with pNuc SNAP $-gal plasmids expressing a fusion
protein of SNAP-tag and (-galactosidase (SNAP-(-gal); SNAP-tag fusion
proteins can be specifically labeled with different fluorophores in living cells
(45). Stably transfected clones expressing SNAP-(-gal fusion proteins were
selected by adding 2 mg/mL geneticin disulfate salt (cat. Nos. G418 and
G5013; Sigma Chemical, St. Louis, MO) to the culture medium.

For the transient transfection, we used the same A7r5 cell line that we had
transfected according to a standard transfection protocol with the JetPEI
transfection reagent (cat. No. 101-05; Polyplus Transfection, Illkirch,
France), using 2 ug plasmid DNA per 35-mm dish. The transient transfec-
tions were started 2448 h before the experiment.

Two days before experiments (and, respectively, one day before the trans-
fection) the cells were transferred to 3.5-cm microscope observation dishes
(Ibidi, Martinsried, Germany) that were coated with collagen.

The day of the experiment, cells were labeled by loading the dishes for
5 min at room temperature with 200 uL of a solution of 1 uM TMR-Star
(cat. No. LK040; Covalys, Witterswil, Switzerland) in DMEM with 10%
FCS. Cells were then washed three times in DMEM with 10% FCS, and
incubated for 5 min at each step at 37°C. Finally the cells were incubated
for at least 3 h until the experiment. Before measurements, the medium
was replaced by a Hank’s Buffered Salt Solution (GIBCO).

Cell contraction was induced using [Arg®]-vasopressin acetate salt (cat.
No. V9879; Sigma Chemical) at a final concentration of 500 nM [Argg]—
vasopressin (AVP). This hormone is well known to initiate a vasoconstric-
tion of the smooth muscle cells at this concentration (46,47).

RESULTS
Model system: TMR on cover slide

Fig. 4 A shows a typical modulated excitation response and
a bleaching estimation curve for a measurement of a TMR
layer adhering to a glass cover slide. With the bleaching esti-
mation, photobleaching could be taken into account accu-
rately, as shown by the corrected fluorescence responses.
By global fitting we found 7j,. = 1.17 us. The average triplet
lifetime is ~7r = 3.1 us. These values are comparable to
values measured for TMR in solution: 7, = 1.85 us and
7r = 2.5 us (43). The cited values were measured with fluo-
rescence correlation spectroscopy and varying excitation
intensity (48). The differences from our results are probably
due to higher order artifacts as described in the discussion.

Triplet lifetime versus oxygen concentration

We performed calibration experiments by lowering the dis-
solved oxygen concentration in discrete steps by titration



Triplet Imaging by Modulated Excitation

of L-ascorbic acid. In parallel to the triplet lifetime acquisi-
tions, the dissolved oxygen concentration was monitored
with an oxygen probe as reference. As shown in Fig. 5 A,
the probe revealed the linear decrease in dissolved oxygen
as expected in theory, which demonstrates that the titration
of L-ascorbic acid is indeed proportional to the removed
amount of dissolved oxygen. The graph of the triplet state
relaxation rate kr (= 1/71) (Fig. 5 C) also demonstrates
a linear relationship, which suggests that the molecules’
response to oxygen can be described by the Stern-Volmer
model. This proves that TMR as reporter molecule measured
with our method works well for determining different
oxygen concentrations. However, despite a minimized
surface in contact with air, reoxygenation of the sample
could not be prevented totally. Due to this, the titration of
300 uL L-ascorbic acid did not remove all oxygen in the
solution. Nevertheless, the experiment allowed us to mea-
sure the response of our system in physiological conditions,
and it demonstrates nicely the linearity of the quenching
mechanism.

Triplet lifetime inside single smooth muscle cells
A7r5

To test our triplet imaging method in a biologically relevant
context, we performed AVP stimulated contraction experi-
ments with smooth muscle cells. The fluorescence signal
originates from TMR linked to SNAP-tag-(-galactosidase,
which is a cytosolic protein linked to a tag for labeling (49).

