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Abstract: Carbonyl cyanide-p-trifluoro methoxyphenylhydrazone (FCCP) is a well-known
mitochondrial uncoupling agent. We examined FCCP-induced fluorescence quenching of
reduced nicotinamide adenine dinucleotide / nicotinamide adenine dinucleotide phosphate
(NAD(P)H) in solution and in cultured HeLa cells in a wide range of FCCP concentrations
from 50 to 1000uM. A non-invasive label-free method of hyperspectral imaging of cell
autofluorescence combined with unsupervised unmixing was used to separately isolate the
emissions of free and bound NAD(P)H from cell autofluorescence. Hyperspectral image
analysis of FCCP-treated HeLa cells confirms that this agent selectively quenches
fluorescence of free and bound NAD(P)H in a broad range of concentrations. This is
confirmed by the measurements of average NAD/NADH and NADP/NADPH content in
cells. FCCP quenching of free NAD(P)H in cells and in solution is found to be similar, but
quenching of bound NAD(P)H in cells is attenuated compared to solution quenching possibly
due to a contribution from the metabolic and/or antioxidant response in cells. Chemical
quenching of NAD(P)H fluorescence by FCCP validates the results of unsupervised unmixing
of cell autofluorescence.
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OCIS codes: (110.4234) Multispectral and hyperspectral imaging; (170.2520) Fluorescence microscopy; (100.2960)
Image analysis.
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1. Introduction

Cellular processes rely on energy produced during metabolism and a number of
methodologies have been developed for its characterization. Nicotinamide Adenine
Dinucleotide (NAD), a key coenzyme in metabolic pathways is frequently used as a
metabolic fingerprint [1-3]. This soluble compound is found in its free and bound form in the
cytosol and mitochondria, respectively [4, 5]. Its reduced form, NADH is a fluorophore which
absorbs light in the 335-350 nm range, with the emission peak around 440-470 nm. Its
fluorescence characteristics is virtually identical with that of nicotinamide adenine
dinucleotide phosphate, (NADPH) [6]. These two compounds are jointly referred to as
NAD(P)H. The protein-bound form of NAD(P)H shows small but detectable spectral
differences compared to free NAD(P)H [7]. Non-invasive monitoring of NAD(P)H
fluorescence to study metabolic processes has been first introduced by Chance [8, 9]. More
recently, fluorescence lifetime imaging (FLIM) of endogenous cell fluorophores including
NAD(P)H has been used to characterise the metabolic activity of cells and it has been related
to free and bound NAD(P)H concentrations in cells [10, 11]. The advantage of FLIM is the
independence of lifetime signatures on fluorescence intensity, but it requires more specialised
instrumentation compared with fluorescence intensity-based methods. In contrast, our method
uses low constant light irradiance and it does not require expensive systems.

Cells and tissues contain multiple endogenous fluorophores including NAD(P)H,
retinoids, flavins, and other compounds which are involved in diverse cell functions and
activities [12]. Identification of specific individual fluorophores in such a complex
environment is not straightforward. A critical test is the ability to extinguish (quench) a
specific fluorophore, ideally without affecting other fluorophores, for example by adding
chemically-specific fluorescence quenchers. This approach cannot only help to confirm the
prior existence of the quenched fluorophore, but may also provide other useful information,
such as macromolecular conformation [13, 14]. Chemical quenching of NAD(P)H
fluorescence can be achieved by its oxidation, taking advantage of the fact that only
NAD(P)H and not NAD(P)" is fluorescent [15]. This can be realised by standard oxidative
agents, including sodium borohydrate, oxygen or FCCP [16]. However, in addition to their
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chemical activity as oxidising agents, these fluorescence quenchers exhibit various complex
activities in cells. In particular, FCCP is known to be a mitochondrial inhibitor and uncoupler
due to its interaction with mitochondrial lipid membranes [17-19]. Live cells rapidly respond
to FCCP with a hydrolysis of ATP to stabilize the mitochondrial membrane potential [20]. It
should be noted that FCCP oxidizes both free and bound NAD(P)H [21].

