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Fluorescence lifetime imaging (FLIM) is an e®ective noninvasive bioanalytical tool based on
measuring °uorescent lifetime of °uorophores. A growing number of FLIM studies utilizes ge-
netically engineered °uorescent proteins targeted to speci¯c subcellular structures to probe local
molecular environment, which opens new directions in cell science. This paper highlights the
unconventional applications of FLIM for studies of molecular processes in diverse organelles of
live cultured cells.
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1. Introduction

Over the decades, °uorescence microscopy has been
a dominant tool for visualization of complex cellular
structure, mapping of biomolecules and studies of
various cellular processes.1,2 The ongoing develop-
ment of °uorescence spectroscopy technology has
enabled for noninvasive acquisition of spectroscopic

information from a single cell with ever increasing

accuracy, speed and sensitivity.3,4 At the same time,

a signi¯cant progress was accomplished in genetic

engineering of °uorescent proteins (FPs). Current

technology enables a facile fusion of FPs to diverse

cellular proteins, which further revolutionized

studies of molecular structure in live cultured cells.
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The ¯rst FP — jelly¯sh-derived green °uorescent
protein (GFP) — was discovered by Shimomura in
1960s.5 Afterwards, GFP gene was cloned by
Prasher6 and in 1994, it was reported that GFP can
be expressed both in bacteria and multicellular
organisms such as E. coli and C. elegans.7,8 These
¯ndings made it possible the widespread applica-
tions of GFP as a marker for visualization of gene
expression in living organisms. Later structural
studies revealed that GFP displays complex �-bar-
rel structure with the chromophore located in the
core of the protein.9 This exceptional structure
allows for production of a number of mutants with
di®erent spectral characteristics via modi¯cations of
chromophore and/or its local environment.8,10–12

Using this approach, a number of GFP-derived
mutants (e.g., EGFP, YFP, CFP, BFP) and other
mRFP1-derived FPs (e.g., td Tomato, mOrange,
mCherry, etc.) with improved characteristics (e.g.,
enhanced photostability and brightness) were pro-
duced, characterized and applied for cell biology
studies. Moreover, the absorption/emission spectra
of up-to-date generated mutants essentially cover
entire visible spectrum.8,13–19 The exceptional
properties of FPs made them indispensable for live
cell bioimaging.20–22

Currently, the synthesis of FPs with excitation/
emission in the near-infrared region (NIR) has been
actively pursued. New family of NIR-FPs o®ers
numerous advantages for imaging in live cells and
tissues, including low phototoxicity, deep penetra-
tion through biological material in the biological
transparency window (� 650–950 nm), as well as
potentially higher detection sensitivity due to low
light scattering and reduced auto°uorescence.23–25

Although few e±cient NIR FPs have been synthe-
sized to date, and their brightness lags behind
conventional labels, some newly synthesized FPs
look very promising. For instance, a family of phy-
tochrome-based NIR FPs (iRFP) has already been
validated for imaging in live cells, tissues and even
whole animals.23,24,26

It is worth to note that FP tags can alter the
three-dimensional (3D) conformation of the target
protein and/or a®ect their functions.27 However,
such cases are rare, and could be further reduced by
genetic modi¯cations of FP fusions.28

In the recent two decades, FPs have been in-
creasingly utilized as probes for °uorescence life-
time imaging (FLIM). For instance, proteins
like GFP and its mutants can also be tracked and

distinguished by their °uorescence lifetime, the av-
erage time between its excitation and its return to
the ground state.1 There are two common techni-
ques for measuring °uorescence lifetime: the time-
domain (TD) and frequency-domain (FD) methods.
TD requires a pulsed light-source (much shorter
than the decay time of the sample), while FD
requires a sinusoidal intensity-modulated light (its
reciprocal frequency should be comparable to the
reciprocal of decay time).1,32 In TD technique, the
°uorescence decay function is directly recorded,
while in FD, the information about °uorescence
decay is obtained from the di®erence between the
modulation degree and a phase shift of the sample
°uorescence and the excitation. The TD measure-
ments are often performed using time-correlated
single-photon counting (TCSPC) technique and the
°uorescence decay is acquired in each pixel of the
image.

