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ABSTRACT

Flavin adenine dinucleotide (FAD) exists as a metabolic cofactor for numerous
metabolic pathways in living cells. Conventional biochemical techniques on this and
other cofactors require the destruction of cells and therefore the morphological
context is lost. Here, we used integrated, non-invasive microscopy and spectroscopy
techniques to quantify the concentration and molecular conformation (i.e., free
versus enzyme-bound) of natural flavins as a function of cell pathology. In these
studies, we used metastatic breast cancer (Hs578T) and normal (Hs578Bst) cells as a
model system. These cells exhibited distinct morphological differences, as revealed by
confocal microscopy, such as perinuclear crowding of mitochondria in transformed
cells due to variation in calcium signaling and apoptotic pathways. Prior to
converting intensity images of natural flavins, it was essential to quantify the
variation of their fluorescence quantum yield in cellular environment using twophoton fluorescence lifetime imaging microscopy (FLIM) in a calibrated microscope.
These measurements, and simple image processing, indicated that the natural flavin
concentrations in the normal breast cells (144 ± 38 μM) were significantly larger than
in their transformed counterpart (21 ± 10 μM). In addition, steady-state and timeresolved fluorescence polarization anisotropy measurements, the first to our
knowledge at this spectral window, indicated a restrictive environment and mostly
protein-bound flavins. As a control, these cellular flavin autofluorescence were
compared with free FAD in solution along with a representative flavoprotein
(namely, LipDH) that exists in abundance in cells. To examine the sensitivity of our
experimental approaches and universality of our findings, preliminary studies were
carried out on the non-metastatic breast cancer cells (MCF7) and normal counterpart
(MCF10A) as complementary models. These preliminary studies will open the door
for using molecular dynamics imaging of natural cofactors as biomarkers for energy
metabolism and health problems that are related to mitochondrial anomalies such as
Alzheimer’s disease, cancer, diabetes, and other neurodegenerative diseases. The
experimental and analytical approaches developed here provide an alternative to
biochemical techniques on cell lysates and will be applicable to a wide range of
molecular and cellular biology studies.
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1.

INTRODUCTION

Cells, the basic unit of life, require a reliable, efficient source of energy production in
the form of adenosine triphosphate (ATP). This energy currency is mostly (~93%)
generated through oxidative phosphorylation with minimum contribution (~7%)
from glycolysis (18). These metabolic pathways are illustrated in Figure 1 (23).
Mitochondria anomalies and dysfunctional oxidative phosphorylation are associated
with

health

problems

such

as

Alzheimer’s

disease,

cancer,

and

other

neurodegenerative diseases (5,11). For example, the mutation of mitochondrial DNA
in cancer results in an alteration of the conformations (and function) of NADH
dehydrogenase (complex I) and cytochrome C (complex III) in the electron transport
chain, which leads to the generation of free radicals and apoptosis (cell death) (12).
As a result, there is an urgent need for new biomarkers that would allow for probing
the respiratory state activities and, therefore, mitochondrial anomalies towards noninvasive diagnosis of health problems.
Cellular flavins and flavoproteins are involved in numerous metabolic oxidationreduction processes in living cells. Reduced flavin adenine dinucleotide (FADH2) is a
cofactor associated with the electron transport chain in the inner membrane of

Figure 1 - Glycolysis and oxidative phosphorylation pathways for energy metabolism in eukaryotic cells
along with the associated cofactors (modified from Ref 23).
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mitochondria. The fluorescence of the oxidized FAD has been used for investigating
ligand-protein, protein-protein interaction and protein dynamics in controlled
solution environments (17,28). The flavin autofluorescence, therefore, offers a unique
opportunity for probing their active-site conformational dynamics as well as energy
respiration under different physiological and pathological conditions (2).

Since the

conception of multiphoton microscopy in the early 1990s, there is a major interest in
exploiting the unique advantages of non-linear microscopy such as an inherent high
spatial resolution, reduced out-of-focus photobleaching and light scattering, and
larger penetration depth of the infrared laser pulses in turbid biological samples (7).
Recently, Huang et al. (10) have discovered a two-photon spectral window for
monitoring flavin autofluorescence of in vitro cardiomyocytes. Vishwasrao et al. (27)
have also demonstrated the potential of intrinsic NADH (reduced nicotinamide
adenine (phosphate) dinucleotide) as a natural probe for redox state and energy
respiration in brain slices.
In eukaryotic cells, the aforementioned metabolic cofactors, NADH and FADH2, and
their two-photon spectral access provide new opportunities for noninvasive studies of
cellular redox reactions, the metabolic state of cells, and mitochondrial anomalies
(10,13). Importantly, such potential for functional imaging is due to the fact that the
oxidized form of the fluorescent NADH (NAD+) becomes non-fluorescent, while the
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oxidized form of FADH2 (FAD+, hereafter referred to as FAD) is intrinsically
fluorescent. Since the pioneering work by Britton Chance in the sixties (see for
example, 3) and the introduction of multiphoton microscopy, intrinsic NADH has
been investigated in a wide range of cell physiologies and pathologies (13,19). Studies
on natural flavins, however, are limited due to the low cellular concentration and
poor fluorescence quantum yield (Q=0.03) of these natural biomarkers (29). As a
reporter of metabolic processes that are specific to oxidative phosphorylation and its
localization to mitochondria, intrinsic flavins would serve as complementary cofactor
to NADH and as a reporter of the redox state in ratiometric studies (10). Using
conventional one-photon (1P) studies of cellular flavins (24) suffer from scattered
light, low penetration depth for deep imaging, as well as extended photobleaching
and photodamage.