Recently, we advanced the idea, first put forward by Britton Chance, that intracellular
monitoring of pyridine nucleotide enables a continuous measurement of the oxidation state
[8], by decomposing the spectral images of cellular autofluorescence into individual
fluorophore components [22]. This method was applied in the present work to determine
chemical quenching effects of FCCP on NAD(P)H in cultured HeLa cells in comparison with
FCCP quenching in solution. To this aim, we quantified free and bound NAD(P)H content in
cell before and after exposure to FCCP in a broader range of FCCP concentrations (50-1000
pM) than previously used. This quantification was non-invasively carried out by
hyperspectral fluorescence microscopy followed by spectral unmixing. NAD(P)H quenching
in cells was independently confirmed by using NADH and NADPH detection kits. This result
validates unsupervised unmixing of hyperspectral microscopy images as a way to determine
fluorophore abundance.

2. Materials and methods
2.1 Cells preparation

HeLa cells from ATTC (CCL-2) were subcultured and maintained in the complete culture
medium (Dulbecco’s modified Eagle’s medium (DMEM-high glucose, Sigma Aldrich,
D5796) containing 10% fetal bovine serum (FbS; Gibco, Catalog No: 16000-044),
penicillin/streptomycin (P/S; 100U/ml; Gibco, Catalog No: 15240-062). Cells were incubated
at 37C° 5% CO, incubator. Passaging of cells was performed once the confluency reached
80%. Cells were washed with phosphate buffered saline (PBS) and trypsinised with TrypLE
(GIBCO, Australia, Catalog No: 12563-029). Following incubation with trypsin for 5 minutes
at 37 C° a complete medium was added to trypsinised cells. The cell suspension was
centrifuged at 500 g for 5 minutes. After removing the supernatant, the cell pellet was
resuspended in the complete medium. Cell viability testing was performed using Trypan blue
0.4% (Sigma Aldrich, Australia, Catalog No: T8154).

2.2 Free and bound NADH quenching in solution

To study the quenching effect of FCCP on bound-NADH (b-NADH) in solution, 50 uM -
NADH was prepared by binding the L-Malate Dehydrogenase (L-MDH, Sigma Aldrich
#10127248001, from pig heart) protein. Both 50uM NADH (Sigma Aldrich # 10107735001)
and 100 uM L-MDH was dissolved in 100 mM Mops (Sigma Aldrich # M1254) buffer (pH
7.0) to prepare S0uM B-NADH. Moreover, to prepare 50 uM B-NADPH, 50uM NADPH
(Sigma Aldrich # 10107824001) and 100pM L-MDH was mixed in 100mM Mops buffer (pH
7.0). Meanwhile 50mM of FCCP (Sigma Aldrich # C2920-50MG) solution was prepared in
dimethyl sulfoxide (DMSO, Sigma Aldrich # 8418-50ML). Appropriate amount of FCCP is
mixed with the B-NADH solution to yield the following final concentration of FCCP: OpM
(control), 10 uM, 20uM, 30uM, 40puM, 50uM, 100puM, 150uM, 200uM, 250uM, 300uM,
500uM, ImM, 2mM and SmM. The same procedure was followed for the B-NADPH. The
fluorescence emission was measured on a Cary Eclipse fluorescence spectrometer (Varian) by
exciting the sample at 340 nm, while the emission was recorded in the range from 400 to 550
nm.

