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Abstract  

Altered cellular metabolism plays an important role in many diseases, not the least in many 

forms of cancer, where cellular metabolic pathways requiring lower oxygen consumption are 

often favored (the so-called Warburg effect).  In this work, we have applied fluorescence-

based transient state imaging, and have exploited the environment sensitivity of long-lived 

dark states of fluorophores, in particular triplet state decay rates, to image the oxygen 

consumption of living cells. Our measurements can resolve differences in oxygen 

concentrations between different regions of individual cells, between different cell types, and 

also based on what metabolic pathways the cells use. In MCF-7 breast cancer cells, higher 

oxygen consumption can be detected when they rely on glutamine instead of glucose as their 

main metabolite, predominantly undergoing oxidative phosphorylation rather than glycolysis. 

By use of the high triplet-yield dye Eosin Y the irradiance requirements during the 

measurements can be kept low. This reduces the instrumentation requirements, and harmful 

biological effects from high excitation doses can be avoided. Taken together, our imaging 

approach is widely applicable and capable to detect subtle changes in oxygen consumption in 

live cells, stemming from the Warburg effect, or reflecting other differences in the cellular 

metabolism. This may lead to new diagnostic means as well as advance our understanding of 

the interplay between cellular metabolism and major disease categories, such as cancer. 
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Introduction 

The altered metabolism of cancer cells has recently received renewed attention as a major 

hallmark of cancer [1–5]. It is well established that cancer cells tend to use less oxygen in 

relation to their energetic needs than normal terminally differentiated cells, and that oxidative 

phosphorylation (oxphos), a very efficient pathway for ATP generation, is generally down-

regulated. This so-called Warburg effect [6,7] may appear inadequate. However, while 

oxphos metabolism is generally preferred in terminally differentiated cells under aerobic 

conditions, it has been found that glycolysis supports the overall substrate requirements of 

fast proliferating cells better [8]. Apart from glucose, cells are able to metabolize glutamine to 

support their energetic needs [9] and can adapt their metabolism according to available 

extracellular nutrients. Indeed, when exchanging the metabolite glucose with galactose and 

glutamine, HeLa cells upregulate ATP production through glutaminolysis and oxidative 

phosphorylation [10]. 

Current knowledge of metabolic pathways largely relies on studies using radioactively 

labeled metabolites and on ensemble oxygen consumption experiments using Clark type 

oxygen electrodes [11]. However, fluorescence-based methods are increasingly used due to 

their sensitivity, selectivity, and fast readouts [12]. By fluorescence a range of cellular 

metabolic parameters can be monitored, including mitochondrial membrane potentials, the 

metabolic generation of reactive oxygen species, and pH differences between mitochondria 

and cytosol [10,13]. Local oxygen concentration represents another major metabolic 

parameter, highly desirable to accurately image in a spatially resolved manner within 

individual cells. Several measurement techniques have addressed the partial oxygen pressure 

(pO2) or the oxygen concentrations [O2] in living cells or tissue. In particular, luminescence 

lifetimes of long-lived probes [14–16], or various phosphorescence probes [17–19] can be 

used for oxygen concentration imaging. Due to their long lifetimes, these probes are quite 

sensitive to oxygen quenching in physiologically relevant O2 concentrations (0-200 µM) [20–

23]. Moreover, ratiometric luminescence intensity probes, consisting of an O2-quenchable 

dye and an unquenched reference dye, can provide dye concentration independent readouts 

[24–26]. However, for intracellular [O2] measurements cell membrane permeability is often 

an issue for the labeling. The long lifetimes of these probes also make their luminescence 

dim, and long acquisition times are thus typically required. The luminescence is further 

reduced by oxygen, and can be influenced by a range of interfering agents and quenching 

agents. 
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Compared to long-lived luminescence probes, most fluorophores show considerably stronger 

emission. However, due to their shorter excited state lifetimes, only very minor effects of 

oxygen quenching can be expected in the recorded fluorescence parameters. By exploiting 

certain secondary effects such as an increase of the bound fraction of NADH upon hypoxia in 

cells, and a related shift in the NADH fluorescence lifetime, the invariance of fluorescence to 

pO2 can sometimes be circumvented [27]. However, this endogenous fluorescence requires 

either advanced, intense lasers for two-photon excitation, or excitation in the UV, and the 

measured effect is indirect and influenced by several confounding factors. 

Taken together, presently used oxygen imaging techniques either use long-lifetime probes 

limited by weak signals, or fluorescence probes with far stronger signals, but which on the 

other hand are influenced by oxygen to a very minor extent, and therefore can only monitor 

indirect effects of oxygen pressure in the cells.  

In this paper, the fluorescence based transient state (TRAST) imaging technique [28–31] is 

applied to study the metabolism of breast cancer cells and primary and transformed 

fibroblasts. In TRAST, the excitation intensity onto a fluorescent sample is modulated in a 

systematic manner. Depending on the excitation intensity modulation, transient, long-lived 

non-fluorescent states of the fluorescent molecules in the sample will be populated to varying 

extents. Increased transient state populations are reflected in reduced fluorescence intensities 

from the sample. By analyzing how the time-averaged fluorescence intensity detected from 

the sample varies with the excitation modulation characteristics, kinetic parameters of 

transient states can be extracted.  

By TRAST, several categories of photo-induced, long-lived, dark, transient states can be 

monitored, including triplet [28–33], photo-ionized [32] and photo-isomerized states [34]. In 

particular triplet states are readily quenched by oxygen, and their lifetimes depend strongly 

on the local oxygen concentration. Imaging triplet state lifetimes by TRAST for oxygen 

sensing has several advantages. In the first place, TRAST imaging combines the detection 

sensitivity of the fluorescence emission, with the environmental sensitivity of the triplet state 

of the fluorophore marker molecules. The triplet state parameters are not read out by 

phosphorescence, but by using the much brighter fluorescence. This allows faster read outs 

and by the increased number of detected photons, a higher spatial resolution can be obtained. 

This is of obvious benefit for live cell microscopy. Triplet states show orders of magnitude 

longer decay times than fluorescence lifetimes, and thus have correspondingly longer times to 

collisionally interact with sparse quencher molecules. Large changes in triplet and other 
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transient state parameters due to quenching events with e.g. dissolved oxygen (O2) [35], 

iodide [36] or electron donors or acceptors [37–39] can thereby be observed, which are 

hardly observable at all via fluorescence intensity or lifetime measurements [40]. Second, a 

wide selection of standard and well-studied fluorescence probes can be used for TRAST 

imaging. Specifically designed macromolecular phosphorescence or other long-lived 

luminescence probes with special properties [19] are not needed. Thereby, difficulties with 

e.g. cellular targeting and membrane permeability can be circumvented. Finally, since only 

relative changes in fluorescence intensity are considered, TRAST imaging results are not 

biased by variations in dye concentration.  