Fig. 6 shows two typical experiments. In Fig. 6, A, and B,
the color encodes the different triplet lifetimes, whereas
the intensity is proportional to the fluorescence intensity.
Fig. 6, A5 and B3, shows the temporal evolution of the triplet
relaxation rate over a selected area (white square on the cor-
responding images on the left side). As mentioned above, the
variation in kt = 1/7r is proportional to the variation in the
oxygen concentration. After global stimulation with 500 nM
AVP, the cells undergo a contraction. This leads to oxygen
consumption inside the cell, which can be observed on the
temporal evolution of the triplet relaxation rate. To achieve
longer measurement times and minimal phototoxicity for
the cells, we have compromised the image quality slightly
by reducing the excitation power. However, one can easily
obtain better resolutions and higher signal quality when
using higher excitation levels. (Such an image is not shown
here but it can be found in Movie S1, Movie S2, and Movie
S3 in the Supporting Material.)

The results of three measurements with global AVP stim-
ulation are shown in Fig. 7 A, in comparison with two nega-
tive controls without addition of AVP. In Fig. 7 A,, the
temporal evolutions are normalized with respect to their
initial and final steady states. For the negative controls we
used a factor of 0.4 x 10~ for the normalization correspond-
ing to a typical difference between the steady-state values
before and after adding AVP.
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FIGURE 5 Observation of TMR adhering to a glass cover slide in a flow
cell setup with ascorbase in solution. Titration of 25.5 mM L-ascorbic acid
removes the oxygen in controlled discrete steps. (A) Dissolved oxygen as
measured by a commercial probe (Mettler-Toledo). (B) Triplet lifetime
measurement using an average intersystem crossing of 7j;. = 0.69 us obtained
by a global fitting over seven measurements. (C) Triplet-state relaxation rate.
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The temporal evolution presented in the three curves has
been observed in 84% of the observed cells (n = 25). The
remaining 16% of cells did not show a visible decrease in
triplet relaxation rate after the addition of AVP, which is
similar to the negative control experiments (n = 5).

DISCUSSION

The L-ascorbic acid titration experiment (Fig. 5) demon-
strates that the proposed method is able to determine varia-
tions in oxygen concentration. The sensitivity of this method
is not as good as in other methods (3,12,37). However, the
high intensity of the fluorescence signal enables a combined
performance of temporal and spatial resolution well beyond
that which can be achieved with methods based on phospho-
rescence quenching or other mechanisms leading to low-
intensity signals.

As high laser excitation power is required to increase the
contrast based on the triplet state buildup, we reduced the
acquisition times such that there is illumination during
only 1.2 ms per acquisition of 12 images. Despite using
a fairly photostable fluorophore, bleaching has been an
important issue. Typically at the end of an experiment (after
~30 acquisitions of 12 images each), the fluorescence signal
corresponds to ~20% of the initial intensity, limiting the total
number of acquisitions that can be made on the same cell.

Nevertheless, the proposed functional imaging method
was successfully applied in a study of oxygen consumption
during drug-induced contraction of single smooth muscle
cells (Fig. 7). In most cells, we measured monoexponentially
falling intracellular oxygen concentration without initial
delay upon the addition of 500 nM AVP. On average, we
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Time [s]

found a typical decay constant of = 40 s for these cells.
These positive results can be compared to experiments in
which no AVP was added (Fig. 7, cells 4 and 5).

Triplet lifetime images of cells (see Fig. 6 and Supporting
Material for a high spatial resolution image) reveal areas of
long (yellow-red color code) and short triplet lifetimes with
heterogeneous cellular distribution. In general, these areas
indicate different oxygen concentrations as well as different
local environments of the dyes. Biological cells contain
various organelles and exhibit different subcellular compart-
ments with corresponding dimensions that can locally influ-
ence the triplet-state lifetime. In particular, organelles of the
endosomal and lysosomal compartments are characterized
by distinct pH. Large shifts in the pH will lead to noticeable
changes in the triplet state of the dyes. Another explanation
for these areas may be the mitochondrial sites—the main
oxygen-consuming organelles in a cell. This is corroborated
by matching triplet lifetime images with phase contrast
images, in which mitochondria appear as phase-dense
circular structures with = 1-um diameter. Our data indicate
that in subcellular areas with a lower density of these struc-
tures, the corresponding triplet relaxation rate is significantly
higher (see phase contrast image right of the nucleus in
Movie S3). This example may indicate an intracellular
oxygen gradient, created by the absence of mitochondria in
this area. To this end, we can only reasonably speculate on
the nature of the subcellular compartments coinciding with
distinct triplet lifetimes. Further experiments using specific
compartmental marker proteins will be needed to clarify their
nature.