2.3 NAD(P)H quenching in plated cells

For quenching experiments on HeLa cells, a stock solution of 50 mM of FCCP (C2920-
S50MG, Sigma- Aldrich) was prepared in dimethyl sulfoxide (DMSO). All other
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concentrations (50-1000 uM) were prepared by diluting FCCP in Dulbecco phosphate buffer
saline (DPBS) solution. The cells were cultured in a 96 well plate. The first three columns of
the 96 well plate were cultured for 24 hours to achieve approximately 60% confluency. 150
uL of the FCCP solution with varying concentration from 50 uM to 1000 uM was added to
each culture well and incubated for 60 minutes. After incubation of all the FCCP treated cells,
each well was washed with PBS three times. The fluorescence quenching data were acquired
on a plate reader Fluostar Galaxy (BMG Lab Technologies) at an available excitation
wavelength of 360 + 5 nm, (very close to the NADH excitation peak at 340 nm), and the
emission was collected at 460 + 5 nm.

2.4 Quantification of average NAD, NADH and NADPH in cells

NAD/NADH and NADP/NADPH were measured using NAD/NADH-Glo assay (catalog #
G9071) and NADP/NADPH-Glo assay (catalog# G9081) supplied by Promega. The assays
were performed following the protocol described in kit instruction. Standard curves were
prepared for each set of assays. The cells (10° cells / ml) were seeded into 96 well culture
plate, 50 microlitre in each well and incubated overnight. Controls and cells treated with
FCCP in replicates were incubated with 50 microliters of NAD/ NADH and NADP/NADPH-
Glo detection reagent in a white 96—well plate. After 30 minutes incubation, luminescence
was measured with the SpectaraMax5 microplate luminometer at 1 second integration time
per well. Each measure points represent average luminescence reaction measured in relative
luminescence units (RLU).

2.5 Cell viability test

The viability test was performed by using Trypan Blue and Countess II Automated Cell
Counter, AMQAX1000 (ThermoFisher Scientific). The samples were prepared by adding
10ul of cell suspension to 10ul of 0.4% trypan blue stain T10282 (ThermoFisher Scientific).
The stained samples were mixed well and 10ul was loaded into the counting chamber slides.
The viability values were obtained for control and FCCP treated samples. The cell viability is
shown in Table 1, below.

Table 1. Trypan blue test and percentage viability after treatment with FCCP

FCCP 0 50 100 150 200 300 500 1000

Concentration

(uM)

% Viability 80 + 48 + 44 + 30+ 28 + 19+ 19+ 18+
2.7 2.2 0.7 1.9 2.3 0.8 0.8 0.1

2.6 Preparing cells for spectral imaging

To perform hyperspectral imaging, HeLa cells were cultured using the same protocol as
described in Section 2.1. The cells were seeded into 35 mm plastic culture dishes with 18 mm
well and # 1.5 cover slip bottoms (Cell E&G, USA, and # GDB0004-200). Each dish was
seeded with 1 ml of cells (5000 cells/ cm?) and incubated at 37C°, 5% CO, for 48 hours to
reach 70% confluence. Prior to imaging, the media was removed and the cells were washed
with PBS three times. The cells were then treated with (50, 100, 150, 200, 250, 300 and 1000)
uM FCCP and incubated for 60 minutes at 37C°. The control cells were incubated in the same
conditions without the FCCP treatment. The cells were washed three times with PBS prior to
imaging, then 1 ml of Hanks Balanced Salt Solution (HBSS) was added into each dish. The
imaging experiments were performed in duplicates for control and treated groups.