However, the identification of a two-photon (2P) excitation

wavelength range between 800-1000 nm, where flavin species could be specifically
interrogated, has opened doors for more comprehensive studies of cellular redox state
(10).
Here, we draw parallels between the posited changes to cellular metabolism due to
pathologically-induced mitochondrial anomalies and the observed changes of the
fluorescence properties and concentration of FAD and flavoproteins in normal and
cancer cells. We use metastatic breast cancer (Hs578T) and normal (Hs578Bst) cells
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as a model system under infrared (900 nm) excitation pulses for the selective
excitation and detection of natural flavins (Figure 2). The Hs578T cell line was
derived from mammary gland epithelial breast tissue of a human patient. This line
was appealing because of the availability of its non-transformed counterpart,
Hs578Bst, a fibroblast-like line from the epithelial breast tissue of the same patient.
Using a newly developed image processing algorithm, 2P-FLIM images were
converted to concentration images to quantify the pathologically-induced changes of
the intrinsic flavins. In addition, steady-state and time-resolved fluorescence
polarization anisotropy measurements indicate a restricted environment and mostly
protein-bound flavins. As a control, the time-resolved anisotropy measurements of
free FAD and bound to LipDH are also measured for significant comparison with
cellular autofluorescence. To examine the sensitivity of these experimental and
analytical approaches to different stages of breast cancer or physiological properties
(Table 1), preliminary studies were carried out on MCF10A and its transformed
counterpart, MCF7, as complementary models to Hs578Bst and Hs578T. MCF7 was
also derived from mammary gland epithelial breast tissue of a human patient. The
non-transformed cell line, MCF10A, shares many properties of MCF7, but was
derived from the breast epithelial tissue of a different patient. Our results would help
establish the molecular dynamics of natural flavins as a probe for differing cell
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Figure 2 – Two-photon excitation spectra and the fluorescence emission of NADH and FAD are distinct, which allow for selective excitation and
detection. (A) Chemical structure of FAD, and (B) excitation and emission spectra for NADH (blue squares) and FAD (red triangles) (10).
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negative for the estrogen receptor
E2-independent
express vimentin
E-cadherin negative
IGFBP-3 expressing
hormone unresponsive
morphology: epithelial
invasive
metastatic

Hs 578T
breast carcinosarcoma derived cell line

Table 1 – Physiological differences between MCF and Hs578T cells.

MCF7
breast adenocarcinoma derived cell line
expression of wild-type p53 protein
positive for the estrogen receptor
E2-dependent
vimentin negative
E-cadherin positive
IGFBP-3 nonexpressing
hormone responsive
morphology: epithelial-like
non-invasive/poorly invasive
nonmetastatic
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pathologies and could facilitate the development of innovative, minimally invasive
diagnostic tools for early detection of breast cancer in patients, which could
complement or replace conventional, invasive methods.
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2.

MATERIALS and METHODS

2.1

Cell lines

The cell lines Hs578T and Hs578Bst were cultured according to the supplier’s
guidelines (American Type Culture Collection). Hs578T was cultured in a growth
medium consisting of Dulbecco’s Modified Eagle Medium, supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin-streptomycin.

The media for

Hs578Bst was additionally supplied with 30 ng/mL epidermal growth factor (Sigma).
MCF10A and MCF7 were cultured according to ATCC guidelines. MCF7 was grown
in Eagle’s Minimum Essential Medium, supplemented with 10% (v/v) fetal bovine
serum and 0.01 mg/mL bovine insulin. MCF10A was grown using media created
using the MEGM BulletKit (Clonetics), which consists of 500 mL Mammary Epithelial
Basal Cell Medium (MEBM, Lonza) supplemented with MEGM SingleQuots
(Clonetics): 13 mg/mL bovine pituitary extract, 10 μg/mL human epidermal growth
factor, 0.5 mg/mL hydrocortisone, 0.5 mg/mL GA-1000 (gentamicin/amphotericin),
and 0.5 mg/mL insulin.
All cell lines were grown to 70-90% confluency in T-75 culture flasks (BD Bioscience)
before trypsinization and passage into new culture vessels and glass-bottomed Petri
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dishes (MatTek) for 24 hrs prior to each experiment. Before observation, Tyrode’s
buffer was used to wash the cells and replace the growth media for imaging.

2.2

Chemicals and stock solutions

Flavin adenine dinucleotide (FAD, Sigma) and lipoamide dehydrogenase in NH2SO4
(LipDH, Sigma) were obtained for use as standards, for concentration measurements,
and for lifetime and anisotropy solution studies. FAD was dissolved in PBS (pH 7.4).
FAD stock was also suspended in 30% (v/v) glycerol to yield a solution with a
viscosity of 2.5 cP, which mimics the viscosity of a cellular environment (26). LipDH
was desalted by centrifuging at 14000 rpm for 2 min and was suspended in PBS (pH
7.4). For the fluorescence solution studies, the concentration of FAD was 500 μM and
LipDH had a concentration of 130 μM.