In combination with modern imaging setups,
FLIM paves the way for new discoveries in bio-
medical science.4,29–31 Remarkably, in comparison
with °uorescence intensity-based techniques, °uo-
rescence lifetime measurements are independent of
changes in probe concentration, excitation intensity
°uctuation and photobleaching, thus representing a
more robust and reproducible bioanalytical tool.1,4

There are a number of reviews and quite a few books
that contain detailed description of basic principles
of FLIM, as well as recent technical achievements
and data analysis that allow to perform lifetime
measurements with high accuracy in various sam-
ples, including live cells and tissues.4,29,32–34 There-
fore, this paper does not contain this kind of
information and is mainly focused on FP applica-
tions for studies of cellular molecular processes by
FLIM.

2.1. High resolution protein tra±cking

Achievements in FLIM methods as well as the en-
gineering of new FPs with enhanced spectral pro-
perties open up new horizons for studies of complex
cellular structure with high accuracy. For instance,
improved mutant of YFP, mCitrine protein, was
used as a lifetime-based sensor for probing protein
localization as well as cytosolic protein PINK1
displacement between the mitochondrial micro-
compartments.35 Remarkably, because of small
diameter of mitochondria, mapping of protein

S. M. Levchenko, A. Pliss & J. Qu

1730009-2

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



localization in its microcompartments formerly was
not achievable by conventional °uorescence mi-
croscopy. However, it was found that localization
in inner and outer membrane can be identi¯ed by
the di®erence in lifetime of mCitrine tag. This
di®erence was due to inverse correlation between
°uorescence lifetime of °uorophores and local re-
fractive index.36 Since the refractive index
of membranes is signi¯cantly higher than that of
mitochondrial matrix, the °uorescence lifetime of
membrane-bound FP-fusions is shorter than that
in the mitochondrial matrix, which enabled for
mapping of the FPs localization in mitochondria
with a sub-di®raction resolution. Moreover, it was
demonstrated that FLIM approach is sensitive
enough even for protein tra±cking within mito-
chondrial microcompartments.35

Furthermore, the potential of FLIM techniques for
multiplex imaging was demonstrated.37 The algo-
rithm for signal di®erentiation from up to ¯ve °uor-
ophores with similar °uorescence emission spectra
was introduced recently.37 In that study, ¯ve °uo-
rescent probes, including EGFP, ATTO-488, ATTO
488 azide, Alexa Fluor 488 and ATTO490LS were
used in the cultured cells for labeling of nuclear en-
velope, cytoskeleton, nascent DNA, Golgi Apparatus
and the nucleoli, respectively. All the probes were
excited by the same 485 nm excitation wavelength.
Next, the pattern-matching algorithm was applied
for selective identi¯cation of each °uorophore, thus
providing a concept for highly multiplex imaging

(Fig. 1). Moreover, the ability to visualize up to nine
targets using spectrally resolved FLIM microscopy
(sFLIM) was recently demonstrated.37

In another study, FLIM was applied for investi-
gating spatial distribution of nucleocapsid protein
(NCp7) of the Human immunode¯ciency virus type 1
(HIV-1) in HeLa cells.38 In this study, NCp7 was
tethered with EGFP and the cellular RNA was la-
beled with Sytox Orange, to probe the FRET be-
tween both °uorophores. It was shown that the
main sites for NCp7–EGFP localization are cyto-
plasm and the nucleoli, where it binds to cellular or
ribosomal RNAs. Based on these data, the authors
suggested that NCp7 molecules may primarily bind
to ribosomes after releasing in the infected cells.38

2.2. Monitoring intracellular pH

level, temperature and protein
concentration

Due to the speci¯c location of °uorophore inside the
proteins �-barrel, the spectral properties of these
types of FPs can be modulated through their inter-
actions with the environment. This feature of FPs
can be used for sensing changes in their environment
such as intracellular pH,39–41 temperature42 or pro-
tein concentration.43,44 As value of these parameters
in speci¯c cellular compartments plays an important
role in regulation of many intracellular processes,
the reliable, accurate and noninvasive methods for

Source: Reprinted by permission from Macmillan Publisher Ltd: Nature Methods,37 Copyright 2016.

Fig. 1. Multitarget images of di®erent cellular structures labeled with ¯ve °uorescent probes with similar °uorescent properties:
(a) Total °uorescence intensity image of an U2OS cell. (b) sFLIM composite image showing (green, c) F -actin, (yellow, d) Golgi,
(blue, e) nascent DNA inside the nucleus, (magenta, f) nuclear envelope, and nucleoli (white, g). Scale bars, 10�m.