2.7 Hyperspectral imaging

Single photon-excited autofluorescence of cells was measured by using an adapted wide-field
fluorescence microscope (Olympus iX71) with a 40 x water U12 series objective with high
transmission in the UV range. All images were captured by an Andor IXON camera
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(EMCCD, iXON 885 DU, Andor Technology Ltd., UK) operated below —65C° to minimise
noise in the image data. Selected bands of excitation wavelengths produced by light emitting
diodes (centred at 334 nm, 365 nm, 375 nm, 385 nm, 395 nm, 405 nm, 415 nm, 425 nm, 435
nm, 455 nm, 475 nm, and 495 nm, each about 10 nm wide) were used. The corresponding
emission was collected with suitable optical filters and dichroic mirrors were used to separate
excitation from emission. The 12 excitation sources and 3 (manually controlled) filter cubes
form a total L = 18 specific optical channels [22] as detailed in Table 2. The samples were
imaged in each of these spectral channels producing L images from each field of view. The
total data collection time was about 2 minutes per hyperspectral image (all channels). The
excitation sources were coupled by an optical fibre bundle with a 5 mm fused silica
hexagonal homogenizer. The microscope system was calibrated with a mixture of 30 uM
NADH and 5puM riboflavin whose spectrum spans across all our spectral channels. The
excitation and emission spectra of the calibration fluid was measured in a Fluorolog Tau3
spectrometer (Jobin-Yvon-Horiba). The normalized calibrated spectrum thus obtained was
used to correct the same spectrum measured with our hyperspectral system to be able to
assign the unmixed fluorophores. Finally we used the image of the calibration fluid to flatten
the uneven (approximately Gaussian) illumination of the field of view. In this work have
obtained spectral images of eight groups of cells from 16 dishes, with duplicate dishes with
each specific FCCP concentration. We have taken three images of each dish at three different
locations and acquired a total of 48 images. All images have been corrected by subtracting the
‘background’ images of water. Moreover we employed a carefully constructed log-Gabour
wavelet filter to remove the dominant Poisson noise, from the autofluorescence images [23].
After that, the cells were segmented to distinguish them from the dark background producing
segmented images with cells only and background set to zero. The cells were segmented
manually using the marque polygon selection using both the fluorescent image and DIC to
determine the location of the cell membranes. This was necessary since the cells tended to
grow in clusters and automatic methods produced unsatisfactory results. In this work, around
60 segmented cells were analysed per each FCCP concentration. Finally, spectral
decorrelation of our L-dimensional image data set was carried out using the Principal
Component Analysis.

Table 2. Spectral channel specifications for hyperspectral imaging

Ch.# A Exc (nm) A emit Dichoric mirror Power at objective,
(nm) longpass (nm) uw
1 334+5 447 £ 30 409 0.046
2 365+5 447 £ 30 409 6.50
3 375+5 447 £ 30 409 2.83
4 334+5 587+ 17 532 0.020
5 365+5 587+ 17 532 6.40
6 375+5 587+ 17 532 10.51
7 385+5 587+ 17 532 17.77
8 395+5 587+ 17 532 13.33
9 405+5 587+17 532 9.39
10 415+5 587+ 17 532 22.40
11 425+5 587+ 17 532 20.90
12 435+5 587+ 17 532 27.50
13 455+5 587+ 17 532 14.80
14 475+5 587+ 17 532 42.80
15 495+5 587+ 17 532 0.01
16 405+5 2700 635 9.50
17 455+5 2700 635 15.09
18 495+5 >700 635 9.97

2.8 Unsupervised unmixing method

The pixel spectra contain a mixture of fluorescent signatures from different native fluorescent
metabolites, enzymes and co-factors in cells. An unmixing procedure is used to separate out
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their individual intensity contributions. In the presence of unavoidable image noise this
procedure yields approximate spectra of these individual contributors called ‘endmembers’
which must then be verified to make sure they closely resemble the spectra of the actual
reference fluorophores. The procedure produces relative intensity values of each of these
endmembers which is proportional to their intensity fraction. The mathematics of unmixing is
expressed in the language of vector spaces, where a fluorescence spectrum of any type, f, is

represented by a vector f(4,,4,), where (4

-4, ) are the excitation and emission
wavelengths, at the centre of each channel. The formalism is based on the linear mixture
model widely used in hyperspectral image analysis [24]. We denote the spectrum of the j™
pixel as /;, the abundance fraction of the k™ endmember as Ci., and the corresponding
endmember spectrum as Ej. Here, k=1... ... D where D is the total number of endmembers,

and j=1...J where Jis the total number of pixels in the image, in our case over 10°. Due to
physical considerations, the abudance fractions must be non-negative (Eq. (1)) and they must
add to unity [25,26] (Eq. (2)).