2.3

Laser microspectroscopy setup

The experimental setup is described in detail elsewhere (1) and shown in Figure 3.
Briefly, a 10 W diode laser (Verdi V10, Coherent) was used to pump a tunable solidstate Ti:Sapphire laser (Mira 900-F, Coherent). This femtosecond laser system (120 fs
pulses at a repetition rate of 76 MHz) provides a wide wavelength range of 700-1000
nm for interrogating almost any biomolecule of interest. The repetition rate was
reduced to 4.2 MHz using a pulse picker (Mira 9200, Coherent) to reduce

Figure 3 – Biophotonics equipment for experimental setup. A) confocal scanning unit and microscope, B) pump laser and
femtosecond lasers, C) time-correlated single-photon counting equipment, D) FCS (not used) (32).
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photodamage, especially when a long acquisition time was necessary.

The laser

excitation pulses were then directed into the confocal scanning unit (FV300,
Olympus) and into a confocal microscope (IX81), where it was focused onto the
sample using a water immersion lens (Olympus, 60X, 1.2 NA). The epi-fluorescence
(1P or 2P) was separated from the excitation fluorescence using a dichroic mirror and
left the right port exit of the microscope where it was further filtered and collected by
one or two microchannel plate photomultipler tubes (MCP-PMT), depending on the
experimental setup. The 2P-emission was filtered through a 525/100 nm bandpass
filter (D525/100, Chroma) and a 690 nm short pass filter (690SP, Chroma). For
lifetime measurements, the signal was detected using one fast microchannel plate
PMT set at magic angle (38.3°). For polarization anisotropy measurements, the signal
was split using a Glan-Thompson polarizing beam cube and/or a 50/50 beam splitting
mirror into two PMTs, set at 93° (parallel) and 0° (perpendicular). The signals were
then fed into a time-correlated single photon counting (TCSPC) module (SPC-830,
Becker-Hickl) which was triggered with a SYNC signal by splitting 10% of the
excitation light to a fast photodiode (PHD-400-N, Becker-Hickl). Data collection and
storage was carried out using a personal computer, where data analyses were
performed using SPCM software (Becker-Hickl).
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2.4

Data analysis

2.4a Two-photon (2P) fluorescence lifetime imaging microscopy (FLIM)
Frequency-domain FLIM was first described by Lakowicz et al. in 1992, and for
further details the reader is referred elsewhere (8,15). Briefly, 2P-FLIM yields an
image where each pixel (x,y) contains temporal information about the fluorescence
intensity (

) decay of the residing fluorophore(s). Changes in fluorescence lifetime

between samples often reflect changes in the molecular conformation or surrounding
microenvironment of the fluorophore, which is far more sensitive than intensitybased information. An excitation signal at 900 nm and a repetition rate of 76 MHz
was used to interrogate the sample at the objective.
The decay matrix, a map of the fluorescence lifetime of each pixel, was created using a
multi-exponential decay fit (32):
(1)
where

and

are the amplitude and lifetime of the ith component at (x,y) pixels. A

computer-generated instrument response function was used for deconvolution of the
measured fluorescence decays.

From the decay matrix, a lifetime distribution

histogram was generated. The average lifetime of the cellular autofluorescence and
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the distribution width were determined from the distribution histogram using a
Gaussian fit.
For higher temporal resolution, a pseudo single-point modality for measuring the
fluorescence lifetime was employed by scanning the laser at a repetition rate of 4.2
MHz over the sample and storing the detected signal at magic angle in 1024 time bins
(12.2 ps per bin). The resulting data yielded a single decay curve, which was fit to a
multi-exponential decay model using external data analysis software (Origin 7.5,
Originlabs).

2.4b FLIM-based concentration measurements
To convert fluorescence intensity into molecular concentration, it is essential to
account for the variation of fluorescence quantum yield in live cells. Because the
quantum yield ( ) is proportional to the fluorescence lifetime (

), FLIM images

were used in a newly developed algorithm for calculation of fluorophore
concentration in live cells (30). A highly accurate concentration image can be created
by combining analysis of fluorescence intensity images and FLIM decay matrices and
comparing this information to the intensity and lifetime of the fluorophore in
solution at a predetermined concentration. The two-photon fluorescence can be
expressed as (15)

15
(2)
where

is the quantum yield,

is the detection efficiency,

is the two-photon excitation cross section, and

is the concentration,

is the squared spatiotemporal

profile of the excitation pulses. Because the quantum yield is linearly proportional to
the fluorescence lifetime,

, the above equation is simplified to
(3)

where

is a system parameter that can be calculated using a solution of the

fluorophore at known concentration and is equal to
(4)
(5)
where

is the radiative rate constant.