In this work, we show that TRAST imaging can monitor oxygen metabolism at the single cell 

and subcellular level, and that it can be applied to study the Warburg effect.  By combining 

the technique with high triplet yield organic dyes, sufficient population of triplet state 

fluorophores for TRAST measurements can be obtained with considerably lower excitation 

irradiances. Thereby, photo-toxic effects can be kept at a minimum and the setup 

requirements are largely simplified. In a first step, we characterize and confirm the use of 

Eosin Y as an oxygen sensor in TRAST imaging in vitro and then in labeled cells. In a second 

step, we demonstrate that the established TRAST imaging procedure can resolve altered 

metabolic activities and pathways on a subcellular level, and that MCF-7 cells, similar to 

HeLa cells [10], can upregulate oxidative phosphorylation when changing the metabolite 

from glucose to glutamine. 
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Results 

Characterization of the triplet state of Eosin Y,  

under defined conditions and as an oxygen sensor 

Aqueous solutions of the dyes Eosin Y and Rhodamine 110 (Rh110), featuring a high and a 

low triplet yield respectively [41] were measured by TRAST in a confocal setup, as described 

in [33]. Relative changes in the average fluorescence intensity were observed upon variation 

of the excitation pulse widths, and were analyzed based on the photo-physical model shown 

in Fig. 1 [32,38] (further described in the methods and materials section). The model in Fig. 1 

proved sufficient to describe the TRAST measurements of both dyes in solution, as well as 

the subsequent TRAST measurements on live cells. Representative curves (TRAST curves) 

of the normalized fluorescence from the two dye solutions, recorded at different excitation 

pulse widths and at different excitation intensities (pulse heights) are shown in Fig 2A. For 

moderate excitation intensities of 40 kW/cm
2
, the triplet state of Rh110 is barely populated 

(<20 %), whereas Eosin Y shows a significant triplet state population of 80 %. Fitting the 

fluorescence intensity data points of the measured TRAST curves to Eq 5 for 4 consecutive 

measurements, with fixed parameters as described in Table 1, yielded   

kisc = 1.1 ± 0.2 x 10
6
 s

-1
, kt = 0.33 ± 0.06 x 10

6
 s

-1
 for Rh110, well in agreement with previous 

results for Rh110 and for the similar dye Rhodamine 6G using different methods [32,35,42].  

Given the higher triplet yield of Eosin Y compared to Rh110, we reasoned that it would be 

possible to determine the triplet state parameters of Eosin Y using lower oxygen 

concentrations and/or irradiances, which we tested next. Reducing the excitation intensity to 

~6 kW/cm
2
 for Eosin Y reduces the triplet state amplitude to ~ 40 % and slows down the 

relaxation time for triplet state population build-up upon onset of excitation. Fitting of the 

Eosin Y TRAST curves recorded at ~6 kW/cm
2
 yielded kisc = 846 ± 20 x 10

6
 s

-1
, 

kt = 0.53 ± 0.01 x 10
6
 s

-1
 for the measurement in air atmosphere (Fig 2A). Eosin Y thus shows 

a more than 100-fold higher triplet yield than rhodamine dyes. When deoxygenating the 

Eosin Y solution in a closed chamber and measuring at the same excitation intensity, the 

triplet state population as well as its relaxation time is increased, well in agreement with the 

strong ability of molecular oxygen to quench the triplet state of fluorophores. For the 

deoxygenated measurements of Eosin Y at ~6 kW/cm
2
, kisc = 338 ± 28 x 10

6
 s

-1
 and  

kt = 0.034 ± 0.004 x 10
6
 s

-1
. Since kisc and kt  are more than three orders of magnitude apart, 

the determination of kisc is less precise and the dependence of kisc on pO2 may therefore be 
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overestimated in these measurements. 

As a first test of Eosin Y as a probe for TRAST imaging experiments on cells, a sample of 

Bovine Serum Albumin (BSA) attached to a cover glass and labeled with Carboxy-Eosin 

DiAcetate Succinimidyl Ester (CEDA-SE) was investigated. Measurements at varying 

oxygen pressures were performed in a closed microscope chamber containing the glass 

coverslip. Resulting TRAST curves, acquired at an irradiance of 0.44 kW/cm
2
 in a wide-field 

configuration (see methods and materials) are shown in Fig. 2B. The total triplet state 

amplitude decreases for partial oxygen pressures (pO2) increasing from 0 to 20 %, well in line 

with that the triplet state is increasingly quenched at higher oxygen concentrations. The high 

triplet yield of Eosin Y allowed us to build up sufficient triplet state populations in the 

TRAST measurements with excitation irradiances well below 1 kW/cm
2
.  

The recorded TRAST data (Fig 2B) give no indications of an additional exponential decay, 

representative for population of a second dark state (D). Therefore, a model without a D-state 

was used (Eq 1), and the TRAST curves were fitted to Eq 6. In the fitting, k10 was fixed based 

on a fluorescence lifetime of τf = 1.7 ns, as measured by Fluorescence Lifetime Imaging 

(FLIM, data not shown). In principle, both kisc and kt are influenced by [O2]. However, for 

high triplet yield dyes such as Eosin Y, kisc is strongly dominated by a high intrinsic kisc, for 

Eosin Y driven by the internal heavy atom effect. The relative change of kt due to different 

[O2] can therefore be expected to be much more prominent than that of kisc [35]. When 

kisc>>kt, the parameter values of kisc get strongly coupled to the excitation rates in the fitting 

model. Moreover, the statistics within each individual pixel (binned as described in the 

methods and material section) do not allow fitting of both kisc and kt independently. Therefore, 

kisc was fixed to a value of kisc=120 x 10
6
 s

-1
. This was found to correspond well to the 

expected excitation rates, and to give the overall best agreement between the experimental 

data and the fits. 

In Fig. 2C, the mean of the kt rates obtained by fitting each pixel within the central wide-field 

region to Eq 1 is shown for different pO2. Moreover, the standard deviation of the kt values in 

this region is indicated by error bars. The kt of CEDA-SE attached to BSA is indeed linearly 

dependent on the oxygen concentration, as predicted by the Stern-Volmer relation (Eq 8). A 

linear interpolation yields the triplet rate in absence of oxygen: kt,0  = (22.8 ± 4.4) × 10
3
 s

-1
 

and a bimolecular quenching rate of kq = (2.2 ± 0.41)×10
5
 s

-1
 atm

-1
 ≈ (2.2 ± 0.41)×10

8
 M

-1
s

-1
. 

Here the quenching rate in M
-1

s
-1

 is approximated using Eq S1 and Henry’s coefficient for 

oxygen solubility in water at 37 °C according to [43]. 
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Taken together, TRAST measurements of Eosin Y in solution and when immobilized with 

BSA on glass surfaces demonstrate that its triplet state decay rate, kt, can be measured at low 

irradiances and well reflects the local oxygen concentration. 