FLIM of FPs for study of intracellular processes
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determination of intracellular parameters are highly
desirable in molecular biology and biomedicine. In
this regard, genetically encoded FPs-based sensors
have a big advantage, as they can be targeted to
almost any cellular compartment without loading
procedure that is required for conventional dyes.
First, it was found that absorbance and °uorescence
of GFP mutants strongly depend on pH value both
in vitro as well as in intracellular compartments of
live cells.39,40 Probable reason could be that pH can
shift equilibrium between two existing GFP ground
states, which has di®erent spectroscopic character-
istics.39 For instance, the response of °uorescence of
GFP mutant GFP-F64L/S65T to pH changes is
rapid and reversible in the range between 6.5 and
down to 5.0.39 Notably, there are plenty of dyes and
some FPs with pH sensitive °uorescence intensity
that can be used for intracellular pH evaluation by
conventional °uorescence microscopy.45 However,
one of the major drawbacks of °uorescence intensity-
based pH sensors is that obtained data are not
always clear, as the °uorescence intensity can be
a®ected not only by pH changes, but also by °uor-
ophore concentration °uctuations (e.g., FPs expres-
sion level which is troublesome to control).
Application of FLIM technique allows for overcoming

this limitation, making it more favorable for intra-
cellular pH mapping. There are a few reports where
FLIM was used as a nondestructive and e±cient
method for pH distributionmapping, andmonitoring
of pH dynamics in di®erent cellular organelles via
changes in FPs lifetime values.41,46–48 For instance,
lifetime of engineered red °uorescent protein pHRed
showed a high sensitivity to intracellular pH in live
Neuro2A cells.41 The lifetime of pHRed notably in-
creased upon changing of pH value from 5 to 8.
Magnitude of observed changes in lifetime was about
� 0:4 ns that can be e®ectively detected by FLIM.
Furthermore, the correlation between °uorescence
lifetime of enhanced yellow °uorescent protein
(EYFP) and local pH ranging from 4.5 to 9, both in
bu®er solution and in HeLa cells with di®erent exci-
tation wavelengths was studied (Fig. 2).46 It was
shown that the sensitivity of EYFP lifetime in bu®er
solution depends on excitation wavelength. The best
results for measuring intracellular pH by the FLIM of
EYFP in HeLa cell line were obtained with excitation
at 440 nm in the pH range of 4.5–6.0, which is es-
sential for acidic organelles such as lysosomes.46

Another study demonstrated that intracellular
lifetime of widely used enhanced cyan °uorescent
protein (eCFP) also exhibits large changes

(a)

(b)

Source: Reprinted from Ref. 46. Copyright 2012, with permission from Elsevier.46

Fig. 2. (a) The correlation between °uorescence lifetime of EYFP expressed in HeLa cells and intracellular pH. (b) Dependence of
average EYFP °uorescence lifetime on pH in cells and bu®er solution.
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(around 32%) in the pH range from 5.0 to 7.0, which
allows to perform pH measurements in intracellular
compartment with high accuracy around 0.2 pH
unit.49 Notably, eCFP is suitable for pH measuring
at acidic pH values (from 5.0 to 7.0) at the range of
physiologically relevant temperature 20–37�C.
Moreover, the possibility to use it for tracking dy-
namical changes in acidic secretory granules of
PC12 cells was demonstrated.49 Enhanced GFP
(eGFP) was also proposed as a lifetime-based pH
sensor for evaluation in the cytoplasm or mito-
chondria of Chinese hamster ovary cells.47 The
lifetime of eGFP was used as a parameter for the
quantitative analysis of pH in cells under excitation
at 405 nm. It was demonstrated that pH in the
mitochondrial matrix is around 7.8 and it is slightly
higher than the 7.0 pH value in cytoplasm.

Another interesting application for FPs was
suggested after the discovery of the tempera-
ture dependence of GFP °uorescence signal in-
tensity, °uorescence anisotropy and °uorescence
lifetime.42,50–53