Therefore, by combining the above

expressions, a concentration map was calculated from the lifetime decay matrix by
applying the below equation to each pixel (32):
(6)
Once optimized in a calibrated microscope, this assay on living cells can provide an
alternative to conventional biochemical techniques that require the lysis of cell and
tissues, which results in the loss of morphological context.
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2.4c Two-photon fluorescence polarization microscopy
Fluorescence polarization anisotropy measurements provide a measure of restriction
on molecular mobility due to the microenvironment of a fluorophore and yield
information about its molecular size (15).
Simply put, anisotropy measures the change of dipole angle between absorbing and
emitting dipoles of a given fluorophore. This angle is sensitive to the restriction of
surrounding environment and molecular conformation (free versus protein bound) of
the fluorophore. In these measurements, the parallel and perpendicular fluorescence
polarization (with respect to the laser polarization) images were recorded
simultaneously and the calculated anisotropy,

, per pixel was calculated as

(15):
(7)
where the G-factor accounts for the polarization sensitivity of the detectors and is
estimated using the tail-matching approach on a standard fluorophore (e.g.,
fluorescein) as described elsewhere (15). In the time domain, the polarized (parallel
and perpendicular with respect to the laser polarization) fluorescence intensity decay
anisotropy was collected using a single-photon counting module. The raw data traces
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were then fed into a Matlab routine which applied the above anisotropy expression
and the resulting curve was described generally by a multi-exponential decay (32):
(8)
where

is the initial anisotropy (and amplitude), and

ith component.

is the rotational time of the

The sum of the initial anisotropies,

, for two-photon

measurements ranges between 0 (unrestricted) and 0.57 (completely restricted).
Combined with fluorescence lifetime, these complementary anisotropy measurements
were used to identify the structural underpinning of observed multiexponential
decays. The Stokes-Einstein-Debye equation relates the rotational time ( ) of a
spherical fluorophore to its hydrodynamic volume ( ) and the surrounding
microviscosity (

) such that (15):
(9)

where

is the Boltzmann constant, and

is the temperature in Kelvin.
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3.

RESULTS

3.1

Pathologically-induced changes in cellular morphology and

mitochondrial distribution in cells as revealed by fluorescence microscopy
Typical cell morphology and mitochondrial distribution of Rh123-stained Hs578 cells
are shown in Figure 4 using differential interference contrast (DIC; Figure 4A and 4C)
and confocal microscopy (Figure 4B and 4D).

Normal breast cells (Hs578Bst)

exhibited an elongated shape with evenly distributed mitochondria throughout the
cell, which differed from the more amorphous, polygonal shaped cancer cells
(Hs578T) with a perinuclear region of mitochondrial localization. In addition, the
nucleus-to-cytoplasm ratio in the cancer cells appeared larger than the normal
counterpart. These morphological differences have been observed in other cancer
cell lines (25). These observations provided a guideline for the predicted locations of
cellular flavins, which were expected to be mitochondria-bound.
The autofluorescence of non-stained cells were also imaged using 900-nm excitation
of cellular flavins in both Hs578Bst and Hs578T cells.

The steady-state 2P-

autofluorescence imaging also revealed a qualitative similarity concerning the
morphology and mitochondrial distribution observed with confocal imaging of

D

C

Figure 4 – Breast cancer and normal cells exhibit distinct morphology and mitochondrial distribution:
A) DIC of Hs578Bst, B) DIC/fluorescence of Hs578Bst, C) DIC of Hs578T, D) DIC/fluorescence of Hs578T (32).

B

A
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Rh123-staned cells. It is also worth mentioning that the fluorescence intensity at 900
nm in normal cells was about 5 times greater than was observed in the cancer cells,
which could indicate a significant difference in either the concentration of intrinsic
flavin species or autofluorescence quantum yield due to environmental distinction
between the two cell types.

To explore the underlying mechanism of such

pathologically-induced changes of flavin autofluorescence, we investigated the
fluorescence lifetime decay in these cell lines using fluorescence lifetime imaging
(FLIM).

3.2

Cellular autofluorescence quantum yield is heterogeneous and

distinctly different from free FAD in aqueous solution
Fluorescence lifetime (i.e. quantum yield) measurement of a fluorophore is a sensitive
indicator of its structure (i.e., chemically or binding to other macromolecules) and
surrounding environment.

While these types of measurements provide valuable

spectroscopic information about the emitting species, it was also essential in
concentration imaging, after taking into account the variation of quantum yield in
cell environment.
Representative lifetime images of the Hs578 cell lines are depicted in Figure 5. The
analysis of the 2P-FLIM measurements on Hs578Bst and Hs578T show that the
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Figure 5 – 2P-FLIM of intrinsic flavins, at the single cell level, reveals heterogeneous environment. FLIM images for Hs578Bst (A) and Hs578T (B)
cells and lifetime distribution histogram (C; 578Bst – blue, 578T – green).
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fluorescence decay per pixel was bi-exponential; these lifetimes are distributed
normally along a range of tens of picoseconds to 4 ns in both cell lines, yet Hs578T
exhibits a long lifetime tailed distribution (Figure 5C). The average lifetimes were
found to be 1.56 ± 0.08 ns (n=7) and 1.33 ± 0.08 ns (n=5) for Hs578Bst and Hs578T,
respectively, per image.
To overcome the low signal-to-noise ratio (S/N) inherent in FLIM measurements, we
also conducted complementary measurements using a pseudo-single point modality of
measurements in which the laser is scanned over a single cell (i.e., an average
autofluorescence lifetime per cell is estimated).