TRAST measurements at varying partial pressures of O2 in MCF-7 cells 

Live MCF-7 cells were labeled with CEDA-SE and the ambient pO2 was varied from 5 % to 

20 % (Fig. 3). Waiting times of at least 20 minutes after the pO2 adjustments allowed full 

equilibration of the O2 concentration. Fig. 3A shows phase contrast images of the cells 

overlaid with fluorescence images. Fig. 3B shows the kt maps, similarly overlaid on the phase 

contrast images. The kt maps were obtained from the pixel-wise recorded TRAST curves, 

representing the fluorescence intensity detected at modulated wide-field excitation with 

different pulse durations. The curves were fitted for each pixel to Eq 1 using the parameter 

assumptions in Table 1, and with kt and koff as free parameters. The same assumed 

kisc=120 x 10
6
 s

-1
 as for the BSA measurements was used. Due to measurement constraints, 

the whole decay of the second dark state cannot be followed in the TRAST curves on living 

cells (Fig 3F). Therefore it is not possible to extract the absolute rates of both koff and kon, 

since the estimate of koff depends on the choice of kon. However, relative changes between 

conditions can still be followed as the same fixed value of kon = 25 s
-1

 is used for all fits in 

this study. 

From the images (Fig 3B) as well as from the recorded TRAST curves (Fig 3F), it can be 

seen that intracellular kt increases for increasing pO2. In contrast, no differences, except for 

cell movement, can be seen in the fluorescence images (Fig 3A).  

From the 2-D histograms of the distributions in the two free fit parameters kt (x-axis) and koff 

(y-axis), obtained in the different pixels within the recorded MCF7 cells (Fig. 3C-E), a 

prominent increase in kt is visible for increasing pO2. koff on the other hand show a broader 

distribution with higher pO2, but otherwise remains essentially unchanged. The mean kt as a 

function of the applied pO2 (Fig. 3G) shows a linear relationship, and a linear interpolation 

gives kt,0 = (50.54 ± 14.31) × 10
3
 s

-1
 and a bimolecular quenching rate of 

kq =  (3.53 ± 1.03) × 10
5
 atm

-1
 s

-1
, which can be translated to  (3.53 ± 1.03) × 10

8
  M

-1
 s

-1
 

(Eq S1). Taken together, these data show that kt of CEDA-SE, as determined by TRAST, can 

provide an accurate measure of O2 concentrations in live cells.   
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Comparison between different cell lines 

Next, TRAST imaging was applied to cells from different breast cancer and fibroblast cell 

lines to check for differences in their oxygen consumption rates (OCR). In order to increase 

the relative contrast in intracellular [O2] for different OCR’s we set the pO2 to a value of 5 %. 

This value is comparable to typical in vivo tissue oxygenation levels in humans [44]. Fig. 4 

shows typical images of cells obtained on three different breast cancer cell lines, MCF-7, 

HCC1954, and MDA-MB-468. Also, a normal breast cell line, 184A1, is included, as well as 

typical images of a primary fibroblast cell type and its transformed counterpart (BJ and 

BJTLTR, as detailed in the Methods and Materials). The cells originating from breast tissue 

in general show low intracellular [O2], with kt values of less than 70 × 10
3
 s

-1
, whereas the 

two fibroblast cell lines both indicate higher [O2] values, with kt values of more than 120 × 

10
3
 s

-1
. Similarly, the cell lines from the breast also in general display lower koff rates than in 

the fibroblast cells. 

Influence of the available metabolite on the O2 consumption of  

MCF-7, HCC1954 and MDA-MB-468 cells 

Next, we aimed at testing if the increased oxygen consumption of cells in a medium 

excluding metabolism via glycolysis can be detected by TRAST imaging. MCF-7, HCC1954 

and MDA-MB-468 cells were thus cultured in glucose-free medium, called oxidative 

phosphorylation (oxphos) medium. Compared to the standard (normox) medium, cells have 

in this case to rely on the metabolism of the amino acid glutamine (glutaminolysis) which 

uses the TCA cycle followed by oxygen consumption in the oxidative phosphorylation step 

[10].  

From the three breast cancer cell lines included in this study, MCF-7 cells showed the highest 

increase in oxygen consumption when the growth medium was changed from normox to 

oxphos (cf. Fig. S1). Therefore, a more detailed study was performed on MCF-7 cells as 

shown in Fig. 5. We also included HCC1954 cells in this detailed study as a representative of 

the cell lines where only minor or no changes between the two culturing media could be 

observed in the initial experiment.  

When comparing the kt images of MCF-7 grown in normox medium to the corresponding 

images of MCF-7 cells grown in oxphos (Fig. 5B), it becomes evident that the latter have 

lower kt rates, especially in the periphery of the cells (for further examples, see Fig. S2). Figs. 
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5C-D show the cumulative 2-D histograms of the kt and koff parameter values, as determined 

in the individual pixels from 16 MCF-7 cells grown in normox or oxphos medium. A shift in 

the kt distribution is also visible, whereas the koff distributions remain unchanged. For 

HCC1954 cells, no change can be seen in the kt images (Fig. 5B, and Fig. S3), and the 2D 

distributions of pixel-wise kt and koff values (Fig. 5E-F) are centered around similar kt values. 

However, the histograms seem to indicate a second minor peak population in koff, and a 

somewhat different distribution between these peak populations for cells grown in different 

media. 

One-way analysis of variance (anova) comparison of the kt distributions of the images of the 

cells grown in normox medium and oxphos medium indicated that on each of the 

measurement days, the distribution of kt values recorded from MCF-7 cells grown in the 

different media have different means. The outcome of 6 different repeats of the experiments 

on MCF-7 is shown in Fig S4. 

For the HCC1954 cells, the distributions in kt recorded at separate individual measurement 

days are according to the anova test also significantly different. However, this is most likely 

due to the many pixels (kt values) included in this test (i.e. when the number of observables is 

large, differences classified as significant can be very small). By inspection of the distribution 

of kt values, determined at different repeats of the experiments on HCC1954, there is on 

average no visible trend between the two culturing conditions (Fig S4). 

The findings are summarized in Table 2, stating the overall mean and standard deviation of 

the medians of the kt distributions from each measurement day. The kt values from the MCF-7 

cells in the two different culturing conditions show a relatively large scatter.  However, kt 

values from cells in different media were nonetheless clearly separable, on average they were 

(9.0 ± 2.9) × 10
3
 s

-1
 apart. For the HCC1954 cells on the other hand, the average kt value is 

more stable between the different measurement days and culturing conditions, and yield a 

negligible average difference of only (-0.8 ± 3.1) × 10
3
 s

-1
. 

Taken together, the different culturing conditions yield a clear effect on the kt rates imaged in 

the MCF7 cells. The observed shift of the kt distribution indicates that cells grown in oxphos 

medium consume more oxygen than in normox medium, consistent with that they rely more 

heavily on oxidative phosphorylation to fulfill their metabolic needs. 
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Discussion 

Reduction of the irradiance requirements  

Using a high triplet yield dye such as Eosin Y allowed the applied laser irradiances in the 

TRAST measurements to be reduced by more than a factor of 100 compared to earlier work 

[30]. This strongly reduces the requirements on the excitation laser, which simplifies and 

reduces the cost of the instrumentation. Furthermore, reduction in irradiance during the 

microscopic imaging is beneficial for the survival of the cells. For excitation at 515 nm, light 

doses as low as 100 J/cm
2
 have been found to be harmful [45]. The TRAST measurements 

presented here generated exposures almost one order of magnitude below that level (15 J/cm
2
 

per TRAST image).  

