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Abstract: We have studied physiological parameters in a living cell using fluorescence
lifetime imaging of endogenous chromophores. In this study, pH dependence of the
fluorescence lifetime of flavin adenine dinucleotide (FAD), that is a significant cofactor
exhibiting autofluorescence, has been investigated in buffer solution and in cells. The
fluorescence lifetime of FAD remained unchanged with pH 5 to 9 in solution. However,
the fluorescence lifetime in HeLa cells was found to decrease with increasing intracellular
pH, suggesting that pH in a single cell can be estimated from the fluorescence lifetime
imaging of FAD without adding exogenous fluorescent probes.
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1. Introduction

The imaging of fluorescence has been an indispensable tool in cell biology, and numerous
fluorescent dyes have been developed for the imaging of living systems at a subcellular level. In recent
years, however, the imaging of fluorescence arising from endogenous chromophores in cells and
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tissues has received much attention because the original cellular environment can be maintained by
avoiding the introduction of exogenous probes, and diagnostic tests in medicine can be achieved
without staining processes [1-8]. Cells and tissues contain endogenous chromophores exhibiting
fluorescence called autofluorescence, and nicotinamide adenine dinucleotide (NADH), flavin adenine
dinucleotide (FAD), and amino acids having an aromatic moiety, such as tryptophan, are known as
representative autofluorescent chromophores. These chromophores exist in an extensive variety of
living systems and are related to cell functions and metabolic activities [2—6]. Absorption and
fluorescence spectra of representative autofluorescent chromophores are shown in Figure la.
Autofluorescent chromophores exhibit characteristic absorption and fluorescence spectra, and each
chromophore can be therefore distinguished from others in imaging experiments when excitation and
detection wavelengths are properly selected.

Figure 1. (a) Absorption (dotted lines) and fluorescence (solid lines) spectra of
representative autofluorescent species in neutral aqueous solution. The maximum intensity
is normalized. (b) Chemical structure of FAD.
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We have constructed a fluorescence lifetime imaging (FLIM) system to estimate the
microenvironment in a single cell [9—14]. The superior feature of FLIM is that fluorescence lifetime of
a chromophore remains unchanged with photobleaching and alternations of optical conditions [15-18].
This is advantageous for quantitative space-resolved estimation of ion concentrations and cellular
environment. Intracellular pH is one of the most important factors for understanding cellular
conditions, and imaging of intracellular pH using FLIM of exogenous fluorescent dyes or proteins has
been performed by several groups [9,10,19-21]. In a previous study, however, we showed that
autofluorescence lifetime of NADH in the reduced form, that is one of the representative
autofluorescent chromophores, in human cervical carcinoma (HeLa) cells became shorter with
increasing intracellular pH, indicating that the pH in a cell can be quantitatively evaluated by FLIM of
NADH without exogenous probes [11]. It was also found that the fluorescence lifetime of NADH was
not uniform inside a cell and the fluorescence lifetime was shorter in nuclei than in other areas at each
pH, and the magnitude of the pH-induced lifetime change was larger in nuclei than in other areas [11].
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Then it was proposed that autofluorescence lifetime imaging has a potential to measure a spatial
distribution of hydrogen ion concentrations in a cell without dye labeling.

NADH in the reduced form has strong absorption around 340 nm and emits fluorescence in a blue
region (Figure 1a), and photoexcitation of NADH in FLIM can be performed by UV light irradiation.
When prolonged irradiation is done with UV light, however, living systems may be damaged. If a
visible light source can be used, autofluorescence lifetime imaging can become a powerful method
applicable to a variety of biological systems. Furthermore, it is difficult in some cases to judge whether
the observed lifetime change arises from a change in intracellular pH or a change in other cellular
environment affecting the fluorescence lifetime. Therefore, it is very valuable that a change in
intracellular pH can also be confirmed by other endogenous chromophores. It is inevitable to examine
the intracellular pH dependence of the fluorescence lifetime for different endogenous chromophores.

In the present study, the effect of pH on the fluorescence lifetime of FAD that is excited by visible
light, as shown in Figure la, was examined in buffer solution and in HeLa cells. We also measured
FLIM of FAD in HeLa cells with varying intracellular pH and discussed the possibility to evaluate
intracellular pH by measuring the fluorescence lifetime of FAD with excitation of visible light. Both
NADH and FAD are important cofactors for energy metabolism and mostly exist as protein-bound
state in cells. Therefore comparison of pH dependence of these autofluorescence will lead to an
understanding of the mechanism of change in autofluorescence lifetime with different hydrogen
ion concentrations.

