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Measurements of absolute concentrations of
NADH in cells using the phasor FLIM method

Ning Ma, Michelle A. Digman, Leonel Malacrida, and Enrico Gratton”
Laboratory for Fluorescence Dynamics, Biomedical Engineering Department, University of California, Irvine, CA

92697, USA
“egratton22@gmail.com

dO [ed1pawolg

Abstract: We propose a graphical method using the phasor representation
of the fluorescence decay to derive the absolute concentration of NADH in
cells. The method requires the measurement of a solution of NADH at a
known concentration. The phasor representation of the fluorescence decay
accounts for the differences in quantum yield of the free and bound form of
NADH, pixel by pixel of an image. The concentration of NADH in every
pixel in a cell is obtained after adding to each pixel in the phasor plot a
given amount of unmodulated light which causes a shift of the phasor
towards the origin by an amount that depends on the intensity at the pixel
and the fluorescence lifetime at the pixel. The absolute concentration of
NADH is obtained by comparison of the shift obtained at each pixel of an
image with the shift of the calibrated solution.

©2016 Optical Society of America
OCIS codes: (180.0180) Microscopy; (180.2520) Fluorescence microscopy.
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1. Introduction

The accurate determination of concentration of common cellular metabolites is fundamentally
important for understanding cellular metabolism and changes in metabolism due to cell cycle,
stress, cancer, diabetes and neurodegenerative diseases [1—10]. In fluorescence microscopy,
the measurement of the concentration of a fluorescent molecule in a cell is commonly
achieved by a calibration procedure in which the fluorescence signal is measured for a known
concentration of the substance in a homogeneous solution and then this signal is compared
with the signal from the fluorophore in the cell. This method works when the intensity of the
fluorescent substance is greater than any fluorescent background, when there is only one
fluorophore in the sample and when there is no change of the quantum yield of the
fluorophore from the solution used for calibration and the quantum yield of the fluorophore in
the cell.

NADH (the reduced form of the nicotinamide adenine dinucleotide) is an intrinsic
fluorescent, common and abundant co-enzyme related to metabolism found in every living
cell. For this specific fluorescence substance, a simple calibration procedure as described
above cannot be applied because NADH exists in at least two forms, in the free state, with a
lifetime of approximately 0.4ns (low quantum yield) and in the protein bound state, where the
quantum yield could be much higher. Unless we know the relative amount of the free and
bound form of NADH in every pixel of the image, the simple calibration procedure based on
comparison with the intensity of a calibrated solution [11] cannot be applied because the
quantum yield is not the same as in the solution. Furthermore, there is a very small spectral
difference between the free and bound form of NADH. The lifetime of the pure bound form of
NADH is not easy to obtain directly from biological samples since the NADH concentration
is large and the concentrations of enzymes is low in typical cells. Lifetime values reported in
the literature for NADH range from 1.4 to 9 ns possibly due to a combination of bound and
free forms and due to protein aggregation or sequestering [5, 6, 9, 10, 12-24]. This very large
range implies that the specific protein binding to NADH could strongly affect the quantum
yield of NADH. Methods based on the determination of exponential components in the decay
associated with different molecular species have been proposed to yield the concentration of
NADH in cells [25] but methods based on the fit-free phasor approach to the best of our
knowledge have not been described.

In this paper we propose a graphical method that will resolve the issue of the two different
quantum yields of NADH and provide absolute values of the NADH concentration using a
single calibration with a solution of free NADH of known concentration. The proposed
method makes use of the phasor representation of the fluorescence lifetime and of a graphical
solution of the changes of the phasor position at each pixel of an image when a given amount
of unmodulated light is added to the entire image [26]. The addition of light to the lifetime
decay does not require the physical addition of light in the detection pathway. In fact, it can be
achieved mathematically by adding a constant value to the decay at each pixel. To our
knowledge, this is the first time that such graphical approach is proposed.

