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ABSTRACT
Autoﬂuorescence (AF) originating from the cytoplasmic region of mammalian cells
has been thoroughly investigated; however, AF from plasma membranes of viable intact cells is
less well known, and has been mentioned only in a few older publications. Herein, we report results
describing single- and two-photon spectral properties of a strong yellowish-green AF conﬁned to
the plasma-membrane region of transformed human hepatocytes (HepG2) grown in vitro as small
three-dimensional aggregates or as monolayers. The excitation–emission characteristics of the
membrane AF indicate that it may originate from a ﬂavin derivative. Furthermore, the AF was
closely associated with the plasma membranes of HepG2 cells, and its presence and intensity were
dependent on cell metabolic state, membrane integrity and presence of reducing agents. This AF
could be detected both in live intact cells and in formaldehyde-ﬁxed cells. Microsc. Res. Tech.
70:869–879, 2007. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Endogenous ﬂuorochromes may impede image or
ﬂow cytometry studies of mammalian cells. However,
autoﬂuorescence (AF) may carry useful biological information as well. AF of NAD(P)H and lipoamine dehydrogenase has been applied to probe the redox state of
mitochondria in cells using ﬂuorometry (Croce et al.,
2004) and microﬂuorimetry (Eng et al., 1989; Huang
et al., 2002; Patterson et al., 2000; Rocheleau et al.,
2002, 2004). AF of intracellular ﬂavins was used to
study cell redox state with a ﬂow cytometer (Thorell,
1983) and to establish subcellular localization of ﬂavoproteins using microscope imaging (Masters and
Chance, 1999). Moreover, tissues and whole organs
have been studied using NADH-ﬂuorescence imaging
(Bennett et al., 1996; Kuznetsov et al., 1998; Piston
et al., 1995; Puppels et al., 1999). Furthermore, FAD
ﬂuorescence has been used for identiﬁcation and cell
sorting of eosinophils and neutrophils (Watt et al.,
1980; Weil and Chused, 1981). For these reasons, studies of cell AF are considered an interesting tool for
analyzing intracellular physiopathological processes
(Brookner et al., 2000; Dellinger et al., 1998; Huang
et al., 2004; Kara et al., 2004; Plettenberg and Hoffmann, 2002).
Apart from reduced nicotinamide nucleotides
(NADH, NADPH), oxidized ﬂavin nucleotides (FAD,
FMN) and endogenous ﬂuorophores include lipofuscins, porphyrins, and a number of less abundant ﬂuorophores (Croce et al., 2004). Their ﬂuorescence has
usually been detected throughout the cytoplasm
(Andersson et al., 1998), or localized within the mitoC
V
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chondria (Patterson et al., 2000; Rocheleau et al., 2002,
2004) or cytoplasmic granules (Croce et al., 1999, 2004;
Mayeno et al., 1992).
Although AF originating from the cytoplasmic
region of mammalian cells has been studied by many
researchers (Andersson et al., 1998; Aubin, 1979; Benson et al., 1979; Bondza-Kibangou et al., 2001; Croce
et al., 1999; DaCosta et al., 2005; Georgakoudi et al.,
2002; Matsui et al., 1998; Mayeno et al., 1992; Reinert
et al., 2004), AF from plasma membranes of viable
intact cells, less known and not thoroughly investigated, has been mentioned only in a few older reports
(Lowy and Spring, 1990; Nokubo et al., 1988, 1989).
These early reports did not provide detailed information about the spectral properties of the described
AF. However, the authors suggested that AF was
due to the presence of riboﬂavin associated with
plasma membranes. Since little is known about the
role of free riboﬂavin in cellular plasma membranes,
this controversial hypothesis has never been widely
accepted.
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We report here results describing spectral characteristics of a strong yellowish-green AF conﬁned to the
plasma-membrane region of transformed human hepatocytes (HepG2) grown in vitro as small three-dimensional aggregates or as monolayers. The AF excitation/
emission spectrum was similar to that of free ﬂavin.
Furthermore, the AF was closely associated with the
HepG2 plasma membranes, and its presence and intensity were dependent on cell metabolic state, membrane
integrity, and presence of reducing agents. This AF
could be detected both in live intact cells and in formaldehyde-ﬁxed cells.
MATERIALS AND METHODS
Reagents
Digitonin was obtained from Sigma (MO). The solutions were made immediately prior to experiments.
DilC18 and riboﬂavin were obtained from Molecular
Probes (OR).
Cell Cultures
HepG2 human hepatoma monolayers (ATCC, VA)
and small-sized cellular aggregates were grown in
DMEM (Sigma) supplemented with 2 mM L-glutamine,
100 units/mL penicillin, streptomycin (0.1 mg/mL),
10% fetal bovine serum, and phenol red.
In order to prepare cellular aggregates, cells were
transferred onto Petri dishes containing agarose gel
supplemented with medium. The dishes were incubated 72 h at 378C in a humidiﬁed atmosphere containing 5% CO2.
Four hours prior to experiments, cell aggregates
were transferred onto 0.17-mm coverglasses and kept
in HEPES-buffered DMEM without phenol red or in
PBS. Coverglasses with cells attached to the substratum were mounted in a microincubator chamber (Life
Science Research, Cambridge, UK), and 1 mL of
DMEM without phenol red or 1 mL PBS was added.
Live cells were imaged at a temperature of 378C.
Where indicated, the cells were ﬁxed on the coverslips
with 3% formaldehyde (in PBS) for 20 min and washed
two times with PBS prior to imaging. Fixed cells were
imaged at room temperature.