For Hs578Bst and Hs578T, the

autofluorescence lifetime decay was fit to a triple-exponential, with the fastest decay
component on the order of tens of picoseconds. The amplitude of this fast component
might suggest the detection of some scattered light. Hs578Bst and Hs578T decays
exhibited an average lifetime of 0.90 ± 0.17 ns (n=14) and 0.44 ± 0.08 ns (n=16) when
fit with a triple-exponential decay model. The observed difference between FLIM
(195.5 ps/channel) and pseudo-single point measurements (12.2 ps/channel) can be
attributed to the time-resolution.
Fluorescence lifetime decays for the Hs578Bst and Hs578T lines are also shown in
Figure 6 and the fitting parameters are summarized in Table 2.
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Figure 6 – Single-point lifetime decays of Hs578 autofluorescence and fluorescence in solution:
Hs578T (), Hs578Bst (), Free FAD (), LipDH ().
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Phosphate
buffer
Phosphate
buffer + 30%
glycerol
Phosphate
buffer
Hs578Bst
(14)
Hs578T
(n=16)

Environment

1.5 - 3.2

1.5 - 3.2

0.89

2.5

0.89

Viscosity
(cP)

2501.6

57.4 ±
5.4
45.2 ±
7.6

0.436 ±
0.098
0.629 ±
0.033

3885.3

2554.2

τ1 (ps)

0.640

1.000

0.644

α1

0.337 ±
0.037
0.276 ±
0.025

0.360

0.356

α2

0.76 ±
0.11
0.50 ±
0.05

4.14

4.20

τ2 (ns)

0.227 ±
0.064
0.095 ±
0.019

α3

2.80 ±
0.44
2.81 ±
0.31

τ3 (ps)

0.90 ±
0.17
0.44 ±
0.08

3.69

3.89

3.14

<τ> (ns)

Table 2 – Fitting parameters for single-point fluorescence lifetime decay data from solutions and Hs578Bst and Hs578T cells.
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FAD
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As a control, we carried out studies using free and protein-bound flavins in solution as
a point of reference for the cellular autofluorescence studies. In this case, we used
complementary single point lifetime measurements (at the magic angle) to overcome
the low signal-to-noise ratio inherent in FLIM measurements (Figure 6). Solutions
were prepared as outlined previously, and consisted of 500 μM free FAD in buffer and
viscous solution (2.5 cP, 30% glycerol) and LipDH in buffered solution.

Fitting

parameters are listed in Table 2. Free FAD decay was observed to fit bi-exponentially
with a lifetime of 3.14 ns in buffered solution and 3.89 ns in viscous solution. The
fluorescence lifetime of LipDH is 3.69 ns, which is significantly larger than free FAD.

3.3

Intensity-to-concentration

conversion

of

intrinsic

flavin

autofluorescence images in living cells
One of the principal advantages of 2P-FLIM is that it can be used to assess the
variation of fluorescence quantum yield throughout a cell or tissue while preserving
the cell morphology.

Such lifetime (quantum yield) assessment is essential for

converting intensities to concentration images in live cells. Since the fluorescence
intensity depends on both the fluorophore concentration (C) and quantum yield (i.e.,
lifetime), a measurement based solely on intensity is insufficient for direct
concentration imaging. As described in the Methods section, a Matlab algorithm was
created which generates a 3-D image (

) from the color-coded lifetime image.

26
This algorithm was previously applied as a proof-of-principle to investigate the
concentration distribution of the mitochondrial marker rhodamine 123 (Rh123) in
the Hs578Bst and Hs578T cell lines (30,32). In these measurements, the microscope
detection efficiency was calibrated using a reference solution of 90 µM free FAD in
buffer under the same experimental conditions.
FLIM-based concentration measurements of flavins in Hs578Bst and Hs578T revealed
distinct differences between the two cell lines, where the cancer cells had a signal
which was approximately 5-fold smaller than that of the normal cells. However, the
lifetime based algorithm revealed that the concentration difference was actually
closer to 7-fold; the average concentrations of cellular flavin in Hs578Bst and Hs578T
were 144 ± 38 μM (n=6) and 2 1 ± 1 0 μM (n=5), respectively.

Representative

concentration images are shown in Figure 7. The maximum concentration at any one
point was on the order of 500 µM for the normal cells compared with 200 µM for the
cancer counterpart.

Likewise, the concentration images demonstrate how

mitochondrial flavins are homogeneously distributed throughout the cytosol of
normal cells, compared with their confinement to the perinuclear region in cancer
cells. In addition, the concentration of flavins in the nucleus was close to zero, as
mitochondria are located solely in the cytosol.

B

Figure 7 – FLIM-based concentration images for Hs578Bst (A) and Hs578T (B) cells. The y-axis and color code represent concentration (uM).
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3.4

Fluorescence polarization measurements indicate restricted flavins

with larger hydrodynamic volume indicative of large flavoprotein
presence
3.4a Steady-state autofluorescence anisotropy
Fluorescence polarization (anisotropy) measurements provide valuable information
about the degree of environmental restriction and structural information about a
fluorophore (i.e. free or enzyme-bound). In these measurements, the parallel and
perpendicular polarizations of the epi-fluorescence images were recorded prior to
calculating the anisotropy (

) as shown in the anisotropy equation (see Section

2.4c).
Typical steady-state 2P-anisotropy images of flavin autofluorescence are shown in
Figure 8 for Hs578 cells. These autofluorescence anisotropy images indicate that the
environmental restriction of flavins was higher in Hs578Bst than in Hs578T cells,
with an average anisotropy,