The proposed graphical approach could be applied to any combination of molecular
species in a pixel provided that the quantum yield of each species is known. Although in this
paper we describe the determination of absolute concentration of NADH, the same approach
could be applied to the determination of other substances such as retinoic acid, folate and
flavins that have different quantum yield in cell with respect to solutions [27-29].
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2. The phasor method to determine absolute concentrations of NADH in cells

Phasor plot Phasor plot
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Fig. 1. a) Phasor representation of a single exponential component on the universal circle (blue
circle) and a component of unmodulated light at the origin (black circle). b) Experimental
value of the free-NADH lifetime (blue circle). When different amounts of unmodulated light
are added to the sample, the phasor position moves towards the origin according to phasor
addition. In this figure, we use a physical source of unmodulated light to shift the position of
the phasor of the free-NADH. A mathematical addition of a constant to each pixel of the decay
gives the same plot.

In Fig. 1(a) we schematically show the principle of the method. The blue circle indicates the
phasor position of free-NADH, which could be obtained experimentally as shown in Fig. 1(b).
The phasor position of the free-NADH lies on the universal circle hence the lifetime of this
species is well approximated by a single exponential. Since the fluorescence lifetime is
independent of a constant intensity value to the measured decay, the phasor of this
unmodulated light is at the origin (Fig. 1, black circle). The constant intensity could be an
external light source or, more conveniently, we can add a constant number to the record of the
decay. In either case we will call it measurement with “external light added”. After the phasor
transformation, there is no difference whether the decay was measured in the frequency
domain or in the time domain using the popular TCSPC [26]. In either case the phasor of the
solution of free-NADH moves toward the origin. For the measurements shown in this paper,
all measurements were obtained with the TCSPC card as described in the method section.

As we increase the amount of the unmodulated light added, the phasor of the free-NADH
solution moves towards the origin due to phasor addition [26], as shown experimentally in
Fig. 1(b). However, the amount of shift toward the origin depends on the relative intensity of
the free-NADH solution and the amount of external light added. The intensity depends on the
concentration of the solution and the quantum yield of the fluorophore. Figure 1(b) shows a
series of measurements in which a solution of ImM NADH is added with an increasing
amount of unmodulated light L. In this case we actually added an external light source, but
the same effect could be obtained if we “mathematically” add a constant to the measured
decay. For a given amount of light added, the shift toward the origin depends on the total
fluorescence of the solution of NADH (our calibration solution). Therefore by measuring the
shift for a given amount of “external light added” we can determine the concentration of an
unknown solution by comparison with the calibrated solution (Fig. 1(b)). Specifically, the
distance (M) of the blue circle from the origin can be expressed in terms of the external light
intensity L and the amount F of fluorescence emitted by a known concentration of NADH
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M = L
L+F

(1

The value of M, which is the modulation of the phasor in Fig. 1(b) can be measured with high
precision for each value of L added. In this paper we will use the projection of M on the x-
axis that we call the g-coordinate, as done in most of the papers using phasors.

In Fig. 2 we show the experimental graph of the g-coordinate calculated using the
following formula

L
L+F

2=8 2
where g0 is the g-coordinate of the calibration solution without external light added and the
values of F and L are obtained directly from the average of the intensity of the calibrated
solution and from the amount of “external light added”, respectively, as defined in Eq. (1).
Since the amount of “external light added” is known, the only experimental quantity we need
is the intensity F of the free-NADH solution used for calibration.

1.2

R*=0.9507
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Fig. 2. Relationship between the experimental value of the g coordinate of the phasor plot and
the value of g calculated using Eq. (2), for different amounts of external light L

While in Fig. 2 we show several points, only one point with “external light added” needs
to be obtained along the line of calibration since the g0 value is directly measured and the
calibration line must pass through the origin. This single point along the line in Fig. 2 will be
the calibration point we will use to determine the concentration of an unknown sample. Of
course, the same amount of “external light added” should be used for the measurement of the
unknown sample.