The chemical structure of FAD is shown in Figure 1b. The isoalloxazine moiety of FAD exhibits
absorption and fluorescence in the visible region (Figure 1a). FAD exists mostly as a component of
flavoproteins in living systems [22,23] and most flavoproteins are known to show very weak
fluorescence due to efficient fluorescence quenching of photoexcited flavin chromophore by
surrounding protein environment [24,25]. Only some flavoproteins, including FAD, such as lipoamide
dehydrogenase (LipDH) are known to exhibit autofluorescence in cultured cells [26-30]. FAD in
neutral aqueous solution exists in two conformations: a non-fluorescent stacked conformation, in
which the isoalloxazine and adenine aromatic rings are in close proximity, and a fluorescent open
conformation, in which the two aromatic rings are separated from each other [31]. These two
conformations can be distinguished from each other by the fluorescence lifetime; the fluorescence
lifetime of the stacked conformation is several picoseconds and that of the open conformation is
2-3 ns [32-38]. The short fluorescence lifetime of the stacked conformation comes from fast
intramolecular electron transfer between the photoexcited isoalloxazine moiety and the adenine
moiety. The two conformations have the same peak wavelengths in absorption and fluorescence
spectra, indicating that only the fluorescence lifetime is sensitive to the environment surrounding the
isoalloxazine chromophore. We have recently investigated the photoexcitation dynamics of FAD using
time-resolved fluorescence techniques and found that the fluorescence lifetimes of both the stacked
and open conformations depend on the polar environment surrounding FAD [36].

2. Results and Discussion

Static autofluorescence spectra of HeLa cells with intracellular pH of 5.0, 7.0, and 9.0 are shown in
Figure 2. The excitation wavelength was selected to be 450 nm, which effectively excited
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flavoproteins in cells (see Figure 1a). Cultured HeLa cells were gathered into a quartz cuvette and the
autofluorescence spectra of a population of HeLa cells were measured by the time-correlated single
photon-counting (TCSPC) method. The number of a population of HeLa cells was estimated to be
10°-10® [11]. Some ionophores have been used for in situ calibration of the pH in cells, and the present
pH dependence experiments for HeLa cells was performed by the so-called nigericin/high K*
method [11,21,39—41], in which nigericin (a kind of K'/H" polyether ionophore) was added to media
to equalize the intracellular pH and extracellular pH. Fluorescence spectra of FAD in aqueous buffer
solution at different pH are shown for comparison. The maximum intensity was normalized in all

the spectra.

Figure 2. Fluorescence spectra of FAD in HeLa cells (solid lines) and in aqueous buffer
solution (dotted lines) at the different pHs of 5.0 (blue), 7.0 (green), and 9.0 (red)
following excitation at 450 nm. The maximum intensity is normalized.
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The absorption band of FAD, with a peak at 450 nm, is assigned to the m—m transition of the
isoalloxazine moiety of FAD (Figure 1a). The broad fluorescence of FAD with a peak in the region of
500-600 nm also comes from the isoalloxazine. It is shown in Figure 2 that the shape of the
fluorescence spectrum in buffer solution remains unchanged with pHs of 5-9. The intensity of the
fluorescence is also independent of aqueous pH, and the shape of the absorption spectrum remains
unchanged with pHs of 5-9 (data is not shown). The shape of the fluorescence spectrum in HeLa cells
is also unchanged with intracellular pHs of 5-9. The peak of the fluorescence spectrum in HeLa cells
is almost the same as that in buffer solution, although a slight broadening in a shorter wavelength
region is observed in HeLa cells. FAD serves as a coenzyme in living systems and is regarded to exist
in two forms, referred to as protein-bound and free FAD. Thus, it may be said that interactions
between FAD and a protein do not significantly affect the peak position of the fluorescence spectrum
of FAD. Figure 3 shows intracellular pH dependence of the normalized time-resolved fluorescence
spectra of FAD in HeLa cells. The time dependence of the autofluorescence is independent of
intracellular pH. Irrespective of pH, the normalized spectrum within the first few nanoseconds shows a
slightly higher intensity in the shorter wavelength region of 480—-500 nm than the spectra in other time
regions. The similar time dependence of the autofluorescence spectra was also reported for FAD in
isolated cardiomyocytes [30], and the slight red shift of the fluorescence spectrum at the later stage of
time may arise from the so-called dynamics Stokes shift due to solvation [42].
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Figure 3. Representative normalized time-resolved autofluorescence spectra of FAD in HeLa
cells at different intracellular pHs of 5.0, 7.0, and 9.0. Excitation wavelength was 450 nm.
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Fluorescence decay profiles of FAD in aqueous buffer solution at different pHs are shown in
Figure 4a. The decay profiles were measured by the TCSPC method. The excitation and fluorescence
wavelengths were 450 and 530 nm, respectively. In all the decay profiles, the maximum intensity was
normalized to unity. The shape of the decay profile in buffer solution remains unchanged with pHs of
5-9, which is consistent with previous observations [37,38]. The fluorescence of FAD in buffer
solution exhibited a multi-exponential decay, which could be fitted with the convolution of the
instrumental response function (IRF) by assuming a tetra-exponential decay, i.e., X dexp(—t/t;),
where A4; and 1; are the pre-exponential factor and the fluorescence lifetime of component (i),
respectively [36-38]. The lifetime and pre-exponential factor of these components are shown in
Table 1. The fast decaying component (1) is assigned to the stacked conformation of FAD exhibiting
the efficient intramolecular electron transfer. Since the lifetime of the component (1) was shorter than
the time-width of the present IRF, the t; value was assumed in the present analysis to be 7 ps, which
was obtained by femtosecond time-resolved fluorescence measurements [36]. The component (2) is
assigned to the stacked conformation having weak intramolecular interaction between the
isoalloxazine and adenine aromatic rings [36,38]. The components (3) and (4), which have the
nanosecond fluorescence lifetime, are assigned to the open conformation of FAD [36-38]. All the
fitted values remained constant with pHs of 59 in buffer solution.