, of 0.26 ± 0.02 (n=8) and 0.19 ± 0.02 (n=5),

respectively.
For a small fluorophore with a high degree of rotational freedom, one would expect
to be small. For a large and highly restricted rotational mobility of a molecule,
the steady-state anisotropy reaches its theoretical maximum (0.57 for 2P). To the best

B

B

Figure 8 – Steady-state anisotropy images of cellular autofluorescence reveals restrictive environment of the tumbling motion of natural flavins:
Hs578Bst (A) and Hs578T (B) cells. The color code represents steady-state 2P-anisotropy (theoretical maximum = 0.57).
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our knowledge, these types of measurements are not available in literature for cellular
autofluorescence due to its low signal level, which was overcome here by enhancing
the detection efficiency. The results also suggest that normal cells are likely to have a
higher molar fraction of protein binding and/or higher mitochondrial viscosity as
compared with cancer cells.

To examine the validity of our steady-state

interpretation, we carried out rotational dynamics measurements that provided direct
evidence of the size of the emitting species (see Section 2.4).

3.4b Time-resolved autofluorescence anisotropy
Typical pseudo-single point time-resolved autofluorescence anisotropy, averaged over
single Hs578 cells, is shown in Figure 9. The decay curves were best described as biexponential, which suggest the presence of multiple, structurally distinct species of
cellular flavins. The anisotropy decays of Hs578Bst were best described with a fast
(~716 ps, r1=0.08) and slow (~44 ns, r2=0.34). Similar results were also obtained for
the transformed counterpart (Hs578T) as summarized in Table 3.
As a frame of reference, the rotational diffusion of free FAD in buffer and viscous
solution were also measured along with a flavoprotein, LipDH (see Figure 9 and Table
3 for a summary). The free FAD buffer solutions demonstrated a fast rotational time
of ~180 ps, which was slightly increased in viscous solution to ~620 ps. LipDH (110

Anisotropy (r)

0

1
Time
(ns)
Time (ns)

2

Figure 9 – Time-resolved anisotropy decays and fits for fluorescence in Hs578 cells and solutions:
Hs578T (), Hs578Bst (), Free FAD (), LipDH ().
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1.5 - 3.2

Hs578T (n=4)

Autofluorescence

0.342 ±
0.015

0.071 ±
0.010

0.66 ±
0.14

0.72 ±
0.31

0.343 ±
0.023

0.079 ±
0.026

0.62

0.18

φ1 (ns)

51.63

r2

0.316

0.275

0.342

r1

Table 3 – Fitting parameters for time-resolved anisotropy data.

1.5 - 3.2

0.89

2.5

0.89

Viscosity
(cP)

Hs578Bst (n=5)

Phosphate
buffer
Phosphate
buffer + 30%
glycerol
Phosphate
buffer

Environment

Autofluorescence

LipDH

FAD

FAD

Signal

68.87 ±
34.74

43.94 ±
31.41

φ2 (ns)
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kDa) rotated on a much slower time scale with a rotational time of 51.6 ns and an
initial anisotropy of 0.32. When the fitting parameters of the cellular anisotropy
decays are compared with these numbers, it is fairly clear that protein binding plays a
major role in creating a restrictive environment, with some contribution from the
mitochondrial viscosity. In fact, the relative amplitudes of these contributions –
approximately 75% corresponded to the long rotational time (protein binding) – is in
agreement with previously published works (14). The rotational lifetime of the other
25%, in this analysis, corresponds well to the lifetime of a free FAD molecule in
viscous solution.
These results demonstrate the potential of fluorescence polarization imaging to probe
the structural aspects of important cofactors in live, intact cells.

The excellent

correlation of the observed rotational components and literature add further
confidence that flavins are indeed the primary, if not the sole, emitters at this
wavelength, which is consistent with previous steady-state 2P studies (10,24).

3.5

Comparative studies with MCF normal and cancer cells

To establish universal conclusions about the observed differences of autofluorescence
properties due to cellular pathology, many of the same experiments were carried out
using MCF10A (normal breast cells) and MCF7 (breast cancer cells) (see Table 1).
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Using DIC, the cancerous MCF7 cells appeared almost spherical and isolated. The
normal counterpart, MCF10A, resembled Hs578Bst, with an elongated, consistent
shape and a clear nucleus as shown in Figure 10.
FLIM of the MCF10A and MCF7 lines was carried out (Figure 11) in an attempt to
generalize these lifetime differences among other breast cell lines and their cancerous
counterpart. The average lifetime of flavin autofluorescence in MCF10A and MCF7
was 1.86 ± 0.07 ns (n=4) and 2.07 ± 0.07 ns (n=6), respectively.
In addition, the estimated average cellular flavin concentration of MCF10A cells
(Figure 12) was 69 ± 4 μM (n=5) compared with 31 ± 4 μM (n=6) for the transformed
counterpart (MCF7).
Extension of the steady-state 2P-anisotropy to the MCF10A and MCF7 cell lines
(Figure 13) revealed a similar trend based on preliminary data; the average anisotropy
for the two cell lines was 0.31 ± 0.01 (n=3) and 0.26 ± 0.01 (n=7), respectively.