The low irradiances used in this work also result in relatively low fluorescence intensity 

levels. However, the TRAST methodology does not rely on a high fluorescence brightness of 

the sample molecules, and given the margins up to potentially harmful light doses, lower 

fluorescence intensity levels can be compensated by longer acquisition times, higher labeling 

concentrations, and/or further improvements of the procedures described in this work. By 

choosing specially designed fluorophores such as Atto Thio 12, combining a high triplet state 

yield with good fluorescence properties [46], the fluorescence yield can most likely be even 

further increased.  

Shielding effects of the protein environment on the triplet rates of Eosin Y  

In our study, the triplet state yield and the triplet state relaxation rate of Eosin Y were found 

to be significantly lower when the dye was attached to proteins, as compared to when free in 

aqueous solution. Similarly, a triplet yield reduction has also been observed in 

phosphorescence lifetime studies for Eosin Y bound to proteins [47]. A possible reason for 

the observed reduction of the triplet yield can be related to differences in the local dye 

environment upon protein binding, whereas the decrease in kt is most likely explained by 

increased O2 shielding of the protein environment leading to a decreased collision rate 

between the fluorophore and dissolved O2. 
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 Eosin Y as an oxygen sensor in cell measurements  

Compared to the measured CEDA-SE labeled BSA, the kt of Eosin Y, measured within the 

MCF-7 cells, shows a clearly broader distribution, reflecting the heterogeneity of the 

intracellular environment, as well as a cell-to-cell variability, as noticeable in Fig 3B, Fig 4B 

and Fig 5B. The overall broader distribution in kt is indicated by comparing Fig. 2C and Fig. 

3G, showing the median and standard deviations of kt for increasing pO2 for the in vitro 

sample and for living MCF-7 cells. 

Compared to CEDA-SE labeled BSA, the kt,0 rates measured in the MCF-7 cells are 

approximately a factor of two higher, whereas the quenching rates kq  are within error 

margins the same. The higher kt,0 may be attributed to the complex intracellular environment, 

which is likely to include substances that can act as triplet state quenchers. In particular, 

certain thiol derivatives such as GSH are typically present in millimolar concentrations inside 

cells. They can act as a triplet state quenchers [38,48], and may thus contribute to a higher 

kt,0. However, as indicated by the [O2] calibration measurements on the MCF-7 cells (Fig 3F 

and Fig 3G), O2 acts as a major triplet state quencher in the cells, and any action of 

glutathione on the Eosin Y triplet state can be approximated as constant, at least for one and 

the same cell type under similar culturing conditions. For different cell types, kt,0 may vary. 

This was not further investigated in this study, but may then be used as a parameter for cell 

identification. Due to ongoing oxygen consumption in the cells, a decrease in the intracellular 

[O2] compared to the extracellular [O2] can be expected, and thereby also an artificially 

lowered intracellular kq. Experiments using mitochondrial blockers such as antimycin A or 

myxothiazol could provide a more accurate calibration of the Eosin Y triplet state sensitivity 

to oxygen. However, since kq did not change significantly between the cell experiments and 

the in-vitro calibration, it seems that differences in intracellular [O2] reproducibly transform 

into differences in kt. 
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Differences between the tested cell lines  

Our study shows that TRAST imaging can be performed on very different cell types, 

representing cells at different degrees of malignant transformation and originating from 

different tissue types. The studied breast cells all displayed relatively similar kt rates and 

oxygen concentrations. In contrast, much higher kt rates were found for the fibroblast cells 

BJ1 and BJTLTRas, indicating comparatively lower oxygen consumption, or possibly 

intrinsically higher kt quenching rates, in these cells. The studied breast cells can have a 

higher metabolism than the fibroblast cells, possibly coupled to their higher cell division 

rates. On the other hand, the transformed fibroblast cells (BJTLTRas) also have a higher cell 

division rate than the normal ones (BJ), but no differences in kt or koff could be seen between 

cell types (more than four different experiments for each cell type). This result is in 

agreement with the work of de Groof et al [49], who measured on primary and H-

RasV12/EIA transformed mouse embryonic fibroblasts and could not see a difference in 

oxygen consumption between primary cells and transformed cells after a high number of 

passages. Only directly after transformation an increased oxygen consumption could be 

measured. This indicates that apart from the cell division rate, also other factors, including 

oxygen permeability of the cellular membranes, surface-to-volume ratios of the individual 

cells, and concentration of other triplet state quenching compounds within the cells may 

influence the local oxygen concentration levels, the kt values, and may explain the differences 

in the observed kt values between the fibroblast and the breast cells. These factors also give 

rise to cell-to-cell variations in kt within one and the same sample. This variability 

complicates cellular identification on an individual cell basis. However, when kt is analysed 

over several cells in a sample, the variability in median kt rates observed for the same cell 

lines measured at different experiments was relatively low. For example, the six MCF-7 cell 

measurements in normox medium showed a standard deviation in the median kt of 6.4 % 

between different experiments (cf. table 2). Possible reasons for these deviations include 

differences in the metabolic state of the cells, for example due to differences in overall cell 

confluence. Instrumental sources of the deviations in kt include drifts in the calibration of the 

O2 sensor. 
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MCF-7 cells consume more oxygen when grown in oxphos medium  

In this study, it was shown that MCF-7 cells indeed consume more oxygen when grown in 

glucose free medium and when metabolizing glutamine through glutaminolysis and the TCA-

cycle. This confirms that MCF-7 cells can adapt their metabolism according to the available 

metabolite, in a similar fashion as previously demonstrated for HeLa cells [10]. However, no 

such effect could be observed for HCC1954 cells. HCC1954 cells showed already in glucose 

containing medium higher oxygen consumption rates than MCF-7 cells, reflected in the on 

average lower kt values (table 2). This could either be a consequence of different intracellular 

environments with different concentrations of possible triplet state quenchers, or an 

indication that oxidative phosphorylation is already upregulated in the HCC1954 cells. For 

MCF-7 cells in Oxphos medium, and for the HCC1954 cells, regions with low kt rates can be 

observed, in particular in the periphery of the cells. These regions coincide with the expected 

location of the mitochondiae, where a major part of the O2 consumption in the cells takes 

place, given that oxidative phosphorylation is active. Our data cannot prove that this is the 

underlying reason for the regions with low kt rates, but the observation is significant and 

gives an indication that subcellular regions with different O2 consumption can be resolved. 