The measurements of fluorescence decay profiles of FAD in a population of HeLa cells were also
carried out with intracellular pH of 5.0, 7.0 and 9.0 (Figure 4b). Cultured HeLa cells were gathered
into a quartz cuvette, and the nigericin/high K™ method was used for the calibration of intracellular pH,
as mentioned above. The decay profile slightly depended on the sample cells, and the average of decay
profiles for four different samples was shown in Figure 4b. The decay profile in HeLa cells is different
from that of in buffer solution, and the picosecond-lifetime component is markedly observed in HelLa
cells. It is also shown in Figure 4b that the decay constant in HeLa cells becomes larger with increasing
intracellular pH. The decay profiles of FAD in HeLa cells were fitted by assuming a tetra-exponential
decay, and the obtained lifetime and pre-exponential factor at each pH are shown in Table 1.
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Figure 4. Representative fluorescence decay profiles of FAD in aqueous buffer solution
(a) and in HeLa cells (b) at different pHs of 5.0, 7.0 and 9.0. The intensities are plotted on
a linear scale. The instrumental response function is shown in each panel by a dotted line.
Excitation and detection wavelengths were 450 and 530 nm, respectively. The maximum
intensity at each decay curve is normalized. The total photon number at each decay profile
was in the range of 7 x 10°—1 x 10°.
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Table 1. Fitting parameters of fluorescence decay profiles of FAD in aqueous buffer
solution and in HeLa cells at different pH s

pH 71 (ps) T2 (ps) T3 (ns) T4 (n8) Tave (S)
solution 5,7,9 7 (0.66) ¢ 220 (0.03) 2.09 (0.17) 3.97 (0.14) 2.70¢
HelLa cells 5 80 (0.52) 700 (0.27) 3.17 (0.18) 10.2 (0.03) 1.11
7 80 (0.60) 700 (0.25) 3.17 (0.13) 10.2 (0.02) 0.84
9 80 (0.63) 700 (0.23) 3.17 (0.12) 9.42 (0.02) 0.78

? Pre-exponential factor of each component is given in parenthesis. b Experimental errors of 1y, 1,, 7; and 14
are ca. £30, 20, +10 and £30%, respectively. ° 1; in solution was fixed to be 7 ps. d T, was not included in the

calculation of t,,. in solution.