Fig. 1. Green autoﬂuorescence of HepG2 human hepatoma grown
in optimal conditions as single cells or as small aggregates in suspension (A), as monolayers (B), and as large cellular aggregates (C). Bar:
10 lm. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Confocal Microscopy
Confocal laser scanning microscopy was performed
with a BioRad MRC1024 system based on an inverted
Nikon Diaphot 300 microscope (Nikon, Japan). The
system was equipped with a 603 PlanApo 1.4-NA oilimmersion objective lens, 100-mW argon-ion laser
(ILT), three ﬂuorescence detectors (PMTs), and a
three-color transmitted nonconfocal light detector.
Cells were illuminated with 457-nm light, using either
a 510-nm dichroic long-pass ﬁlter (VHS BioRad ﬁlter
block) or a 495-nm dichroic long-pass ﬁlter (custombuilt ﬁlter block). AF was detected in the range of 490–
550 nm using a 565-nm dichroic long-pass ﬁlter (A2
BioRad ﬁlter block) and a 522/35 band-pass ﬁlter
(Chroma, VT). Where indicated, ﬂuorescence of DiIC18
was registered in the range of 550–640 nm using a 550nm long-pass ﬁlter (BioRad OG550). Images 512 3 512
pixels in size (pixel size 0.135 lm) were registered in
photon-counting mode (eight-bit dynamic range) using
LaserSharp 3.2 software (Bio-Rad).
Microscopy Research and Technique DOI 10.1002/jemt
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Fig. 2. Subcellular localization
of green autoﬂuorescence. Green
(A) and red (B) AF of intact HepG2
cells, grown as small aggregates,
prior to staining with DiIC18,
immediately (4 min) following
staining of a plasma membrane of
one cell with DiIC18 (C and D),
and 20 min later when blebs were
formed (E and F). Bar: 10 lm.
[Color ﬁgure can be viewed in the
online issue, which is available at
www.interscience.wiley.com.]

