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ABSTRACT Förster (or fluorescence) resonance energy transfer (FRET) is a nonradiative energy transfer process between two
fluorophores located in close proximity to each other. To date, a variety of biosensors based on the principle of FRET have been
developed to monitor the activity of kinases, proteases, GTPases or lipid concentration in living cells. In addition, generation of
biosensors that canmonitor physical stresses such asmechanical power, heat, or electric/magnetic fields is also expected based
on recent discoveries on theeffects of these stressors oncell behavior. Thesebiosensors cannowbestably expressed in cells and
mice by transposon technologies. In addition, two-photon excitation microscopy can be used to detect the activities or concentra-
tions of bioactivemolecules in vivo. In the future,more sophisticated techniques for imageacquisition and quantitative analysiswill
be needed to obtain more precise FRET signals in spatiotemporal dimensions. Improvement of tissue/organ position fixation
methods formouse imaging is the first step towardeffective imageacquisition. Progress in thedevelopment of fluorescent proteins
that can be excitedwith longerwavelength should be applied to FRETbiosensors to obtain deeper structures. The development of
computational programs that can separately quantify signals from single cells embedded in complicated three-dimensional envi-
ronments is also expected. Alongwith the progress in thesemethodologies, two-photon excitation intravital FRETmicroscopywill
be a powerful and valuable tool for the comprehensive understanding of biomedical phenomena.
Since the discovery of green fluorescent protein (GFP) (1),
scientists have been widely employing this gene-encoded
fluorescent protein (FP) to investigate the spatiotemporal
dynamics of molecules with subcellular resolution. One of
the applications of FP engineering is the development of
biosensors based on the principle of Förster (or fluores-
cence) resonance energy transfer (FRET) (2). FRET is a
nonradiative energy transfer process between two fluoro-
phores located in close proximity to each other, and its effi-
ciency is strongly dependent on the distance between the
fluorophores. More precisely, the energy transfer rate (kt)
from a donor to an acceptor fluorophore is calculated in
the following Förster’s equation;

kt ¼ 8:79 � 1023 � J � k2

n4 � R6
� kf ;

where J is the overlap of donor emission and acceptor
excitation spectra, k2 is an orientation factor of transition
moment (a factor determined by the relative orientation of
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the two fluorophores), n is a refractive index, R is the dis-
tance between the donor and acceptor fluorophores, and
kf is the donor fluorescence emission speed. Therefore,
FRET efficiency is determined by the distance and orienta-
tion of the two fluorophores. To measure FRET efficiency,
there are roughly two methods; ratiometric analysis and
lifetime analysis. Ratiometric analysis utilizes fluorescence
intensity of an acceptor (e.g., yellow FP (YFP)) and a donor
(e.g., cyan FP (CFP)) upon the donor excitation. Because
acceptor fluorescence increases and donor fluorescence
decreases when FRET occurs, the acceptor/donor intensity
ratio positively correlates with FRET efficiency (3,4).
Lifetime analysis is based on the fact that donor fluorophore
lifetime is shortened when energy is transferred to an
acceptor fluorophore. Therefore, FRET efficiency can be
quantified by detecting the lifetime change (5). Based on
these analytical approaches, the FRET phenomenon has
been utilized by creating two FP-fused target proteins and
quantifying the FRET efficiency between them, which
is used as an index of the ‘‘distance,’’ ‘‘orientation,’’ or,
thus, ‘‘interaction’’ between the molecules. The specially
designed molecules are known as FRET biosensors and
can be classified into two categories, intermolecular and
intramolecular (single-molecule) FRET biosensors (4).
Because of their high signal/noise ratio and wider application
in live imaging, and because their use does not require
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calculation of the corrective FRET efficiency, many labora-
tories have preferentially created single-molecule FRET
biosensors that monitor specific molecules such as kinases
(6–10), proteases (11–13), GTPases (14–17) or lipids (18).
Recently, a breakthrough was reported in the generation
of transgenic mice expressing single-molecular FRET
biosensors, in which the activities of numerous kinases, pro-
teases, or GTPases are visualized in living tissues and organs
(19–21). Despite the remarkable technical expansion of
FRETmicroscopy, a couple of problems in image acquisition
and data analysis have hindered precise signal quantification
in intravital application. Further, emerging demands for quan-
titative visualization of physical stresses, such as mechanical
power, heat, or electric/magnetic fields, have encouraged
physicists and biologists to develop new FRET biosensors.
In this issue of Perspective, we briefly summarize the history
of the development and improvement of single-molecule
FRET biosensors, delineate the problem and resolution in
their application to intravital imaging, and discuss the future
prospects for these tools and how they can contribute to the
future understanding of biomedical phenomena in vivo.
Development and improvement of single-
molecule FRET biosensors