In Table 1, the two picosecond-lifetime components, having lifetimes of ~80 ps and 700 ps,
i.e., components (1) and (2), respectively, are obtained from HeLa cells. The sum of the
pre-exponential factors of the components (1) and (2) is larger than 0.7, indicating that the
picosecond-lifetime components become dominant in HeLa cells. The decaying components with
lifetimes of hundreds of picoseconds were observed for autofluorescence of FAD in isolated
cardiomyocytes [30]. It was also reported that the fluorescence of LipDH, which is a FAD-containing
protein, exhibited a multi-exponential decay with subnanosecond and nanosecond fluorescence
lifetimes [30,43]. Since FAD exists as protein-bound and free species in living systems, the
picosecond-lifetime components (1) and (2) having lifetime of 80-700 ps can be assigned to FAD
bound in enzymes such as LipDH. It is difficult in the present study to judge whether the component
(3) having a nanosecond fluorescence lifetime is assigned to the open conformation of free FAD or the
nanosecond lifetime component of FAD-containing proteins. It was necessary to consider the
component having a lifetime of ~10 ns to reproduce the decay profile in a longer time range, although
its pre-exponential factor was 2%—-3%.
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The average fluorescence lifetime (Tayve) is given by XA;t; (i = 1-4) in Table 1. The 1, values of
FAD in HeLa cells were evaluated to be 1.11 ns, 0.84 ns, and 0.78 ns for intracellular pHs of 5.0, 7.0,
and 9.0, respectively. Thus, 1., of FAD in HeLa cells decreases with increasing intracellular pH, while
the shape of the fluorescence spectrum remains unchanged with pH. By using such a pH dependence
of 1ave of FAD in living cells, the intracellular pH of a cell can be evaluated without dye labeling. As
shown in Table 1, the pre-exponential factor of the component (1) ascribed to protein-bound FAD
changed significantly with different intracellular pHs, resulting in the reduction of t,,. with the
increase of intracellular pH. It is therefore concluded that the observed pH dependence of 1, in HeLa
cells comes from the pH dependence of interactions between FAD and the enzyme to which it is
bound. It should be noted that the fluorescence decay of isolated FAD in aqueous solution
remained unchanged with different pHs (see Figure 4a), which is consistent with the present
conclusion. Femtosecond time-resolved measurements may be useful to detect interactions
between FAD and a protein because electron transfer between FAD and a protein will occur in the
femtosecond to picosecond time scale, and the rate of electron transfer depends on donor-acceptor
distance [24,25].

We have also measured fluorescence lifetime images of FAD in HeLa cells at different
intracellular pHs by the time-gated detection method with four time-windows [9-14]. The obtained
autofluorescence lifetime and corresponding intensity images are shown in Figure S5a. Excitation
wavelength was 450 nm, and autofluorescence in the region of 515-560 nm was detected. To
minimize the amount of data generated, the fluorescence lifetime at each pixel of the image was
evaluated by analyzing the four time-gated signals by assuming a single exponential decay. The
intensity of autofluorescence reflects the concentration of FAD in organelle, and the dull round region
in the intensity image of a cell is assigned to a nucleus. The pseudocolor of the fluorescence lifetime
image depends on intracellular pH, and the marked difference is observed between the images at
intracellular pHs of 5 and 7. The pH dependence of the normalized histogram of the fluorescence
lifetime obtained from the whole area of the image is shown in Figure 5b. The lifetime at the peak of
the histogram was larger at an intracellular pH of 5 than those at an intracellular pH of 7 and 9, in
agreement with the result of the fluorescence decays shown in Figure 4b. Reproducibility was also
checked using more than six different cultured cells and a different stock of cells, and it was confirmed
that the observed behavior was not related to cell death. The lifetimes at the peak of the histogram at
intracellular pH of 5, 7, and 9 were 2.53, 2.32, and 2.22 ns, respectively. The uncertainty of the peak
position was ~+10%. It should be noted that the lifetime obtained by the present time-gated FLIM is
longer than that evaluated by the fluorescence decay profile with TCSPC (Table 1) at each pH, which
is due to the fact that a part of the fast decaying portion following photoexcitation was cut in the
time-gated detection method to exclude scattered excitation light, and the signal integration was made
from ~1 ns after photoexcitation [11].
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Figure 5. (a) Autofluorescence intensity images (upper) and corresponding lifetime images
(lower) of HeLa cells at intracellular pH indicated at the top. Scale bar given in the bottom
is 40 um. (b) Intracellular pH dependence of the histogram of the fluorescence lifetime
obtained from the whole area of the fluorescence lifetime image in (a). Excitation and
monitoring wavelengths were 450 and 515-560 nm, respectively.
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3. Experimental Section
3.1. Sample Preparation

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 1 x 10° U/L penicillin G and 100 mg/L streptomycin sulfate in a 5% CO,
humidified atmosphere at 37 °C for one to two days. Calibration of intracellular pH was performed by
the addition of nigericin to culture media. Nigericin equilibrates proton concentration across the
plasma membrane in the presence of a depolarizing extracellular concentration of K’ [11,21,39—41]. In
the imaging measurements, HeLa cells grown on LAB-TEK 8-well chambered coverslips (Nalge Nunc
International) were rinsed twice with KCl-rich media (125 mM KCI, 10 mM HEPES, 10 mM MES,
0.5 mM CacCl,, 0.5 mM MgCl,, 30 uM nigericin) and then incubated with the same KCl-rich media at
different pHs. In the bulk measurements, HeLa cells prepared with KCl-rich media (125 mM KCI,
10 mM HEPES, 10 mM MES, 0.5 mM CaCl,, 0.5 mM MgCl,, 0.1 mM nigericin) at different pHs
were gathered into a quartz cuvette with a 2 mm optical path [11] and then incubated with the same
media. The medium pH was adjusted using HCl and NaOH solutions.