0<C, <1 €))

>c, =1 @)

The fluorescence spectrum at each pixel and at each wavelength A is assumed to be a linear
combination of endmember spectra weighted by corresponding abundance fraction [27].

(%) :zc.kak (*) ®)

Moreover the spectrum of each pixel in each image is corrupted by the noise originating
from the image sensor, illumination, and image processing electronics. etc., this noise is
denoted by a random variable N. In this case the intensity of a mixed pixel at any wavelength
A should be described as in Eq. (4):

(%) =icjkEk (A)+N “

Equation (4) indicates that without the noise the observed spectral vectors form a simplex
surrounded by a convex hull whose vertices correspond to the endmembers’ spectra [28].
These endmembers spectra are then identified with individual fluorophores present in the
sample. The procedure also yields the abundance fractions of these fluorophores on a pixel
level, and this makes it possible to calculate average cellular abundances of the fluorophores
identified in the examined cells [22]. We emphasise that in the case of unmixing of
autofluorescence, the abundance represents the product of fluorophore concentration by its
quantum yield.

In this work, all pixels within the cells segmented areas undergo spectral unmixing
producing an abundance value for each fluorophore for each pixel site. These pixel abundance
values are averaged on a per cell basis producing a representative average abundance value
for each cell.

3. Results and discussion
3.1 NAD(P)H quenching in solution

In order to characterise quenching of NAD(P)H by FCCP we first measured the excitation
emission matrices (EEMs) of 50 uM NADH in an aqueous solution (Fig. 1(a)). To this aim,
we excited the NADH in the range 280-380 nm and acquired its emission spectra between
400 and 550 nm. These ranges were selected to overlap with the free NADH absorption range
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from 300 to 380 nm and its fluorescence range from 420 to 480 nm described in the literature
[29, 30]. The EEM for 50 uM NADH show that maximum of the excitation spectrum is at
340 £+ 1 nm while the fluorescence spectrum peaks at 465 nm. We have therefore selected the
excitation wavelength of 340 + 1 nm and used varying concentrations of FCCP (10-5000 pM)
to induce fluorescence quenching of NADH and NADPH. The fluorescence quenching results
are presented in Fig. 1(b) where the fluorescence peak intensity is plotted versus FCCP
concentration. Fluorescence quenching is clearly observed, consistent with the reaction shown
in Fig. 2.

IS
@
S

IS
S
S

(b) ==

=——t— NADPH
——a&—— bound-NADH
———p—— bound-NADPH

u.
0
&
=

g

250

Peak Flurescence Intensity (a.u.)
8
5

Emission Wavelength (nm)

280 300 320 340 360 380 .
Excitation Wavelength (nm)

FCCP (M)

Fig. 1. (a) Excitation-emission matrices (EEM) of the 50 uM NADH solution (b) Peak
fluorescence intensity of free NADH and NADPH versus FCCP concentration(10 —5000 uM).
Peak fluorescence intensity values for free NADH (black square), free NADPH (red circle),
bound NADH (blue triangle) and bound NADPH (magenta triangle) are, respectively, 534,
352, 306 and 626. These data points could not be presented in Fig. 1(b) due to the log scale
used in the plot.
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Fig. 2. Oxidation of NADH by FCCP [32].
3.2 Quenching of plated HeLa cells

Figure 3 shows the variation of fluorescence intensity of control HeLa cells and HeLa cells
treated with (50, 100, 150, 200, 300, and 1000) uM FCCP excited at 360 = 5 nm with
emission collected at 460 + 5 nm. The autofluorescence signal is the highest in the control
HeLa cells. A marked decrease of peak fluorescence intensity appears after treatment with
FCCP at 50 uM concentration and it generally continues across the whole range of FCCP
concentrations. Similar quenching effects were previously reported in FCCP-treated cells but
for a narrower range of concentrations, up up to 200 uM and for a shorter exposure time of 5
minutes [31]. FCCP also significantly interacts with cells: the literature indicates that at 100
nM it produces noticeable mitochondrial oxidation without affecting the mitochondrial
membrane potential, while at 300 nM FCCP causes mitochondrial depolarisation [33].
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Fig. 3. Autofluorescence intensity (excitation at 360 £ 5 nm and emission at 460 + 5 nm) of
control (FCCP = 0) and FCCP -treated HeLa cells.