Two-Photon Microscopy
Two-photon microscopy was performed using a BioRad
Radiance 2100MP system based on an inverted Nikon
Eclipse T2000-U microscope (Nikon). The system was
equipped with a 40 3 1.2-NA NeoFluor oil-immersion
objective lens and a 1.5-W (at 800 nm) Mai Tai Titanium:Sapphire tunable (720–900 nm) impulse (100 fs)
laser (Spectraphysics, USA), a 100-mW argon-ion laser
(ILT), three point ﬂuorescence detectors (conventional
PMTs), and a direct ﬂuorescence detection module
(BioRad) comprising two array detectors (multicathode
channel plate PMTs, Hamamatsu, Japan). Furthermore,
the system was equipped with a three-color transmitted
nonconfocal light detector. Cellular AF was excited using
720-, 765-, 810-, 855-, or 900-nm light. Images 512 3 512
pixels in size (pixel size 0.17 lm) were registered in photon-counting mode (8- or 16-bit dynamic range). The
point-scanning PMTs were controlled using a standard
BioRad frame grabber and LaserSharp 2000 software.
AF was registered using 500-nm and 560-nm dichroic
low-pass mirrors (DCLPXR, Chroma) to direct the light
Microscopy Research and Technique DOI 10.1002/jemt

to the three PMTs, each equipped with a combination of
a low-pass and a high-pass ﬁlter to provide detection in
30-nm wide bands. The AF spectrum comprised six such
bands: 420–470 nm (1 - violet), 470–500 nm (2 - blue),
500–530 nm (3 - green), 530–560 nm (4 - orange), 590–
620 nm (5 - red), 620–650 nm (6 - far red). Alternatively,
a 500-nm dichroic low-pass mirror (DCLPXR, Chroma)
and two direct detectors, controlled using an SPC 830
time-correlated single-photon counting module (Becker
and Hickl, Germany), were used to collect autoﬂuorescence in 400- to 490-nm and 500- to 560-nm bands set
with appropriate band-pass ﬁlters (Chroma). In addition, transmitted-light (488-nm) images were collected
after the ﬂuorescence measurement. The emission spectrum of tubulin in ﬁxed cells immunostained with ﬂuorescein-labeled antibodies and excited by 860-nm light
was used as the reference.
Microﬂuorimetry
High-resolution ﬂuorescence emission spectra were
measured using a Nikon Optiphot-2 wide-ﬁeld micro-
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measured from 450 to 710 nm in bands, which ranged
in width from 3 nm (at 450 nm) to 6 nm (at 710 nm). A
cooled CCD Rollera XR camera based on a VQE3618L
Sony chip (Qimaging, Canada) was used to collect 348
3 260 images (2 3 2 binning). Effective pixel size in
the image space was 0.64 lm. The emission spectrum
of DAPI bound to DNA in nuclei of ﬁxed cells was used
as the reference.
Microinjection and Membrane Damage
Microinjection of the plasma membrane dye DiIC18
was performed using an Eppendorf Micromanipulator
5172 (Eppendorf, Germany). The plasma membrane of
a single cell was stained by microinjecting 1 fL of
DiIC18 in the immediate vicinity of that cell. The manipulator was employed to puncture the plasma membrane using a micropipette needle. Alternatively, digitonin (0.05 mM) was used to cause membrane damage.
Integrity of plasma membranes was monitored using a
propidium-iodide (PI) exclusion test. PI was added to
cell cultures at a ﬁnal concentration of 5 lg/mL. Red
ﬂuorescence from nuclei of damaged cells was detected
by confocal microscopy.
Image Processing and Analysis
Intensity of ﬂuorescence at the plasma membranes,
in the cytoplasm, and in the cell nuclei was measured
as described by Bernas and Dobrucki (1999). Brieﬂy, for
every cell present in the image, three types of regions of
interest (ROIs) were chosen (using a transmitted-light
image): ROIs containing no cells (so that all the signal
in a ROI may be treated as background), ROIs enclosing
only cytoplasm or a nucleus (cell interiors), and ROIs
enclosing plasma membranes (i.e., the area contained
within *0.5 lm of the edge of cell). The brightness
threshold was chosen so that 95% of pixels in the background region were of lower or equal brightness. Fluorescence intensities at the membranes, in the nuclei,
and in the cytoplasm were represented as averages of
the pixels above threshold in the respective ROIs.