A
B

Figure 10 – Representative DIC images of MCF10A (A) and MCF7 (B) cells.
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Figure 11 – FLIM images for MCF10A (A) and MCF7 (B) cells and lifetime distribution histogram (C; MCF10A – blue, MCF7 – green).
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D

B

Figure 12 –FLIM-based concentration images for MCF10A (A) and MCF7 (B) cells. The y-axis and color code represent concentration (uM).
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A

Figure 13 – Steady-state anisotropy images of MCF10A (A) and MCF7 (B) cells.
The color code represents steady-state 2P-anisotropy (theoretical maximum = 0.57).

B

A

B
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4.

DISCUSSION

Mitochondrial anomalies and associated changes in cellular energy metabolism are a
hallmark of several health problems such as cancer, Alzheimer’s disease, and
neurodegenerative diseases.

These pathological changes also correlate with the

variation in the concentration, conformation, and association kinetics of cofactors
and, therefore, redox state of the cells. Quantitative analysis of those changes can be
used as a diagnostic tool of pathologically-induced response of living cells. As a
result, metabolic cofactors such as FAD can be used as natural biomarkers for a wide
range of cell physiology (e.g., energy metabolism, apoptosis) and pathology (e.g.,
cancer, diabetes, Alzheimer’s disease, and neurodegenerative diseases).
The observed morphological differences between breast normal and cancer cells
included nucleus-to-cytoplasm ratio, cell shape, and mitochondrial distribution. Such
mitochondrial crowding in the perinuclear region can be attributed to enhanced
calcium signaling and involvement in apoptotic pathways to the perinuclear
mitochondria (9).

Peripheral mitochondria, however, are involved in supplying

calcium from the extracellular matrix and energy for cell motility. Because cancer
cells are known to depend highly on calcium signaling for adhesion, proteolysis, and
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tumor cell migration, this observation is a prime example of how morphology can
reflect physiological aspects of cells and tissues. A quantitative measure of these
morphological differences, using microscopy and image processing, would be much
more reliable tool for diagnosis of cellular pathology.
As discussed earlier (Figure 1), an inhibition of one of the electron transport chain
complexes (e.g., succinate dehydrogenase) will result in the reduction of oxidation
rate of FADH2 and therefore a reduction of cellular flavin concentration (i.e.,
autofluorescence). It is also likely that the global response of cells to the inhibition of
ETC complexes would lead to other environmental changes that influence the
chemical composition of cofactors.

Our fluorescence lifetime imaging and

concentration analyses indicate that these two pathologically-induced changes are
present in our breast cancer and normal cells models. In addition, the observed
changes in autofluorescence dynamics and quantum yield are mainly due to the
enzyme association of FAD as confirmed by our control studies on FAD and LipDH in
aqueous solution.

The observed reduction of cellular autofluorescence lifetime,

compared with those of free FAD in solution, can also be attributed to possible selfquenching at high concentrations (29,31) due to the confinement of concentrated
flavins to mitochondria. However, this self-quenching argument alone would not
explain the consistent difference in both cell types. Furthermore, our estimated
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concentration of autofluorescence emitters is usually not greater than 500 µM at
which molecule-molecule interaction may be negligible. Accordingly, one could not
rule out other nonradiative mechanisms in cellular flavins.

The observed

enhancement of LipDH fluorescence lifetime suggests that the protein environment
may reduce the efficiency of such nonradiative processes in the folded state by
separating the adenine from the fluorescent moiety (Figure 2A) (6). Complementary
studies with another intrinsically fluorescent metabolic cofactor, NADH, can also
provide a complementary probe of the redox state. A commonly used measure of
redox state of a cell is the ratio of FAD to NADH concentrations, which has been
based on intensity studies of the two probes. Conventional biochemical assays are
also used to determine the concentration of these metabolic cofactors, but require the
destruction of cells and tissues. FLIM-based concentration measurements supplant
these methods while retaining morphological context of live cells.

The estimated

average concentrations of cellular flavin in Hs578Bst was significantly larger (144 ± 38
μM; n=6) than that of the transformed (Hs578T) counterpart (21 ± 10 μM; n=5). Our
rotational diffusion studies suggested that ~80% of this cellular flavins population was
enzyme-bound and ~20% of the population was free FAD in a viscous environment.
The difference in concentration between normal and cancer cells yields the
concentration of the reduced form of FAD ([FADH2]). A rough calculation of the
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pathologically induced change in redox state (~75%) can be made by dividing the
concentration changes of FAD in the cancer cell by the sum of this concentration and
[FADH2].