Concluding remarks  

We have shown that TRAST imaging can be used to study the oxygen consumption of live 

cells, resolve differences in oxygen concentrations, permeability or intracellular environments 

of different cell types and within different regions of individual cells. Moreover, our 

measurements can resolve the modulation of the oxygen consumption of live cancer cells by 

substrate availability. Given the central role of metabolic deregulation, both as a promoting 

factor and as a hallmark of cancer, TRAST imaging may serve as an important tool to better 

understand the underlying mechanisms. The presented measurement procedures are broadly 

applicable, and unite high environmental sensitivity of long-lived transient states of dyes with 

the high detection sensitivity of the fluorescent readout. Apart from information pertaining to 

triplet state population dynamics, additional fluorophore states, such as photo-ionized states, 

can provide additional intracellular information, for instance regarding the redox state of the 

cells and its regulation. Given the central role of intracellular metabolism and redox 

regulation for a range of disease states and toxic influences, we foresee that the proposed 

methodology can find extensive use, both for diagnostic purposes, and for more fundamental 

cell biology studies. 
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Materials and Methods 

In vitro sample for calibration 

Cover slides with Bovine serum albumin (BSA) used as a linker to attach CEDA-SE were 

prepared as described in the supplementary methods part (Doc S1). 

Cell culture 

The four different breast cancer cell lines (MCF-7, HCC1954, MDA-MB-468; 184A1) and 

the two isogenically matched fibroblast (human BJ and tumorogenic BJ (BJTLTRas) cell 

types were cultured according to previous protocols [50–53], as described in Doc S1. 

For the metabolic studies, the HCC1954, MDA-MB-468 and MCF-7 cells were cultured in 

their respective normal oxidation (abbreviated as normox)  and oxidative phosphorylation 

(oxphos) media, as described in Doc S1.  

Fluorophores and staining 

Eosin Y, a brominated analog of fluorescein with a triplet yield over 50% [41], was used for 

the solution measurements. CEDA-SE is a non-fluorescent amine reactive conjugate of Eosin 

Y, which, similar to its fluorescein analogue CFDA-SE [54–56], is enriched in the cytosol of 

living cells where it binds non-specifically to amines and becomes fluorescent by the action 

of intercellular esterases. In the staining, special care was taken to avoid too high dye 

concentrations in the cells. The details of the cellular staining by CEDA-SE is described in  

Doc S1.  

Microscope Setup 

A scheme of the TRAST microscope is given in Fig. 6. The beam of a continuous wave, 

diode pumped solid state laser, (Calypso, Cobolt AB, Solna, Sweden) yielding 75 mW at 

491 nm was focused by a standard lens (f=80 mm) into an acousto-optical modulator (AOM, 

MQ180 AO, 25-VIS, AA Opto-Electronic, Orsay, France) generating on-off modulation, 

thereafter collimated by a another lens (f=300 mm), and a second telescope was used for 

further adapting the beam waist (total magnification ~ 5.4 ×, initial laser beam diameter: 

~ 0.7 mm) before the beam entered the back-port of a microscope stand (135 TV, Zeiss, 

Oberkochen, Germany). A collimated wide-field beam (waist ~80 µm, as measured by a knife 

edge test) was generated using a 40x 0.75 Ph2 objective (Zeiss). Approximately 55 % of the 
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laser power was transmitted through the illumination optics to the sample. The fluorescence 

is collected through the same objective, spectrally filtered using a 488 dichroic and a 

fluorescence filter (HQ 550/80, Chroma. Tech. Corp., Rockingham, VT) and then detected by 

an electron-multiplying charge coupled device (Luca, Andor Technology, Belfast, Northern 

Ireland, United Kingdom). The camera has 658 by 498 pixels sized 10×10 µm
2
, each pixel 

imaging an area of 250×250 nm
2
 in the sample. The setup was controlled with a graphical 

user interface programmed in MATLAB (the Mathworks, Natick, MA). The on-off 

modulation was set using a PCI 6602 card (National Instruments, Austin, TX) connected to 

the AOM controller (AA Opto Electronic). The camera exposition was controlled by a driver 

based on the MCD Software Development Kit from Andor Technology and the images were 

transferred directly to the user interface.  

The microscope is equipped with an incubation system (Chamlide IC, Live Cell Instrument, 

Korea), set to 37 °C for all the experiments. An automatic three gas mixing system (FC-7) 

from the same manufacturer was used to adapt the pO2 while the partial pressure of CO2 was 

kept constant at 5% throughout all cell experiments in order to maintain a constant pH of the 

medium.  

In the acquisition parameters of the experiments on labeled cells, the pulse widths of the 

modulated excitation were typically increased logarithmically in 20 steps from 100 ns to 

1 ms. For each chosen pulse width an image is acquired and the total illumination time for 

these images (total time when the sample is illuminated by the laser) was always chosen to be 

equal to the longest applied pulse width (1 ms). The duty cycle of the excitation was fixed to 

1 % for all experiments. The camera exposure time is thus 100 ms for each pulse-

width/image. After every fourth image, a reference measurement is acquired at the shortest 

pulse width, enabling correction of any photo-bleaching of the fluorescence signal over the 

course of the experiment. 

Lifetime measurements 

Fluorescence lifetime measurements by time-correlated single-photon counting were 

performed with an epi-illuminated confocal microscope equipped with stage scanning 

capabilities (see Doc S1).  

Fluorescence Response to a low Duty Cycle Excitation Pulse Train. 

The rate equations represented by the four state Jablonski diagram in Fig. 1 are solved as 
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previously described [28,32,35] However, since in our study kisc can be expected to be much 

higher than in the previous studies (
0110isc

kkk  ), previous simplifications of the model of 

Fig 1 are not applicable. For a fluorescent molecule, described by the four state model of Fig 

1, the average fluorescence rate within the excitation pulses of a low duty cycle pulse train 

with pulse-widths tp can be formulated as: 
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In the experiments, the fluorescence response  ptF  is calculated for each pixel and shows a 

spatial dependence. This is not explicitly stated in Eq 1, but is introduced in the next section. 

In Eq 1, F0 represents the average fluorescence emission rate in the absence of triplet and 

radical state populations: 
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Here, F  represents the fluorescence yield. The eigenvalues TF , and R  of Eq 1 represent 

the inverse relaxation times of the fluorescence build up (or equilibration between the singlet 

states upon onset of excitation), the triplet state (T) population build-up, and the redox state 

(D) population build-up, respectively:  
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In Eqs 2-3, 
exc

Ik 
01

 represents the excitation rate, with  denoting the excitation cross 

section of the fluorophore, and Iexc is the excitation irradiance.  

fk denotes the inverse fluorescence lifetime calculated according to isc10
1

ff kkk   . kt and 

kon denote the deactivation rates of the dark triplet (T) and photo-ionized (D) states, 

respectively. The effective intersystem crossing and photo-ionization rates, isck   and offk  , are 

given by: 
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All of the parameters in Eqs 1-4 except the pulse width, tp, could in principle have a spatial 

dependence. In confocal solution measurements it is assumed that the sample is homogenous, 

(showing the same photophysical parameters in every point), and only the excitation 
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distribution in the sample leads to spatial dependencies of 01k , isck   and offk  . In TRAST 

imaging under wide-field excitation however, the aim is to resolve spatial heterogeneities in 

some parameters. In this work, kt and koff are assumed to show a spatial dependence, and are 

fitted as free parameters to the experimental TRAST curves, while the relative changes in kf, 

kisc and kon are assumed to be small or negligible compared to those of kt and koff. The fixed 

parameter values used in the analyses of the data from the confocal measurements as well as 

from the wide-field measurements are listed in Table 1.  