Fig. 3. Green autoﬂuorescence of HepG2 human hepatoma grown
in suboptimal conditions as single cells or as small aggregates in suspension (A), as monolayers (B), and as large cellular aggregates (C).
Bar: 10 lm. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

scope (Nikon) equipped with a 40 3 1.2-NA Fluor oilimmersion objective. Fluorescence was excited using a
100-W Hg arc lamp, and a 350–380-nm band-pass ﬁlter
and a 405-nm long-pass dichroic mirror. Fluorescence
was registered using an acousto-optical tunable ﬁlter
MIM200 AOTF (Brimrose, MD). The emission was

RESULTS
Subcellular Localization of AF
HepG2 human hepatoma cells exhibited yellowishgreen (490–550-nm) AF under visible-light (457-nm)
single-photon excitation, as depicted in Figure 1. Spatial distribution of AF was not uniform. Prominent AF
was detected in the regions adjacent to cell edges. On
the other hand, little AF was observed in cell nuclei
and in the bulk of the cytoplasm. Emission from cytoplasm was concentrated in small (*1 lm) granules.
One should note a similar distribution of the cells
grown as small cell aggregates in suspension (Fig. 1A),
monolayers (Fig. 1B), or large cell aggregates (Fig. 1C).
To establish subcellular localization of AF we investigated the localization of the green AF and the plasma
membrane tracer DiIC18 in HepG2 cells in vitro The
images in Figure 2 represent green and red ﬂuorescence before (A, B) and after staining (CD and EF) of
plasma membranes with the red-emitting dye DiIC18.
The intensity of green AF was unaffected by injection
of the membrane tracer. The dye did not diffuse into
the plasma membrane of the neighboring cell. Merging
of images from red and green channels conﬁrmed colocalization between green AF and plasma membranes.
Microscopy Research and Technique DOI 10.1002/jemt
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Fig. 4. Fluorescence of HepG2 cells before (A, B) and after digitonin treatment (C, D). Green channel
(A, C) represents green AF (490–550 nm); red channel (B), weak red AF (585–630 nm), and ﬂuorescence
of nuclei stained with propidium iodide (D). Bar: 10 lm. [Color ﬁgure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

The presence of DiIC18 in the plasma membranes
resulted eventually in the formation of membrane
blebs (Fig. 2F). It is interesting to note that green AF
was absent in the regions of membrane blebs. Apparently the ﬂuorochrome responsible for green AF did
not have the ability to diffuse laterally at the rapid
rate characteristic for DiIC18. In order to verify this
hypothesis, small regions in the plasma membranes
were subjected to intense illumination with a 457-nm
laser beam, which resulted in elimination (photobleaching) of the green AF in these regions. There
was no observed recovery of ﬂuorescence in photobleached regions of the plasma membrane. These
results support the notion that the ﬂuorophore is part
of a protein complex, which in turn is anchored to the
cytoskeleton.
Microscopy Research and Technique DOI 10.1002/jemt

HepG2 cells maintained under suboptimal growth
conditions (i.e., without replenishing the medium for
48 h) exhibited different pattern of subcellular AF distribution (compare Figs. 1 and 3). Uniform AF distribution was detected for small aggregates in suspension
(Fig. 3A), whereas cells grown as monolayers or as
large aggregates exhibited strong granular ﬂuorescence from the cytoplasm (Figs. 3B and 3C). The
intensity of plasma-membrane AF increased and of cytoplasmic AF decreased again, following fresh medium
replenishment (measured after 24 h). A similar change
in subcellular distribution of AF followed the loss of
plasma-membrane integrity in cells treated with digitonin (Fig. 4). One should note that whereas decrease
of plasma-membrane AF was permanent, an increase
of cytoplasmic AF was only transient. Loss of plasma-
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Fig. 5. Excitation/emission spectrum of autoﬂuorescence (AF) of
HepG2 cells. AF was excited in two-photon mode using 720- (A), 765(B), 810- (C), 855- (D), and 900-nm (E) light. The detection bands
were the following: 420–470 nm (1 - violet), 470–500 nm (2 - blue),
500–530 nm (3 - green), 530–560 nm (4 - orange), 590–620 nm (5 -

red), 620–650 nm (6 - far red). The AF intensity (z-axis) was measured
in photon-counting mode at the plasma membrane (squares), in the
cytoplasm (circles), in the cell nuclei (triangles up), and in the granules (triangles down).