3.3 NAD"/NADH and NADP+/NADPH quantification

We quantified the intracellular level of NAD/NADH and NADP/NADPH in the HeLa cells
with commercial assay kits. The kits use a luminescence —based technique.
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Fig. 4. (a) Variation of NAD and NADH levels as a function of FCCP concentration, (b)
Variation of NADP and NADPH as a function of FCCP concentration (c) variation of the
ratios NAD/NADH and NADP/NADPH as a function of FCCP concentration.

The results are shown in Fig. 4(a)-4(c). Figure 4(a) shows the variation of total NAD and
NADH in HelLa cells with FCCP concentration. According to our kit results, HeLa cells
without any treatment have the NADH and NAD levels of 158 nM and 206 nM /10° cells
respectively. The value of NAD of 206 nM/10° cells is comparable with the value reported for
rat liver cells of 1uM per gram of wet weight (approximately 10° cells) [34]. The levels of
NADH and NADPH generally decrease with the increase in FCCP concentration. The
NAD/NADH ratio (Fig. 4(c)) confirms that FCCP oxidises NADH but an active cell response
at lower FCCP concentrations is also apparent.

3.4 Hyperspectral imaging and unmixing results

Hyperspectral imaging and spectral unmixing makes it possible to spectrally resolve different
cell-native fluorophores . Using this approach we have been able to differentiate free
NAD(P)H from protein-bound forms of NAD(P)H whose spectrum is blue-shifted by 20 nm
[7]. We were not able to differentiate between NADH and NADPH, thus the NAD(P)H
components in this work (free or bound) represents both NADH and NADPH fluorescence.
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Fig. 5. (a) Data simplex obtained in unsupervised unmixing of hyperspectral images of HeLa
cells exposed to FCCP concentration (50-1000 uM). All images are analysed together. Gray
points represent the image pixels, red squares represent the reference spectra, the location of
vertices indicates the endmember spectra. The lines mark the sides of the simplex, the axes
represent the top 2 PCA components; (b) The results of mean cellular abundance of free
NAD(P)H show that FCCP quenches its fluorescence.(c) Mean cellular abundance of bound
NADH also shows FCCP quenching. Data for all cells are represented by box plots [37, 38].

The unmixing involves two major procedures, the endmember extraction, which identifies
the presence of endmembers in the measured image, and a linear spectral mixture analysis,
the inversion step applied to Eq. (4), which estimates the relative contribution of each
endmember to the total intensity of each pixel [35, 36]. Linear unmixing is then used to
produce the intensity contributions using a fast, fully constrained non negative unmixing
algorithm [23]. Since the intensity contribution of each fluorophore is obtained for each pixel
in the image, the unmixing procedure returns the spatial distribution of each endmember
abundance in that image.

The principal component analysis of the pixel data indicates that the data variance could
be largely explained based on four main component spectra as shown by the presence of four
significant PCA eigenvalues (explaining, respectively 50%, 32%, 10% and 6% of data
variability). These four components (endmembers) can be clearly identified in Fig. 5(a),
where the pixel data were projected onto a PCA subspace, and the four components occupy
the vertex positions. Figure 5(a) also indicates the location of the reference spectra of free
NAD(P)H, FAD, bound NAD(P)H (whose spectrum is 20 nm blue shifted with respect to free
NAD(P)H), and a fourth fluorophore, retinol or a mixture of retinoids (separately measured
using a fluorimeter). Using the endmembers thus obtained and a linear mixture model we are
able to explain the pixel spectra with greater than 92% accuracy.