3. Linear combination of free and bound NADH

In this work we focused on the measurement of the absolute concentration of NADH in every
pixel of an image of a cell. All of the measurements were done using a 2-photon laser
excitation set to 740nm and the emission was collected with emission bandpass filter (460/40
nm) to select the emission of NADH. Previous measurements in our lab have shown that the
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NADH lifetime when bound to the LDH (Lactate Dehydrogenase) enzyme is ~3.4ns [27, 30].
For this work, we repeated the measurements to obtain the value of the NADH lifetime bound
to LDH and the value of the free form of NADH in solution. We found that our measured
lifetimes are in full agreement with previous measurements. In Fig. 3(a), the phasor of NADH
for a combination of free and bound NADH in a given pixel should fall along the green line in
Fig. 3(a) from the blue (free NADH) to the red circles (bound NADH). The phasor clusters in
Fig. 3(a) correspond to experimental values determined for this work using the same
instrument used for all measurements reported here.

Phasor plot Phasor plot
a b
1 1]
L @
d
= Bound to LDH =
2 5
o 0.5 o 05
9 ?
’ \ ’
-/
0 0
0 0.5 1 0 0.5 1
G-coordinate G-coordinate

Fig. 3. Linear combination of free and bound NADH. a) The blue and red circles indicate the
phasor position for free and bound NADH, respectively. Underlying the circles is the
experimentally determined phasors of the free and bound form of NADH. Every possible
combination in a pixel of free and bound NADH will be on the green line joining the phasor of
the free and bound NADH. b) Upon addition of the external light, the phasor of the free and
bound NADH moves toward the origin, but in different amounts as indicated by the red line.
However, all points of the shifted red line have the same concentration equal to the
concentration of the calibration solution since the solution phasor has moved by a given
amount along the line of linear combination with the phasor at the origin.

Along this line every point represents a different linear combination of free and bound
NADH. As the “external light” is added, the entire line of linear combination will move
according to the changes of position of the red and blue circles, respectively. Since the red
circle represents molecules with high quantum yield (long lifetime) while the blue circle
represents molecules with low quantum yield (short lifetime), the two points will move by
different amounts as shown in Fig. 3(b), red line. All points along the red line in Fig. 3(b)
have the same concentration which is equal to the concentration of the calibration NADH
solution. However, if some pixels in the image contain a smaller amount of NADH (than the
calibration solution), they will move further toward the origin than pixels where NADH is
more concentrated. From this shift we can determine the absolute NADH concentration in
every pixel of the image.

4. Determining the absolute concentration of NADH in cells

Figure 4(a) shows the autofluorescence of a CHO-K1 cell by two-photon excitation at 740
nm, with an emission filter at 460/40 nm and the corresponding phasor plot is show in Fig.
4(b).
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0.5 P

0 05 ¢ 1

Fig. 4. a) Intensity image of a CHO-K1 cell in a gray scale. b) The phasor plot shows two
characteristic clusters shown by the red and green cursors. ¢) All pixels in the red cursor are
painted in red and all pixels in the green cursor are painted in green.

In the phasor plot of Fig. 4(b) there are two major clusters, one highlighted by the green
cursor corresponding to shorter lifetime values in the cell nucleus and the other cluster
highlighted by the red cursor with longer lifetime values and painted in red corresponding to
pixels in the cytoplasm (Fig. 4(c)). However, in the cytoplasm there are regions of equal
lifetime but very different intensities (Fig. 4(a)). Based on intensity only we cannot tell if the
concentration of NADH in the cytoplasm is similar in every pixel and different from the
nucleus. It could be that the concentration is the same but the quantum yield is very different
in different parts of the cell.

When the external light is added to every pixel of the image, the image contrast changes
(Fig. 5(a)) and the entire phasor distribution moves toward the origin (Fig. 5(b)). It is easy to
see that some pixels move more than others toward the origin, indicating different NADH
concentration in these pixels.

0
0 05 ¢ 1

Fig. 5. a) Same CHO-K1 cell as in Fig. 4 with external light added. Note that the contrast of the
image is quite different from Fig. 4(a). b) Comparing panels b in Figs. 4 and 5 we can
determine that some pixels of the image have moved more than others toward the origin,
indicating a different concentration of NADH in those pixels. ¢) Same image colored according
the cursors selection in panel b.