Microscopy Research and Technique DOI 10.1002/jemt
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tion. Emission spectra of cytoplasm and nuclei were
similar at all excitation wavelengths, whereas granules
exhibited stronger AF in the range of 550–650 nm than
did other cell compartments. One may postulate that
only one kind of ﬂuorochrome contributed to AF of the
plasma membranes. On the other hand, it seems plausible that mitochondrial AF originated from more than
one ﬂuorochrome type. Hence, the ﬂuorescence of
plasma membranes and cytoplasm (mitochondria) was
further characterized using microﬂuorimetry (see
Materials and Methods). The emission spectra of the
plasma-membrane ﬂuorescence excited with UV are
compatible with a ﬂavin ﬂuorochrome (Fig. 6). On the
other hand, cytoplasmic ﬂuorescence was blueshifted
with respect to the typical ﬂavin spectrum. One may
conclude that the emission/excitation characteristics of
plasma membrane AF corresponded to that of a ﬂavin
derivative, whereas mitochondrial AF might be a
superposition of ﬂavin and NAD(P)H emissions.

Fig. 6. Narrow-band emission spectrum of the autoﬂuorescence
(AF). The AF was excited using 350- to 380-nm light and detected in
the range of 450–710 nm in 3-nm (at 450 nm) to 6-nm (at 710 nm)
bands. The AF was registered at the plasma membrane (gray symbols) and in the cytoplasm (black symbols) of HepG2 cells.

membrane AF was also observed when a suspension of
HepG2 cells was frozen in liquid nitrogen and thawed,
or when the plasma membrane was mechanically punctured with a micropipette (data not shown).
One may conclude that plasma-membrane AF was
dependent on the membrane integrity and on an
optimal supply of nutrients during cell growth. Hence,
further studies focused on cells with intact plasma
membranes and cultured under optimal conditions.
Spectral Properties
Yellowish-green emission (490–550 nm) was the
main component of cell AF excited by 457-nm light.
Furthermore, weak red ﬂuorescence (585–630 nm) was
detectable at the plasma membranes when 457-nm or
568-nm light was used. No measurable AF in plasma
membranes was observed with red-light (647-nm) excitation. Hence, two-photon excitation (equivalent to
350–450-nm one-photon) was used to characterize
spectral properties of HepG2 AF (Fig. 5). The majority
of AF emission at the plasma membranes (squares), in
the cytoplasm (circles), in the nuclei (triangles up), and
in the granules (triangles down) occurred in two bands:
420–470 nm (violet) and 470–500 nm (blue). This was
true for all excitation wavelengths used. Minor AF was
detectable in the green (500–530 nm) emission band at
the plasma membrane and in the nuclei. One should
note, however, that with 720-nm excitation AF of the
plasma membranes was more prominent at longer
(blue and green) wavelengths than AF in the cytoplasm
(Fig. 5A). This difference decreased with increasing excitation wavelength (compare Figs. 5A–5E) and was
negligible when 900-nm light was used for AF excitaMicroscopy Research and Technique DOI 10.1002/jemt