TRAST: Pixel-wise analyses, including spatial dependencies  

and effective excitation rates 

In a TRAST experiment based on wide-field, pulse-train excitation, the average fluorescence 

intensity within an excitation pulse of width, tp, and detected by a pixel (α,β) on the camera, 

imaging the fluorescence around a position ),(  yx  in the sample reads: 

  rdzyyxxtrFrctF pDpD ),,CEF(),()(),,( 
   

 5 

Here, CEF denotes the collection efficiency function which is calculated for each pixel 

according to [35], ),( ptrF  is given by Eq 1 and )(rc  denotes the fluorophore concentration, 

which is approximated to be constant in the volume contributing to the fluorescence detected 

by each pixel. D  denotes the total detection efficiency of the optical path and the detector. 

To speed up the fitting of Eq 5 to experimental data, this 3-D calculation can be projected on 

one plane parallel to the plane of detection: 

)),,((),(),,(
01 ppD tyxkFctF  eff

D
   6 

Here, c(,) denotes the concentration imaged by pixel (,) and ),(eff
01  yxk  represents the 

effective excitation intensity that contributed to the fluorescence collected by the pixel (α,β). 
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In this case, the fluorescence ))(( 010 rkF is calculated according to Eq 2. The excitation rate 

distribution thus takes the singlet state equilibration into account. The depletion of 

fluorescence due to dark state build-up is neglected in the calculation of ),(eff
01  yxk . This is a 

valid approach for wide-field excitation since each pixel collects mainly fluorescence from 

regions of similar excitation intensities and the applied beam waists are significantly larger 
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(80 µm) compared to typical sizes of the collection efficiency function. Therefore 

neighboring fluorophores contributing to the fluorescence of a single pixel show similar dark 

state populations and their fluorescence emission is therefore equally affected by this 

fluorescence reduction. 

Data analysis 

Using the fluorescence images of the cover glasses labeled with CEDA-SE attached to BSA, 

the position of the wide-field beam in the sample can be related to its position on the camera 

image. Using this position, the absorption cross-section of the used dye, the measured power 

after the objective, and by use of Eqs (6-7), an effective excitation rate can be assigned to 

each pixel on the camera. 

The non-zero extinction factor of the AOM (approximately 0.1%) is accounted for by 

subtracting an image recorded with the AOM turned off from the other images. In order to 

reduce processing work and to improve the fluorescence signal statistics, the resolution of the 

cell images is reduced using the default bicubic interpolation algorithm in Matlab. The pixel 

sizes are thereby increased from 250 nm to 1 µm. Then a threshold of 10 to 20 % of the 

maximum fluorescence intensity is applied to only fit the data in pixels belonging to cells.  

 The decrease in fluorescence signal due to photobleaching is estimated using the reference 

images acquired after every forth image at the shortest pulse width and represented in red in 

Fig. 6 (in the two insets to the left). For every pixel, these curves are fitted to a single or a 

double exponential and the fitted decay parameters are then used to correct the acquired 

TRAST signal (blue curve). 

In a last step a matrix-wise pixel Marquart-Levenberg fit is applied to the TRAST curves 

according to Eq 1, with an effective excitation rate (Eq 7) assigned to each pixel (green curve 

in Fig. 6).  
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Image presentation 

As the resolution of the fitted kt and koff images is smaller than the one of the acquired 

fluorescence and phase contrast images (1 µm pixel sizes compared to 250 nm on original 

data), the kt and koff images have been resized using a “nearest neighbor” interpolation 

performed on the kt and koff matrices in Matlab, before mapping the pixel values to colors. 

According to [57], the nearest neighbor interpolation does not introduce any anti-aliasing, 

which would make edges appear smoother by averaging out pixels. Moreover all 2D 

histograms and further statistical analysis have been done on the original, non-resized, kt and 

koff images.  

Stern-Volmer equation 

Oxygen concentrations can be determined from the triplet relaxation rate according to the 

Stern-Vollmer equation. To enable this determination, the triplet relaxation rate in absence of 

oxygen, kt,0 and the bimolecular quenching rate , kq, need to be determined in a calibration 

experiment. 

 20, Okkk qtt    8 
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Supporting information 

- In vitro sample for calibration 

- Cell cultures 

- Fluorophores and staining 

- Fluorescence lifetime measurements 

- Oxygen solubility 

Fig S1: Boxplot comparison of 4 different cell lines MDA-MB-468, MCF-7 and  HCC1954 cells 

cultured in normox medium in presence of glucose (+) or in absence of glucose (-, oxphos). 

184A1 cells are also included in this comparison but have only been grown in normox 

medium.  

Fig S2: Overview of MCF-7 cultured in normox and oxphos medium. 

Fig S3: Overview of HCC1954 cultured in normox and oxphos medium. 

Fig S4: kt distributions of MCF-7 and HCC1954 cells cultured in normox medium or oxphos 

medium during different experiments 
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Tables 
 

 

Table 1: Parameter values used in the data analyses 

Assumed parameters, kept fixed in the analyses of the data from the TRAST measurements on free 

dye in PBS and of the live cell TRAST imaging data. The excitation cross sections are given for an 

excitation wavelength of 491 nm. The fluorescence lifetime, τf, of Eosin Y has been determined by 

lifetime measurements in solution. Fluorescence lifetime imaging (FLIM) has also been performed 

on CEDA-SE labeled BSA attached to a cover glass and on CEDA-SE labeled cells.  

 

Fluoro-

phore 

Environment 
 21610 cm





 
 ns

f


 

Rh110 PBS, pH 7.4 2.9
(1) 4.1

(2)
  

Eosin Y PBS, pH 7.4 1.7
(3)

  0.97
(4) 

CEDA-SE protein bound  1.7
(3)

  1.7
(4) 

 

1 For Rh110, σ (λ=491 nm) is estimated nm using the absorption spectrum Rh110 from (Life Technologies)  and  a published value of 

σ (λ=488 nm) = 2.5×10-16 cm2 [42]  

2 [42]  

3 For Eosin Y and CEDA-SE, σ (λ=491 nm) is estimated using the excitation spectrum of Eosin Y in water (own measurements) and  

a published value of σ (λ=516 nm) = 3.7×10-16 cm2 [41] . 

4 Own measurements 

 

 

Table 2: Overview of the measured kt rates in the MCF-7 and HCC1954 cells, grown in 

differential culture media. 

 

Cell line n Culturing 

condition 

Mean kt 

×10
3
 (1/s) 

Std kt 

×10
3
 (1/s) 

MCF-7 6 Normox 70.8 4.5 

  Oxphos 61.8 5.2 

  Average kt  

difference 

9.0 2.9 

HCC1954 5 Normox 56.4 2.5 

  Oxphos 57.1 4.6 

  Average kt  

difference 

-0.8 3.1 
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Figure legends 

 

 

Figure 1: Simplified electronic state diagram of a typical fluorophore. The model consists of a 

ground singlet state S0, an excited singlet state S1, a triplet state T1, and an additional photo-ionized 

dark state, D. The excitation rate from S0 to S1 is denoted k01. The decay rate, k10, comprises both 

radiative and non-radiative decay path-ways from the S1 to the S0 state. The intersystem crossing 

rate from S1 to T1 is denoted kisc and kt is the triplet decay rate from the T1 to the S0 state. The 

second dark state, D, can represent either a photo-oxidized, a photo-reduced state, or a mixture of 

both, depending on the environmental conditions and the used fluorophore. koff is the rate going into 

D and kon is the rate of turning the fluorophore on again.  