The correlation between the signal intensity and
temperature was exploited in several studies. It was
demonstrated that °uorescence intensity of certain
FPs exhibit thermal sensitivity, thus enabling in-
tracellular temperature sensing. Genetically enco-
ded GFP-based thermosensor, named tsGFPs, was
applied for monitoring the temperature of the
plasma membrane, mitochondria and endoplasmic
reticulum in living cells.51 Temperature-sensitive
conformational transformations in tsGFP in turn
caused changes in the intensity ratio between two
characteristics emission peaks of tsGFP at 400 nm
and 480 nm. As a result, the thermal heterogeneity
in mitochondria was detected. Furthermore, the
dependence between temperature and membrane
potential was demonstrated.51 Another group de-
veloped ratiometric thermometer (gTEMP) by
using two FPs with di®erent temperature sensitiv-
ity.52 gTEMP enabled fast tracking of the temper-
ature changes in the range of 5–50�C with temporal
resolution of 50ms. Using this thermometer the
authors observed the temperature distribution in
the cytoplasm and nucleus in cells. Moreover, this
approach has been used for monitoring heat gener-
ation in mitochondria matrix in a single living cell.
In comparison, most of conventional FPs-based
thermometry methods exploit °uorescence intensity
changes for monitoring temperature distribution
inside the single cell. The inherent disadvantages of

these methods include susceptibility to photo-
bleaching as well as °uctuations of the excitation
light intensity and chromophore concentration. In
this regard, the temperature monitoring method-
based either FPs or polymeric structures with
temperature dependent °uorescence lifetime o®er
signi¯cant advantages.42,54,55

Recently, another advanced method for temper-
ature mapping in single cells based on characteristic
properties of green and red °uorescent protein
(GFP and mRFP) was developed.42,53 In these
studies, it was shown that the °uorescence intensity
and °uorescence lifetime of FPs serve as accurate
temperature evaluation. A temperature accuracy of
about 0.4�C was achieved at the single cell level.
The temperature di®erences in various organelles
were detected. Another group demonstrated that
the lifetime of ER thermo yellow and mCherry
exhibits linear dependence on temperature in the
range of 24–40�C and can be used as organelle
thermometer. Using FLIM of living myotubes
loaded with ER thermo yellow and cytosolic
mCherry, the quantitative imaging of heat pro-
duction induced by Ca2þ in myotubes was per-
formed.54 Advances in lifetime-based technique and
engineering of the FPs with desired properties may
lead to the development of intracellular thermo-
sensors with better parameters (e.g., higher sensi-
tivity, faster response, broader temperature range,
etc.).

Furthermore, from °uorescence lifetime mea-
surements of GFP, the information about local re-
fractive index, intracellular concentration of
macromolecules and cell cycle progression can be
acquired.

In one study, it was shown that local refractive
index evaluated from GFP lifetime value in live cells
can serve as a tool for probing local environment in
the immunological synapse.56 The correlation be-
tween inverse °uorescence lifetime of GFP-tagged
protein in the membrane and corresponding re-
fractive index was reported. It was suggested that
the changes in lipid or protein concentration in local
cellular environment may result in variations of
local refractive index of GFP-tagged protein.56

In another study, the dependence of °uorescence
lifetime on local refractive index was utilized
for the measurement and monitoring of biomolecu-
lar concentrations in speci¯c subcellular compart-
ments.43,44 First, the °uorescence lifetime of
GFP and tdTomato was employed for sensing of

FLIM of FPs for study of intracellular processes
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concentration changes in the nucleoplasm of HeLa
cells during the cell cycle progression.43 It was found
that °uorescence lifetime values of GFP and
tdTomato are notably shortened during the transi-
tion from mitosis to interphase, evidently due to
rapid increase in the refractive index during the cell
division. The di®erence in average lifetime for GFP
and tdTomato was 80 ps and 220 ps correspondingly
(Fig. 3).

In the following study, the intracellular refractive
index was derived from FPs lifetime. Next, based on
refractive index, the absolute protein concentrations
in cellular environment were calculated. This ap-
proach was applied to measure and monitor the ab-
solute concentrations of proteins intomajor structure-
function compartments of the cell nucleus: nucleoli
and the nuclear speckles. In these nuclear compart-
ments the average protein concentration was at
�284mg/mL and �150mg/mL, respectively.44

3. Summary

FLIM appeared recently as a noninvasive, very
sensitive, informative and powerful method that has
found a wide range of applications in cellular bio-
logy and medicine. Application of FPs as a molec-
ular probe for FLIM gives access to the new layer of
information that cannot be reached by conventional
°uorescence microscopy. Using °uorescence lifetime
of FPs instead of °uorescence intensity allows for
the identi¯cation of protein localization, protein

tra±cking in speci¯c organelle, probing and moni-
toring of changes in protein environment and
consequently measuring pivotal intracellular para-
meters (e.g., pH, temperature, refractive index,
overall protein concentration and/or viscosity) in
single cell or cellular compartments without cell
damaging. The synergic development of optical
technology and molecular biology promises further
breakthroughs in studies of cellular molecular
structure and behavior.
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