Effect of Free Riboﬂavin
It has been previously suggested that the ﬂuorophore responsible for membrane AF was riboﬂavin
transported to cells (Lowy and Spring, 1990). In order
to verify that hypothesis, we altered riboﬂavin availability in the culture medium. Three hours of incubation in the presence of 10 lg/mL of riboﬂavin-binding
protein (RBP) in the culture medium did not decrease
intensity of green AF (490–550 nm) observed with 457nm excitation. One should note that the concentration
of RBP was sufﬁcient to complex all riboﬂavins present. On the other hand, a slight increase of violet/blue
(400–490 nm) and green (500–560 nm) plasma-membrane AF was detectable with long-wave 2P excitation
(810–900 nm) if 1 lg/mL of riboﬂavin was added to the
incubation medium (PBS, Figs. 7C and 7D). However,
a concomitant slight decrease of violet/blue AF was
observed in mitochondria (Fig. 7A) and cell nuclei (Fig.
7E) under short-wave 2P excitation (700–765 nm),
whereas the green AF in these compartments did not
change. These results appear incompatible with riboﬂavin transport from the extracellular environment
(culture medium) to the interior of cells. Instead, one
may postulate that free riboﬂavin acted as an electron
acceptor, causing oxidation of ﬂavins and NAD(P)H in
cells. To test this hypothesis we examined the inﬂuence
of reducing and oxidizing agents and of oxygen pressure on AF.
Redox Properties
Incubation of HepG2 cells with an exogenous electron acceptor, tetrazolium salt CTC, resulted in a gradual increase of yellowish-green (490–550 nm) AF at the
plasma membranes (Figs. 8A–8E), registered using
457-nm excitation. A concomitant increase of red ﬂuorescence (685–600 nm) was observed as well at the
plasma membranes (Figs. 8B, 8D, and 8F). No changes
of either red or green ﬂuorescence in cellular interiors
were detected. One should note that nonﬂuorescent
CTC is water soluble and forms ﬂuorescent deposits of
CTC-formazan upon reduction. Hence, these results
are consistent with CTCs being reduced at the plasma
membranes, as reported previously (Bernas and
Dobrucki, 1999). Exposure to hypoxia and then reexposure to atmospheric oxygen did not change the inten-
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Fig. 7. Change of AF excitation–emission spectrum upon addition
of free riboﬂavin. The AF was detected in the 400- to 490-nm band
(A,C,E) and in the 500- to 560-nm band (B,D,F) and excited in twophoton mode using 720-, 765-, 810-, 855-, and 900-nm light. The AF

was registered in the absence (white bars) and presence (gray bars) of
riboﬂavin in the cytoplasm (A,B), at the plasma membrane (C,D), and
in the nuclei (E,F) of HepG2 cells. Signiﬁcant (P ¼ 0.05) AF changes
are indicated with asterisks.

Microscopy Research and Technique DOI 10.1002/jemt

SPECTRAL IMAGING OF INTRINSIC FLUORESCENCE

877

Fig. 8. Increase of green AF in HepG2 cells incubated with an exogenous electron acceptor, CTC. Green AF (A, C, E) was registered in
the range of 490–550 nm, red ﬂuorescence (B, D, F) of reduced CTC
(CTC-formazan) in the range of 585–630 nm. The images were col-

lected at 0, 24, and 48 min following the addition of CTC. Bar: 10 lm.
[Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

sity of plasma-membrane AF observed with 457-nm excitation. Similarly, treatment with H2O2 also had no
effect on the membrane AF. However, we observed that
cytoplasm AF intensity increased after treatment with
H2O2, whereas incubation with a strong reductant sodium dithionite solution caused decrease of the overall
AF both in living and in ﬁxed cells (data not shown).

the AF originated from the internal side of the membrane, from its interior or from the external side.
The fact that the ﬂuorophore responsible for AF was
not able diffuse rapidly along the lipid phase of plasma
membranes indicates that the ﬂuorophore may be
closely associated with a plasma membrane protein
and be anchored to the underlying cytoskeleton. This
notion is in agreement with the fact that compromising
the membrane integrity does not lead to immediate
loss of plasma-membrane AF. One may note that these
results agree with observations reported by others
(Nokubo et al., 1988).
The spectral data presented do not have sufﬁcient
resolution to precisely identify the plasma-membrane
ﬂuorophore(s). Nonetheless, the excitation/emission
characteristics of the membrane AF indicate that it
may originate from a ﬂavin derivative. FAD, FMN, and
riboﬂavin are likely candidates. Owing to the fact that
ﬂuorescence spectra of these ﬂuorochromes overlap
closely one may not distinguish them using microscope
techniques. AF of ﬂavoproteins in mitochondria of various cell types has been reported in several papers (Pat-