Now we discuss the fluorophore content of untreated and treated HeLa cells with the same
FCCP (50-1000) uM concentrations as used previously. These results are presented in Fig.
5(b)-5(c). The average abundance value of free NAD(P)H (Fig. 5(b)) is much lower
compared to bound NAD(P)H (Fig. 5(c)), partly because free NADH has lower fluorescence
quantum yield (0.02) as compared to bound NADH (0.1) [39, 40]. This is consistent with
earlier reports that more than 80% of total NADH fluorescence is due to bound NADH [41,
42]. Figure 5(b) shows the variations of mean cellular fluorescence intensity of free
NAD(P)H versus FCCP concentration. The fluorescence intensity of free NAD(P)H is highest
prior to FCCP treatment, and it decreases with increasing concentration of FCCP by a factor
of 5 for 1000 uM FCCP. A similar trend in fluorescence quenching was observed in the
experiment with NADH in water solution shown in Fig. 1(b). Qualitatively, these two
experiments show different quenching rates because (a) FCCP taken up by the HeLa cells
may not match the FCCP concentrations obtained in the solution; (b) the cells metabolism is
affected by FCCP via the decouping of mitochondria and (c) the cells may actively respond to
oxidative insults. Figure 5(c) shows the mean intensity of bound NAD(P)H autofluorescence
versus FCCP concentration. Similarly to free NAD(P)H, the control HeLa cells have the
highest abundance of bound NADH. However, when exposed to FCCP bound NAD(P)H
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behaves differently compared to free NAD(P)H and the effects of FCCP are more attenuated.
The abundance of free NAD(P)H is reduced by over 50% when exposed to 50uM FCCP
while bound NAD(P)H is reduced by 12.5% only. The maximum quenching of free
NAD(P)H achieved here was 80% but it was only 37.5% for bound NAD(P)H.

We now comment on the observed fluorophore trends by using well-established
fluorescent signatures of metabolic pathways and their changes upon alteration of
mitochondrial machinery. Cells exhibit dynamic changes in their NAD(P)H in response to
conditions affecting cell metabolism [7]. Their levels reflect the varying balance of glycolysis
and oxidative phosphorylation, depending on environmental signals (availability of oxygen,
and/or lactate/pyruvate, the presence of inhibitors or uncouplers, etc) and genetic makeup of
cells (Warburg effect) [43, 44]. We emphasise that in this work, we interfere with the activity
of the mitochondria by using FCCP at such high levels that they, eventually, become inactive
leading to cell death (see cell viability data in Table 1), due to increased production of
reactive oxygen species (ROS) and other effects [45, 46]. A purely chemical effect of
NADH/NADPH oxidation, which decreases NADH/NADPH fluorescence, as quantified in
Fig. 1, underpins all the observable changes, and it is the only effect observed in cells that are
no longer alive. Our results (Figs. 3-5) are affected by the balance between these processes.

4. Conclusions

We applied non-invasive hyperspectral imaging of cell autofluorescence to the study of
fluorescence quenching by FCCP in HeLa cells. The FCCP quenching of total NAD(P)H in
cells was first confirmed by a biochemical assay and the effect of FCCP on mitochondrial
membrane potential confirmed that cells have taken up FCCP. After unmixing of the
hyperspectral autofluorescence images of control and FCCP-treated cells, we observed that
both free and bound NAD(P)H are quenched by FCCP within the 10-1000 uM concentration
range. The effect of quenching was more pronounced for free NAD(P)H than for bound
NAD(P)H. In summary, our data show that unmixing of the hyperspectral autofluorescence
images yields correct identification of free and bound NAD(P)H in cells. Thus, hyperspectral
imaging used in this work in combination with fluorescence spectroscopy and chemical
quenching provides a new methodology to investigate cell metabolism.
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