These pathologically-induced changes in concentration are more

significant than the corresponding changes in the autofluorescence lifetime (i.e,
quantum yield).
For a structural perspective of the observed multiexponential autofluorescence
decays, we used fluorescence polarization anisotropy measurements in live cells. The
steady-state 2P-autofluorescence anisotropy results indicated that there was a
quantifiable, statistically significant difference between the breast normal cells and
their transformed counterparts. Since the initial anisotropy is related to the angle of
absorbing and emitting dipole moment of the fluorophore it well reflects the
restriction of local environment to the rotational flexibility of the fluorescent marker.
In this case, normal cells had an average angle of 37 ± 1° (n=8), which was
significantly lower than that of the cancer cells (42 ± 2°, n=5). These results indicate
that flavins and flavoproteins in normal cells are more restricted than in cancer cells.
This might be caused by the more active involvement of flavins/FAD as cofactors in
the mitochondria in normal cells. As a result, one would argue that these anisotropy
images indicate a complex and heterogeneous environment in living cells with free
and bound flavin and flavoproteins.
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In the time domain, the observed multiexponential decays of both fluorescence and
anisotropy decays provided direct evidence supporting the existence of more than one
emitting species (or conformational state) of cellular flavins (Table 3).
Since it is difficult to assign the two decay components of autofluorescence anisotropy
decays without other complementary information, the average rotational time is used
to calculate the corresponding hydrodynamic volume (Equation 9). In addition, the
cell environment is rather complex and heterogeneous according to our results and,
therefore, the cellular microenvironmental viscosity (η cell ) will be considered as
unknown. Accordingly, we calculated the apparent hydrodynamic volume ( Vapp ) as
in (32): Vapp = η cellVm / η ω , normalized with buffer viscosity (η ω =0.0089 P) at room
temperature (298 K). The measured average rotational time (35.8 ns) for cellular
autofluorescence at 900-nm excitation indicated an apparent hydrodynamic volume
of ~165 nm3 in the breast normal cells, which was significantly different from that of
breast cancer cells ( Vapp = 267 nm3).

The corresponding apparent radius for a

spherical autofluorescence emitter was 3.4 and 4.0 nm in breast normal and cancer
cells, respectively. It is worth mentioning that the cellular cytoplasmic viscosity was
estimated to be 6.6x10-2 P, compared with that of buffered solution at room
temperature, as estimated using translational diffusion measurements (16) compared
with (1.5 to 3.2) x 10-2 P using both rotational and translational diffusion studies (26).
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In addition, the aqueous mitochondrial matrix viscosity was reported by Verkman
and co-workers to be similar to that of cytosol using fluorescence photobleaching
recovery of mitochondria-tagged GFP (22).

Over this wide range of cytosolic

viscosity, the estimated hydrodynamic volume of autofluorescence emitters was 22 –
98 nm3 in breast normal cells compared with 36 – 158 nm3 in the transformed
counterpart. These hydrodynamic volumes are significantly larger than that of free
FAD ( Vapp = 0.83 nm3, and radius of 0.58 nm) in a buffer solution at room
temperature.
Previous studies have suggested that lipoamide dehydrogenase (110 kDa, 21) and
electron transfer flavoprotein (ETF) in mitochondrial matrix contribute significantly
(50% and 25%, respectively) to flavoprotein autofluorescence (10). The redox state of
LipDH cofactor (FAD) is in direct equilibrium with the mitochondrial NAD+/NADH
pool (14). Using the rotational diffusion of LipDH in buffered solution, we also
estimate a hydrodynamic volume (radius) of 238 nm3 (3.85 nm), which is within the
size range of cellular autofluorescence emitter(s). Collectively, these results show
that the size and restriction on cellular flavins are significantly larger as compared
with free FAD and LipDH in buffered solution.
Our preliminary studies of the MCF cell lines, using the same experimental
approaches, revealed a similar trend, but with significantly lower concentration of
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flavin species in cancer cells (MCF7) versus the normal counterpart (MCF10A). In
addition, steady-state anisotropy measurements showed that there was a greater
amount of environmental restriction or enzyme binding in MCF10A versus MCF7.
Importantly, the observed difference of autofluorescence lifetime decay between
MCF10A and MCF7 was opposite of the Hs578 results, which is currently under
further investigation. The autofluorescence in MCF7 demonstrated a consistently
longer average fluorescence lifetime than MCF10A autofluorescence. While these
trends suggest that some properties can be used as contrasting observables for cellular
pathology, the influence of physiological differences between cell lines (such as those
shown in Table 1) on the autofluorescence properties must be investigated further
before universal conclusions can be drawn.

46

5.

CONCLUSION

Using integrated modalities of fluorescence microscopy and spectroscopy, we have
characterized the cellular flavin autofluorescence and its sensitivity to cell pathology.
Using both metastatic (Hs578T) and nonmetastatic (MCF7) breast cancer cells and
their normal counterparts (Hs578Bst and MCF10A), we have shown that the
concentration of FAD as a cofactor is significantly lower in the transformed cells.
While this outcome can be predicted based on the well-understood cell biology and
energy metabolism pathways, these results provide a quantitative estimate of these
changes as well as strong evidence for the potential of our noninvasive approach as an
alternative analytical tool to the invasive biochemical techniques on cell lysates. In
addition, our studies provide molecular dynamics and hydrodynamic volumes of the
autofluorescence emitters for the first time in living cells. Currently, the functional
response of cellular flavins to potassium cyanide (KCN) is being investigated. The
experimental and analytical protocols presented here are also applicable to other
studies on disease-based mitochondrial anomalies such as diabetes, Alzheimer’s, and
neurodegenerative diseases, as well as apoptosis.
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This integrated approach also holds great promise in molecular and cellular biology
with both extrinsic and intrinsic biomarkers. Due to their penetration capabilities
deep in tissues, multiphoton microscopy and endoscopy would enhance the potential
of these analytical approaches as diagnostic tools for ex vivo and in vivo studies.
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