DISCUSSION
Our data indicate that AF of HepG2 cells is a complex phenomenon and depends on the excitation wavelength and on the cell metabolic state. Furthermore,
AF varies among subcellular compartments. When
maintained in optimal growth conditions and excited
with violet light, the cells exhibit green AF associated
with plasma membranes, as demonstrated by colocalization with DiIC18. One should note, however, that the
thickness of plasma membranes is estimated to be in
the order of 10 nm. Thus, owing to the fact that spatial
resolution of the registered images was not higher
than 250 nm, it was not possible to establish whether
Microscopy Research and Technique DOI 10.1002/jemt
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terson et al., 2000; Rocheleau et al., 2004). One may
note that spectral characteristics of plasma membrane
AF for HepG2 cells match those of mitochondrial AF
when excitation and detection bands are optimized for
ﬂavins. On the other hand, when excitation and detection are performed at shorter wavelengths, the spectra
of mitochondria and plasma membrane differ. This fact
is in agreement with reports indicating that reduced
pyridine nucleotides (NADH and NADPH) may contribute to mitochondrial AF together with ﬂavoproteins
(Croce et al., 2004; Patterson et al., 2000; Rocheleau
et al., 2004).
Several explanations for the presence of plasma
membrane AF may be put forward. It has been postulated that membrane AF was due to the presence of riboﬂavin transported to cells (Lowy and Spring, 1990).
However, it is difﬁcult to understand how a constant
concentration of free riboﬂavin would be maintained by
the cell in the region close to the plasma membrane.
Kinetic studies and examination of riboﬂavin transport
into the cell reported by others do not support the existence of any riboﬂavin \repository" in the region of the
plasma membrane (Said et al., 1998).
It is more probable that the AF originated from a
cofactor of an enzyme bound to the plasma membrane.
An oxidoreductase which contains FMN or FAD as a
cofactor seems a likely candidate for such enzyme. The
biological signiﬁcance of cell-surface NADPH oxidoreductases (ECTO-NOX) in various cell types has been
recently recognized and documented (Berridge and Tan,
2000; Morre and Morre, 2003; Scarlett et al., 2005).
Apart from the well-known role of the trans-plasmamembrane electron-transport systems in cellular
defense, these enzymes, identiﬁed in many living cells,
regulate processes such as redox homeostasis, and control cell growth and survival (Baker et al., 2004). The
spectral signature of plasma-membrane AF reported
here and the anchoring of the ﬂuorochrome in the
plasma membrane are in agreement with this hypothesis. Furthermore, the increase of the plasma-membrane
AF upon reduction of an exogenous electron may be
explained by oxidation of the ﬂavin cofactor of this putative enzyme. The reductive activity associated with the
plasma membrane of HepG2 cells has previously been
demonstrated by us using a nitroxide spin probe as an
electron acceptor (Bernas and Dobrucki, 1998).
The practical importance of the reported AF is that
the green ﬂuorescence detected in plasma membranes
of viable, intact as well as of ﬁxed hepatocytes is sufﬁciently strong to be a sizable but unwanted component
of signals from any other green-emitting dye recorded
by ﬂow or image cytometry. As the described AF is
spectrally similar to ﬂuorescein and is not uniform all
over the cell body, care must be taken in order not to
confuse it with surface binding of ﬂuorescein-tagged
antibodies. Plasma-membrane AF may also be a meaningful biological parameter providing information
about viability, plasma membrane integrity, or redox
state. Those applications need further investigation.
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