3.2. Time-Resolved Fluorescence Measurements

Fluorescence lifetime images were measured using a four-channel time-gated detection
system [9—14]. The second harmonic of a mode-locked Ti:sapphire laser (Spectra Physics) pumped by
a Millennia Xs diode laser (Spectra Physics, Santa Clara, CA, USA) was used for excitation. The pulse
duration and the repetition rate of the laser pulse were 80 fs and 81 MHz, respectively. The excitation
beam was introduced into a scanner head (Nikon, Tokyo, Japan) of an inverted confocal microscope
(Nikon). The excitation beam was focused onto HeLa cells placed on the stage of the microscope
through a 40x objective lens (Nikon, CFI S Fluor, NA 0.90), and the fluorescence from the cells was
collected with the same objective lens and transmitted into the scanner head, followed by interference
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filters (Nikon) to select detection wavelength of the fluorescence. The fluorescence was detected by a
photomultiplier in a high-speed lifetime imaging module (Nikon Europe BV). The fluorescence
decay profile was measured for each pixel of the image. The detected fluorescence photons were
accumulated in one of the four time-windows set by the lifetime imaging module. The fluorescence
lifetime of each pixel of the image was evaluated from the analysis of the four time-window signals by
assuming a single exponential decay, and the fluorescence lifetime image was obtained. The
background was evaluated by counts at the area where cells were not observed. The size of the image
was 256 x 256 pixels. All of the time windows were set to be 2.0 ns.

A home-made TCSPC system was used both for the bulk measurements of fluorescence decay
profiles and for the measurements of time-resolved fluorescence spectra of FAD in HeLa cells and in
aqueous solution [11]. The second harmonic of the mode-locked Ti:sapphire laser was used for
excitation, and its repetition rate was reduced to ~6 MHz using an electro-optic modulator (Conoptics,
Danbury, CT, USA). Fluorescence from the sample was dispersed by a monochromator (Nikon) and
then detected by a microchannel-plate photomultiplier (MCP-PMT, Hamamatsu, Hamamatsu, Japan).
Fluorescence signal was amplified, discriminated, and then led to a time-to-amplitude converter
system as a start pulse. Fluorescence decays were obtained with a multichannel pulse height analyzer
(SEIKO EG & G, Tokyo, Japan). The spectral width of the monochromator was ~5 nm. The IRF had a
full width at half maximum (FWHM) of ~60 ps. Fluorescence decays were simulated with the
convolution of the IRF with a multi-exponential decay function. The lifetime longer than ~10 ps can be
evaluated using the convolution method under the present experimental conditions [44]. In the
measurements of time-resolved fluorescence spectra, a series of fluorescence decays were measured as
a function of fluorescence wavelength with a step of 2 nm, and time-resolved fluorescence spectra
having different time windows were obtained.

4. Conclusions

Autofluorescence spectrum and autofluorescence lifetime of endogenous FAD in HeLa cells were
measured with different intracellular pHs. The shape of the autofluorescence spectrum remains
unchanged with intracellular pHs of 5-9; however, the average autofluorescence lifetime of FAD
becomes shorter as the intracellular pH increases, suggesting that intracellular pH of a cell can be
evaluated using autofluorescence lifetime of endogenous FAD without exogenous dyes.
Picosecond-lifetime components assigned to protein-bound FAD are observed in autofluorescence of
FAD in HeLa cells. The pre-exponential factor of the fast decaying component with a lifetime of tens
of picoseconds increases as intracellular pH increases, resulting in the reduction of the average
autofluorescence lifetime with the increase of intracellular pH. This result indicates that interactions
between FAD and surrounding functional groups in a protein depend on intracellular pH, which causes
the pH-induced change in the non-radiative decay rate of FAD in HeLa cells. This conclusion is
consistent with the fact that the fluorescence lifetime of isolated FAD in buffer solution remains
unchanged with pHs of 5 to 9. We believe that autofluorescence lifetime imaging can be applied to
measure changes in intracellular pH with physiological processes such as apoptosis [45].
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