 

 

Figure 2: Characterization of Eosin Y and its triplet state decay as an oxygen sensor. (A): 

Normalized fluorescence intensities versus excitation pulse width (TRAST curves) of different 

dyes, measured in a confocal configuration using two different excitation intensities (Iexc): Iexc,high ≈ 

40 kW/cm
2
 and Iexc,low ≈ ~6 kW/cm

2
. Dyes were dissolved in air saturated or deoxygenated PBS 

solution at pH 7.4 (denoted respectively by “air” or “N2”). Experimental data points were fitted to  

Eq 1 (lines), with residuals shown in the lower plot. The difference between each TRAST curve and 

its corresponding dashed line indicates the approximate triplet state amplitude. (B): Normalized 

TRAST curves measured at different pO2 on a CESE-BSA sample in a wide-field configuration and 

at Iexc,low ≈ 440 W/cm
2
. Lines: corresponding fits to Eq 6. (C): Dependence of the mean triplet 

relaxation rate, kt on the pO2, as determined from the curves in (B). Error bars represent standard 

deviation of kt over the 40x40 µm
2
 region in the center of the excitation. 

 

 

Figure 3: TRAST detection of varying partial pressures of O2 in MCF-7 cells. (A-B): 

Fluorescence images (A) and corresponding kt images (B) of a set of MCF-7 cells exposed to 

varying pO2 (as indicated in the figure). (C-E): Histograms of kt – koff parameter values, determined 

in the individual pixels of the images shown in (B). (F): Experimental and fitted TRAST curves 

averaged over the fluorescence images in (A) (G): Dependence of the mean kt value of the images 

in (B) on pO2. Error bars represent the standard deviation of the kt values over the images.  
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Figure 4:  Differences between the tested cell lines. (A): Fluorescence intensity images of 

different cells overlaid on the phase contrast images. (B): kt-maps corresponding to the images in 

(A). (C): koff-maps corresponding to the images in (A).  

 

 

 

Figure 5: Influence of the available metabolite on the O2 consumption of MCF-7 and 

HCC1954 cells. Comparison of typical MCF7 and HCC1954 cells cultured either in normox media 

or oxphos media (as indicated in the figure). (A-B) show phase contrast images overlaid with 

fluorescence images (A) and with kt images (B). More images of MCF-7 cells are shown in the Fig. 

S2 (MCF-7 cells) and Fig. S3 (HCC1954). (C-F) Histograms showing the kt and koff distributions of 

the pixels included in 9-16 images of the respective cells grown either in normox or in oxphos 

medium as indicated in the histograms. For the normox MCF-7 cells in (C) a fit of the kt-

distribution yields kt = (70.1 ± 12.5) × 10
3
 s

-1
 and a fit of the koff-distribution yields koff = (0.61 ± 

0.19) × 10
3
 s

-1
, whereas the oxphos MCF-7 cells in (D) yield kt = (60.8 ± 10.19) × 10

3
 s

-1
 and koff = 

(0.55 ± 0.17) × 10
3
 s

-1
. Only a minor shift in the kt-distribution can be observed for the HCC1954 as 

a fit of the kt- and koff-distributions yields respectively kt = (54.0 ± 11.0) × 10
3
 s

-1
, koff = (0.67 ± 0.34) 

× 10
3
 s

-1
 in the normox case (E) and kt = (53.1 ± 10.5) × 10

3
 s

-1
, koff = (0.68 ± 0.33) × 10

3
 s

-1
 under 

oxphos culturing conditions (F). In all these histograms, koff values below 0.05 and above 3 × 10
3
 s

-1
 

have been excluded from the histograms. 

 

 

 

Figure 6: Setup and measurement principle. The green lines show the laser-excitation pathway 

through the AOM, yielding pulse trains with increasing pulse widths but constant duty cycle. The 

pulsed laser excitation is focused on the back focal plane of the objective. A wide-field beam 

illuminates the sample, placed in a microscope incubation system. The fluorescence image is 

collected by a standard EM-CCD. A series of images is acquired at different pulse widths of 

excitation and yields for each pixel a calibration curve (in red) and a TRAST curve (in blue). The 

calibration curve is used for correcting photo-bleaching of the sample over the course of the 

measurement. The TRAST curve is fitted to Eq 1 represented in the lower left inset as the green line 

on top of the corrected TRAST curve (blue). 
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Doc S1: Supplementary methods 
In vitro sample for calibration 

Bovine serum albumin (BSA) used as a linker to attach CEDA-SE to the cover slides. A droplet of 

BSA solution was deposited on the cover glass slides and incubated for 20 minutes at room 

temperature. After three washing steps using deionized water, a droplet of PBS solution containing 

~ 10 µM of CEDA-SE was applied to the slides. In this step the dye bound to the protein by amine 

binding. After incubating for at least 10 minutes, the sample was washed 3 times with PBS and then 

kept in this medium until experiment. Sufficient amounts of the initially dark fluorophores were 

turned fluorescent by hydrolysis of the acetyl moieties bonds in the PBS solution at a pH of 7.4. 

Cell culture 

Four different breast cancer cell lines were used. MCF-7 [50], was cultured routinely in MEM 

(31095029, Invitrogen Inc., Eugene, OR, USA) supplemented with 10 % fetal bovine serum (FBS, 

Invitrogen Inc.), 0.4% of the 100x non-essential amino acids solution (NEAA, S8636, Sigma 

Aldrich, St. Louis, MO) and 1 mM sodium pyruvate (M7145, Sigma Aldrich, St. Louis, MO). 



HCC1954 cells (ATCC no CRL-2338) were cultured in RPMI (21875034, Invitrogen) 

supplemented with 10 % FBS [51]. MDA-MB-468 (ATCC no HTB-132 cells) were grown in 

DMEM (41966029, Invitrogen) supplemented with 10 % FBS [51]. 184A1 (ATCC no CRL-8798), 

[52]  was cultured in DMEM/Ham’s F-12, 0.5% FBS, 0.005 mg/ml transferrin and 1 ng/ml cholera 

toxin. 

Primary human BJ and tumorgenic BJ fibroblasts expressing the catalytic subumit of telomerase, 

the simian virus 40 large T antigen and the oncogenic H-Ras V12 (BJTLTRas) [53] were cultured in 

DMEM (high glucose, glutamine, and sodium pyruvate, Invitrogen) with 10 % FBS  and antibiotics 

(penicillin and streptomycin). 