We observed rather large differences between different
cells in their triplet relaxation rate kr as well as their
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FIGURE 7 Three experiments on contraction of smooth muscle cells
A7r5 upon addition of AVP and two negative controls where no AVP
was added. (A) Average triplet relaxation rate measured on a small area
inside the respective cells. (B) Relaxation rates normalized with respect to
the initial and final steady state. For the negative controls we used a factor
of 0.4 x 1077 for the normalization, corresponding to a typical difference
between the steady-state values before and after adding AVP. Global fitting
was used to determine the respective intersystem crossing rates 7. leading
to the following values: (cell 1) 2.12 us; (cell 2) 2.01 us; (cell 3) 1.19 us;
(cell 4) 1.08 us; and (cell 5) 2.01 us. See Movie S1, Movie S2, and Movie
S3 for depictions of the three experiments.

intersystem crossing rate k.. When analyzing the deviating
measurements, we found differences in the bleaching correc-
tion in contrast to experiments that lead to k. = 2 us. The
deviating correction leads to a systematic small hump on the
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corrected modulated excitation response for pulse widths
at ~15 us (as also visible in Fig. 4 A). This probably accounts
for the higher intersystem crossing rates (and lower triplet
lifetimes). We think the effect stems from higher order
energy states that start to be populated for longer excitation
pulses (z, > 10 us). This would lead to an additional kinetic
response upon modulated excitation that we have not taken
into account in the current three-state model. Correcting
for this higher order effect would require a more-advanced
bleaching estimate measurement, which is beyond the scope
of this article.

As described above, there was an important decrease in
fluorescence intensity over a full experiment. This led to
difficulties in fitting low-intensity measurements at the end
of the experiment and explains the deviations of the two
outliers at the very end of the measurement of cells 2 and 3.
Hence, the standard deviation, as described in Materials and
Methods, is actually expected to grow with measurement
time although the measurements themselves do not indicate it.

Our measurements demonstrate that the proposed method
is well suited to address biological questions about fast
oxygen kinetics at the cellular and subcellular levels. Our
results are in accordance with previously reported measure-
ments of oxygen consumption during contraction of skeletal
muscle fibers of X. laevis (21) as well as with indirect
measurements of the oxygen uptake of single cells in a sealed
chamber (23).

The method could be further refined by taking care of
variations of the intersystem crossing rate ki, during the
experiment. Such effects could be caused by variations of
the singlet oxygen concentrations. In some cases with strong
labeling (e.g., when labeling the cells with nuclear localized
proteins), we did indeed see continuous variations of the
intersystem crossing rate during the experiment, which
might have been due to increased photosensitized singlet
oxygen. Taking higher triplet states into account might
improve the parameter extraction, but it would be at the
expense of a far more complicated fitting procedure and
the potential risk of a less robust fitting.

CONCLUSION

We have outlined a novel concept for functional wide-field
microscopy that enables us to image the triplet kinetics of
fluorescent probes. Using a rapidly modulated excitation
and a slow camera, spatio-temporal variations of the triplet
state kinetics of many standard fluorophores can be assessed.

Firstly, we validated our concept on thin TMR films
deposited on microscope coverslips. An oxygen depletion
experiment resulted in a proportional decrease of the
measured triplet relaxation rate kt (= 1/77) as predicted by
the well-known Stern-Volmer equation. Secondly, measure-
ments of the oxygen consumption of single smooth muscle
cells A7r5 showed a monoexponential decay of the intracel-
lular oxygen concentration upon stimulated contraction. The
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decay started without measurable delay and had a character-
istic decay time of 40 s, which is in good agreement with
measured oxygen consumption in skeletal muscle fibers
reported by Hogan et al. (21).

In our opinion, the proposed triplet-state imaging concept
is a valid tool for investigating inter- and intracellular oxygen
concentration variations in live cells or small tissue frag-
ments. It is particularly attractive because it is able to image
the metabolism of live cells with a time resolution of ~1 s at
a state-of-the-art spatial resolution and field-of-view.

SUPPORTING MATERIAL

A triplet lifetime image with higher spatial resolution and three
movies are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)01611-7.

This work was funded by the European Commission within the Sixth
Research Framework Program.
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