The first gene-encodable single-molecule FRET biosensor,
Cameleon, was reported by Miyawaki et al. in 1997 (22)
(Fig. 1 A). In this FRET biosensor, blue FP (BFP) or CFP,
calmodulin, calmodulin-binding peptide M13, and GFP
or YFP are tandemly fused in this order. The binding of
Ca2þ to calmodulin induces a conformational change of
the biosensor, resulting in a dramatic increase of FRET effi-
ciency, which reflects the Ca2þ concentration within a cell.
Based on the operating principle, BFP/CFP, GFP/YFP,
calmodulin, and M13 are expediently called a donor FP,
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an acceptor FP, a sensor domain, and a ligand domain,
respectively. Since the development of Cameleon, a variety
of FRET biosensors based on a similar operating principle
have been created and improved by many laboratories
(Fig. 1 B). Due to the lack of a three-dimensional (3D) struc-
ture of a FRET biosensor, and to the contribution of multiple
factors to FRET efficiency, such as the distance and orienta-
tion of the two FPs, it is complicated and time-consuming to
develop and improve a single-molecule FRET biosensor.
That is, the selection of appropriate sensor/ligand domains
and FP pairs, the order of the domains in the biosensor,
and the optimization of the linker length that connects
each functional domain all must proceed by trial and error.
Recently, Komatsu et al. reported the rational design and
optimized backbone of a single-molecule FRET biosensor
called the Eevee system; in this biosensor, the effect of
the orientation-dependent FRET between donor and
acceptor FPs is minimized by using a long flexible linker
and reduced basal FRET efficiency when a biosensor pre-
sents an ‘‘open form’’ (Fig. 1 C). As a result, they success-
fully improved the dynamic range of some preexisting
FRET biosensors by 1.2- to 1.5-fold (6).
Generation of stable cell lines and transgenic
mice expressing a FRET biosensor

Transient expression of a FRET biosensor is not the best
method for a long-time observation such as intravital imag-
ing, because the vast majority of the cells lose the expression
of FRET biosensors after ~5–10 cell divisions. The other
problem with transient expression is that the expression
levels of a biosensor greatly differ among cells. Therefore,
one challenge in FRET imaging had been to establish
cell lines stably expressing the biosensors, but all the con-
ventional methods, including linearized DNA transfection
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or retrovirus/lentivirus-mediated gene transfer, have failed
to maintain the CFP-YFP FRET biosensor structures when
inserted into the host genome (23). This has been considered
to be due to a homologous recombination between donor
and acceptor FPs with high nucleotide sequential homology.
In the case of linearized DNA transfection, the constructs
are usually inserted into the host genome as a tandem con-
catamer, where a homologous recombination occurs be-
tween FPs located in proximity during cell divisions. In
the case of virus-mediated gene transfer, a homologous
recombination might happen during the reverse transcrip-
tion process in the virus, which carries the construct as an
RNA pair. Therefore, one solution to avoid this recombina-
tion is to use an FP pair originating from different species
with less sequential homology, or to reorganize the codon
of one FP to a different species (24). Indeed, by replacing
CFP with teal FP, an FP derived from Clavularia sp. (coral)
(25) with less homology to CFP, we established stable cell
lines expressing FRET biosensors for small GTPases and
phosphoinositides and observed their activity and concen-
tration in organoids (26–28). Also, many laboratories have
utilized a GFP-red-FP (RFP) pair, which originates from
Aequorea victoria (jellyfish) and Discosoma sp. (sea anem-
one), respectively, for retrovirus/lentivirus-mediated gener-
ation of stable cell lines (29). Another method is to utilize
a transposon-mediated gene transfer system, e.g., the Piggy-
bac system, in which the biosensor construct is designed
to be sandwiched between transposon-specific inverted
terminal repeat sequences (30,31). With this system, the
construct between inverted terminal repeat sequences is
randomly inserted into a host genome as a single structure
by cotransfection with a DNA coding the specific transpo-
sase. Using this method, we have effectively obtained stable
cell lines that express sufficient amounts of FRET biosen-
sors (32,33), and to date we have not experienced any prob-
lems related to the recombination or destruction of the
constructs.

After the initial successes of transposon-mediated stable
gene transfer, Kamioka et al. applied this technique to
establish transgenic mice expressing FRET biosensors
(19). In their study, they used cytoplasmic injection of
Tol2 transposase together with the plasmid for the respec-
tive biosensors, and obtained neonatal pups with very high
integration efficiency. The same group have also generated
Cre-inducible FRET mice in which a biosensor cDNA is
inserted behind a loxP-Keima-stop-loxP cassette to label
all the cells with the RFP before the Cre recombinase ac-
tion (34). When these mice are crossed with lineage-spe-
cific Cre mice, the cells with Cre recombinase begin to
express FRET biosensors. Finally, another group succeeded
in generating a transgenic mouse expressing SCAT3, a sin-
gle-molecule FRET biosensor that reports Caspase-3 activ-
ity, by a conventional, linearized DNA injection method
but using chicken HS4 insulator sequences to overcome
silencing of the transgene (20).
Application to intravital imaging

The establishment of stable cell lines and mice with FRET
biosensors has enabled us to investigate various biological
and pathological events in vivo. For example, Mizuno
et al. clarified the positive and negative roles of ERK and
PKA, respectively, in neutrophil recruitment into the in-
flamed intestine (35). Johnsson et al. visualized Rac1
signaling during disease development in multiple organs
using Rac1-FRET mice (21). Kumagai et al. revealed that
breast cancer cells with low ERK activity possess cancer
stem-cell-like properties by isolating the cells depending
on the FRET efficiency from MMTV-Neu:Eisuke mice, a
transgenic mouse line expressing the ERK FRET biosensor
(36). And in this work, we focus on an example of intravital
imaging with the EKAREV-NLS FRET biosensor, which
successfully resolved an urgent question about drug resis-
tance in cancer treatment.