For the metabolic studies HCC1954 and MDA-MB-468 were cultured in their respective normal 

medium including additions, called normal oxidation (abbreviated as normox) medium. Their 

respective glucose-free medium (RPMI without glucose: 11879020, Invitrogen, DMEM without 

glucose: 11966025, Invitrogen) are termed oxidative phosphorylation (oxphos) medium. For MFC-

7 cells a normox medium of DMEM (41966029, Invitrogen, with added NEAA) was chosen since it 

exists in the glucose free formulations (11966025, Invitrogen). For each cell line, the oxphos 

medium was additionally supplemented with 10 mM galactose (G0750-25G, Sigma Aldrich, St. 

Louis, MO)  and 2 mM glutamine (4 mM in total, 25030032, Invitrogen) as suggested by [10]. 

Except for glucose, the same additions as for the respective normox media were added to the 

oxphos media. Three to four days before experiment, the breast cancer cell lines, cultured in glucose 

containing medium were changed to their normox or oxphos medium when seeding them in Nunc 

Lab-Tek II, 1.5 borosilicate coverglass 8 wells (Thermo Fisher Scientific, Waltham, MA) and were 

then grown in that medium until the experiment. Special care was taken not to introduce any 

residual amounts of glucose when plating the breast cancer cells in oxphos medium. The other cell 

lines were plated in the normal culturing medium. 

Fluorophores and staining 

Halogenated derivatives of fluorescein dyes are known for their high triplet yields. Eosin Y is a 

brominated analog of fluorescein with a triplet yield over 50%, still showing a reasonable 

fluorescent yield of ~20%. [41]. CEDA-SE is a non-fluorescent amine reactive conjugate of Eosin Y. 

Similar to its fluorescein pendant, CFDA-SE, extensively used in flow cytometry [54–56], CEDA-

SE is enriched in the cytosol of living cells where it binds non-specifically to amines and becomes 

fluorescent by the action of intercellular esterases. 

For staining, the cells were washed twice with 37 °C PBS to remove FBS from the cells. Then the 

cells were incubated for 10 minutes (at 37°C, 5 % CO2) in a PBS solution containing 2-7 μM 



CEDA-SE (C22803, Invitrogen) depending on the cell type. After incubation, the cells were washed 

twice in full cell culture medium (either normox or oxphos) and transferred to the microscope cell 

chamber system setup at pO2 of typically 5% and a temperature of 37°C. Before starting the 

experiments, a waiting time of 30 minutes ensured that oxygen equilibration had taken place in the 

medium and that the acetate hydrolysis of the esterases was completed, making the probe 

fluorescent. 

Even though the same labeling protocol is used, the final cytosolic fluorophore concentration can 

vary between different experiments. However it cannot be accessed exactly with simple means such 

as the fluorescence intensity at identical illumination conditions since it can be influenced to various 

degrees by fluorescence quenchers in different cell lines and cell culturing conditions. Therefore the 

fluorophore concentration was not precisely monitored, but the labeling concentration was varied 

within the stated margin to obtain similar fluorescence intensities for all experiments. This was to 

avoid that high fluorophore concentrations would generate higher koff and kt values in the cells, 

attributed to an increased probability of dye-dye interactions at high dye concentrations, which can 

increase the deactivation rates of both the triplet (T) and the photo-ionized state (D).  

Lifetime measurements 

Fluorescence lifetime measurements by time-correlated single-photon counting were performed 

with a typical epi-illuminated confocal microscope equipped with stage scanning capabilities. Cell 

samples and dye solutions (as described above) were excited with a 476nm pulsed (repetition rate: 

50 MHz) laser ( Becker and Hickl, Berlin Germany / LASOS , Jena, Germany) at a power of around 

2µW (cell samples) or 20 µW (dye solutions), as measured at the objective (Olympus UPLANAPO, 

60x/1.20w). The excitation beam was guided to a microscope stand  (OLYMPUS IX70, dichroic 

mirror 500/646 Brightline Semrock, NY, USA, filter 525/50 Brightline Semrock, NY USA with a 

scanning stage (MadCityLabs, Madison, USA). The detection was performed either by two 

avalanche photodiodes (SPCM AQR-14; PerkinElmer Inc.,Waltham, USA) and/or by two Hybrid 

photo-multiplier tubes (HPM-100-50; Hamamatsu, Japan). Images [128x128 pixels] over a field of 

view of 43µm were obtained, and fluorescence lifetime data were analyzed by a software package 

developed by the group of CAM Seidel, Heinrich-Heine Univ, Düsseldorf (http://www.mpc.uni-

duesseldorf.de/seidel/index.htm). Standard model functions, based on single exponential 

fluorescence decay, and including deconvolution of the laser pulses, were used for fitting the 

experimental fluorescence decay curves by a non-linear least squares approach [12]. 

Oxygen solubility in solution 

In order to transform the bimolecular quenching rates from units of inverse partial pressures  



atm-1 s-1 to inverse molar M-1 s-1, the solubility of oxygen was calculated according to Henry’s law:  

[ ] 222 OO pKO =   S1 

In this work, Henry’s constant, KO2 for O2 solubility in water at 37°C was used according to [43]: 

001.02 =OK M-1 atm-1.  



Supplementary Figures 
 

 

 

Figure S1: Boxplot comparison of measured kt in 4 different breast cell lines M1 (MDA-MB-

468), M7 (MCF-7), T2 (HCC1954) and N1 (184A1) cultured in normox medium in presence of 

glucose (+) or in absence of glucose (-, oxphos). The largest change between the two culturing 

media is visible for MCF-7 cells. For each box, the central mark denotes the median, the edges of 

the box are the 25th and 75th percentiles, and the whiskers indicate the 1.5 IQR (interquartile 

range ,corresponding to approx a range of +/- 2,7 standard deviations). 



 

 
Figure S2: Additional examples of TRAST images obtained from MCF-7 cells grown in 

oxphos or normox media. Top four rows: MCF-7 cells cultured in normox medium; lower four 

rows: MCF-7 cells cultured in oxphos medium. In each set of four rows, the first row shows phase 

contrast images, the second row shows fluorescence images, the third row shows kt images whereas 

the last row shows kox images. 



 

Figure S3: Additional examples of TRAST images obtained from HCC1954 cells grown in 

oxphos or normox media. Top four rows: HCC1954 cells cultured in normox medium; lower four 

rows: HCC1954 cells cultured in oxphos medium. 



 

Figure S4: Summary of determined kt from experiments on breast cells. A: Outcome of 

experiments on MCF7 cells on 6 occasions, in red (to the left of each column) cultured in normox 

medium and in blue (to the right of each column), cultured in oxphos medium. The shift in kt is 

between the two culturing media is statistically significant (p=0.000). The number of cell images 

accounted for at the given experiment is noted below the plot in parenthesis. B: Outcome of 

experiments on HC1954 cells on 5 occasions, in red (to the left of each column) cultured in normox 

medium and in blue (to the right of each column), cultured in oxphos medium. For each box, the 

central mark denotes the median, the edges of the box are the 25th and 75th percentiles, and the 

whiskers indicate the 1.5 IQR (interquartile range ,corresponding to approx a range of +/- 2,7 

standard deviations). 
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