To obtain the NADH concentration in the various parts of the cell, we use the calibrated
phasor plot for a given intensity of the external light (Fig. 3(b)). In Fig. 6 we show how to use
the calibration to display the concentration of NADH of the various pixels of the image.
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Fig. 6. The cell phasor plots are shown in the background of each of the panels in this figure
together with the phasor plot obtained with a certain amount of external light added. a) The
amount of light added moves the red line to the position shown in panel a). All pixels with
phasors along the red line have equal concentration (0.29 mM). These pixels correspond to the
nucleus and part of the cytoplasm of the cell as shown in Fig. 5(b). b) Using less external light,
the red line moves away from the origin. All points along this line have a concentration of
0.89mM. These points are selected by the red cursor in Fig. 5(b) and they map to the brighter
pixels in the cytoplasm. ¢) Increasing the amount of added light, the red line moves toward the
origin. The pixels selected in this region of the phasor plot map to certain regions of the
cytoplasm where the concentration is about 0.12mM. d) Zoomed part of panel c¢ near the
origin.

The cluster region indicated by the small red dot along the line blue-red after addition of a
given amount of external light moves to the point corresponding to the intercept of the blue
line with the red line. The red line position is directly proportional to the NADH
concentration so that all points along the red line have the same concentration. For this
position of the red line the concentration is 0.29mM. We have already identified in Fig. 4 that
the selection of this cluster corresponds to pixels in the nucleus. Now we move the blue line
to the other cluster that was identified with points in the cytoplasm. After adding the external
light, this cluster moves to the position indicated by the red line in Fig. 6(b). Along this line
the NADH concentration is 0.89mM. In Fig. 6(c) (zoomed in Fig. 6(d)) we show that there are
other pixels, originally in the cytoplasm that move to a different position along the blue line.
This position corresponds to a concentration of 0.12mM.

Finally, a simple software algorithm can paint the original image pixel by pixel using a
color scale based on concentration rather than fluorescence intensity. This is shown in Fig. 7.
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Fig. 7. a) Intensity image of NADH in a CHO-K1 cell. The color scale is in counts/pixel/frame.
b) NADH concentration image according to the method described in this paper. The
concentration scale was calibrated using a solution 1mM free-NADH.

5. Discussion

To calibrate for the absolute concentration of NADH in cells, we need a FLIM measurement
of intensity of a known solution of free-NADH measured with the same illumination
condition used for the cells. Once the FLIM image is obtained, the graphical method for the
absolute determination of the NADH concentration is very rapid, automatic and provides
accurate values of concentration as long as some assumptions are satisfied. /) The relative
quantum yield of the components (free and bound NADH) must be known or it must be
measured. These are the blue and red dots in Fig. 3(a) where we show the experimentally
measured values. i) There are no other major contributions to the fluorescence than the
assumed species. iii) The volume of exploration (the height of the confocal slice) must be
uniform across the sample.

In the case of NADH, the quantum yield could be assumed to be proportional to the
lifetime of the two states (bound and free) so that they can be determined by independent
measurement [31]. As discussed in the Introduction, the phasor position of free-NADH is easy
to measure. For the bound NADH the phasor position could be obtained from solution
experimental data by drawing a line from the phasor of the free NADH passing through the
experimental data and intercepting the universal circle at the position of the bound NADH.
However, given the binding constant for some of the enzymes, the concentration of the
enzyme must be relatively large to favor the bound species. At high enzyme concentration we
have to account for potential enzyme aggregation. This extrapolation procedure could be
directly applied to data from a cell provided that the phasor distribution is mainly along a
straight line, which is the case for the data shown in this work (Fig. 4(b)). The values obtained
by this procedure for NADH are in the known range of typical values of NADH in cells [25].
Specifically, values reported in [25] using lifetime methods for the cytoplasm of breast cancer
cells and for normal breast cells are in the range of 168 uM and 97 uM, respectively. Zhang
and associates [32] estimated the NAD(P)H) concentration in the nucleus of Cos-7 cells to be
in the range of 113 uM. In a recent comprehensive review of the various methods available to
determine the concentration of NAD(P)H and other co-enzymes, Heikel reports values in the
range of those measured in the CHO-K1 cell used as demonstration in this work [33]. Clearly,
before concluding that the graphical method proposed in this paper to determine the
concentration of NADH is accurate and precise, much more systems need to be measured and
compared with classical biochemical methods. It is encouraging that our simple method
provides concentrations in agreement with the current literature.

The graphical procedure discussed in this work could be applied to unknown samples.
Consider the following situation: two fluorescent proteins have the same lifetime, which is
frequently the case, so that they will be on the same spot on the universal circle in the phasor
plot. If the two proteins have different brightness when we add the external light, they will
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move different amounts toward the origin. From the amount of shift we could determine their
relative brightness. If we know the concentration, we can determine the relative quantum
yield. This situation is important for the case in which a biosensor has two states with
different lifetimes and we need to know the concentration of the two species. Various research
groups have discussed how this can be achieved and have developed spectral analyses to
solve this problem [34-39]. Here we are suggesting that an alternative method could be the
use of the FLIM method developed in this work.

When collecting a FLIM image, we are measuring the lifetime at each pixel. If there are
other substances and they contribute differently in different regions of the cell, then we should
be able to separate the contribution of additional species and build a graphical analysis model
for 3 components instead of the two-component model used here. Note that the experimental
values of the fluorescence lifetime in the cell (Fig. 6) align along the line between free and
bound NADH. In the specific example discussed in this work presumably we only have the
mixture of 2 components in each pixel. This is not always the case and in many experiments
of cell autofluorescence using the same excitation and emission filters used in this work we
observe pixels that are not along the line of linear combination of free and bound NADH [30].

For the calibration solution, the intensity is coming from the entire volume of excitation.
In the case of cells, the intensity could arise only from a part of the volume of excitation. If
the volumes of excitation are different then the concentration in the entire volume of
excitation is average with parts that could contain more or less NADH. For example, in a thin
lamella of a cell the volume of excitation could be a small section of the cell. In this case what
we are measuring is the average concentration.

If strong scattering is present, such as occur in thick tissues, the fluorescence intensity will
be a function of the depth in the sample but the NADH lifetime is independent of the
scattering. In this case the NADH concentration must be corrected for an additional term
which is due to the attenuation of the signal in the sample. This scattering term could be
calibrated using a thick scattering sample for the calibrated solution. The slope of the intensity
as a function of depth for the solution with added scattering could be compared to the slope of
the loss of signal in the sample; hence an additional correction term could be derived.

Apart from the systematic errors discussed above, there is an error in the determination of
the concentration due to the uncertainty in the determination of the intensity and the lifetime
at each pixel. The errors associated with the calibration solution are minimal since ImM
NADH solution is very bright. In that phasor representation, the error in the position of the
phasor from a pixel only depends on the photon collected at each pixel. In the measurements
shown in this work, the counts per pixel per frame are at a level of 5.2 for the pixel with
maximum intensity. Generally we collect 40 frames for a total count of about 200 in the pixel
with maximum intensity. According to the expressions derived in Colyer and Gratton [40] for
this count rate the uncertainty is about 5% in the position of the phasor. This uncertainty
propagates to a similar uncertainty using Eq. (2) (and the corresponding equation for the s-
coordinate, not used in this work). Since the uncertainty depends on the inverse of the square-
root of the number of photons, a pixel with 50 counts will have twice that uncertainty [40]. If
needed, we could average 3x3 pixels to reduce the uncertainty by a factor of 3.

Can this method work with time domain fluorescence decay data without using the phasor
transformation? Theoretically yes. However, for every pixel we need to resolve for two (or
more) exponential components and the background contribution. We have a total of 2
lifetimes (which presumably are known), 2-preexponential factors and the background term.
This analysis can be difficult to perform because a small shift in the lifetime values could
have a large effect on the pre-exponential factors.

We note that the only equations used for this work are the equations for linear
combination of lifetime components (phasors) in the phasor plot (Egs. (1) and (2)). A user
interface for the calculation of absolute concentrations of NADH in cells is available in the
SimFCS software at www.lfd.uci.edu\software.
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6. Materials and methods

Cells preparation. Chinese hamster ovary (CHO-K1) cells were cultured and maintained in a
37°C incubator humidified at 5% CO2 atmosphere in Dulbecco’s modified Eagle’s
medium/F12(D-MEM) (1:1) (11320-033, Life Technologies, Carlsbad, CA), supplemented
with 10% fetal bovine serum and 1% penicillin streptomycin. The cells were freshly
trypsinized and plated onto 35 mm glass bottom dishes (Mattek Corporation, Ashland,
Massachusetts) for imaging.

Microscopy. The phasor FLIM images were acquired with LFD customized microscopy
system M3 which is a modified Zeiss Axiovert S100TV microscope(Carl Zeiss, Jena,
Germany) coupled with a two-photon Ti: Sapphire laser(Spectra-Physics MaiTai) and
Becker&Hickl SPC-830 card(Becker and Hickl, Berlin). A Zeiss 40x1.2 NA water immersion
objective (Carl Zeiss, Oberkochen, Germany) is used. The specimens were excited at 740nm
and the emission signal is split with 496nm dichroic filter and detected in two channels using
a band pass filter 460/40 nm and a band pass filter at 540/50-565nm for the second channel.
Only the blue channel was used in this study.

Free NADH preparation. For pure free NADH FLIM calibration, NADH (Sigma N8129)
were diluted in 10X Tris-HCL buffer (pH = 7.4).

Sample preparation to lifetime measurements of NADH bound to Lactate Dehydrogenase

Powder L-Lactic Dehydrogenase (LDH) from rabbit muscle (code L1254, Sigma-Aldrich,
Inc) was prepared in buffer Tris-HCI 0.2 mM, pH 7.5. Later the enzyme was cleaned for
whatever contaminant using Vivaspin 2 Centrifugal Concentrator (GE Healthcare). Following
the specification of the manufacturer we changed the same buffer 5 times. After the
concentration protocol the supernatant was centrifuged for 20 minutes at 9500 xg in order to
remove precipitations. The amount of protein was determined using absorbance at 280nm
with an extinction coefficient of 205000 M'.cm™ [31] in a NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific Inc). A final concentration of enzyme around 22
uM were reached, the enzyme was used immediately or stored in the refrigerator at 4°C for 1
week. The B-Nicotinamide adenine dinucleotide (NADH, 10107735001 ROCHE, Sigma-
Aldrich, Inc) was prepared fresh every day as stock solution of 250 uM in a Tris-HCI buffer
0.2 mM, pH 7.5, the absolute concentration of the NADH was determined measuring the
absorbance of 340 nm using an extinction coefficient 6200 M™".cm™ [31], with a Perkin-
Elmer Lambda 40 spectrophotometer. Following the thermodynamic reversible equilibrium
rules for the enzyme /ligand complexation [41], we determined the percentage of
enzyme/ligand complex (EL) using the described dissociation constant (Kp) equal to 0.2 pM
[31] in 100 mM of the oxalic acid (75688 Sigma-Aldrich, Inc). An approximate ratio of
92.7% of EL was prepared by the incubation at room temperature for 30 min of 2.2 uM of
LDH and 0.05 uM of NADH (see Egs. (3), (4), and (5)). Consider to following equilibrium E
+ L < EL where E, L and EL represent: the free enzyme, free ligand and EL complex at the
equilibrium, respectively and the rate of dissociation

_[EIIL]
? [EL]

3)

Using the initial concentration of the E, (E; = E-EL) and L, (L, = L-EL) and reorganizing the
terms in the Kp expression it is possible to obtain the follow notation for the EL equilibrium
concentration.

(K, +E, +LO)—\/[(KD +E,+L,) —4E,L, |

[EL]= “4)

2
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and the EL percentage as:
EL% :(@j *100 (5)
[E]

The FLIM measurements were taken in an Olympus FluoView FV1000 system with 1X81
microscope and 2-photon excitation of 740 nm using a Spectra-Physics MaiTai HP laser and
Fast-FILM-box (ISS, Inc). For the NADH lifetime measurement we used a water immersion
UPL SAPO Olympus objective 60x with a NA 1.2 and a filter block composed of two band
pass filter of 460/40 nm and 540/50 nm with a dichroic mirror 495 nm longpass filter The
calibration of the system was performed using a solution of 10 uM of Rhodamine 110, with a
lifetime of 4.0 ns (ISS webpage at www.iss.com).
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