BRAF mutant melanomas dramatically respond to selec-
tive BRAF inhibitors. However, there is significant vari-
ability in the magnitude of the initial response (37,38),
and most of the cases develop robust drug resistance
after six months of treatment (39), despite the fact that
no genetically resistant subclones have been detected
before treatment, even in tumors that show modest re-
sponses. Further, different genetic resistance mechanisms
can develop in the same patient (40), often at multiple met-
astatic sites (41). It is therefore suspected that certain
extrinsic mechanisms underlie and determine the initial
response, following the adaptation and acquisition of genet-
ically robust drug resistance. We utilized an EKAREV-NLS
biosensor under two-photon excitation intravital FRET mi-
croscopy and demonstrated that melanoma cells initially re-
sponded to the drug, but rapid reactivation of ERK/MAPK
was observed in areas of high stromal density (42). This
effect was linked to the ‘‘paradoxical’’ activation of mela-
noma-associated fibroblasts (MAFs) (Fig. 2 A) and to the
promotion of matrix production/remodeling, which led to
the reactivation of ERK/MAPK through cell-adhesion-
mediated signals in melanoma cells (Fig. 2 B).
Sophisticated image acquisition and signal
quantification in vivo

Artifacts caused by nonuniform environments

One of the biggest concerns in intravital FRET imaging is
artifacts caused by the nonuniform environments the signals
travel through. Because the transmission property of light
with longer wavelength (e.g., YFP) is higher than that
of light with shorter wavelength (e.g., CFP), the apparent
FRET efficiency calculated by a conventional ratiometric
method becomes higher when the emission light is coming
from deeper or going through denser tissues. Another prob-
lem is autofluorescence; various cell types emit different
levels and wavelengths of endogenous fluorescence, which
Biophysical Journal 111, 1103–1111, September 20, 2016 1105
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FIGURE 2 Application of a FRET biosensor to 3D live imaging. (A)

Representative kymographs of ERK activity in melanoma cells and

MAFs. Cells stably expressing EKAREV-NLS were embedded in 3D

gels, treated with a BRAF inhibitor at the indicated time point (black arrow-

head), and imaged for 13 h in total. Shown are pseudo-colored ratiometric

FRET images depicted with an intensity-modulated display (IMD) mode of
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Scale, 200 mm. (This image was modified from Hirata et al. (42))
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directly affects the total intensities (43,44). Therefore, we
must verify that the obtained FRET ratio (FRET/CFP) actu-
ally reflects the net FRETefficiency. One of the easiest ways
to accomplish this is acceptor photobleaching (45). If the
fluorescence from the donor FP were found to increase
upon bleaching of the acceptor FP, we could conclude that
the fluorescent signal from the acceptor FP contains FRET.
Another method would be to couple ratiometric FRET anal-
ysis with fluorescence lifetime imaging microscopy (FLIM).
The FLIM systemmost compatiblewith intravital imaging is
two-photon time-correlated single photon counting (5).
Because the lifetime of an FP is not affected by its intensity
(and thus is not affected by the transmission property of FPs
1106 Biophysical Journal 111, 1103–1111, September 20, 2016
or the light scattering in nonuniform environments), but is
shortened by FRET-induced energy loss, the lifetime of the
donor FP parallels FRET efficiency with more accuracy
than the ratiometric method. Nonetheless, at present, con-
ventional two-channel imaging for ratiometric analysis sur-
passes FLIM, especially in terms of the feasibility of 3D
time-lapse aquisition. Generally, it takes longer to acquire
a single image for FLIM-FRET analysis (>20 s/section)
than for ratiometric analysis (<5 s/section) (5). Therefore,
FLIM-FRETanalysis has a limitation in 3D time-lapse imag-
ing, and for now, we consider that ratiometric FRETanalysis
is practicable and can providewider application for intravital
‘‘4D’’ FRET microscopy, the results of which should ideally
be confirmed by single-scan FLIM-FRET. Finally, we should
mention one other method for determining the net FRET ef-
ficiency: imaging of a negative control biosensor. A repre-
sentative example is our previously described preparation
of the nonphosphorylated mutant EKAREV-TA-NLS, which
was made by substituting threonine in the sensor domain to
alanine (42). As expected, the FRETefficiency of the mutant
biosensor was not increased upon growth factor stimulation,
and the heterogeneous FRET efficiency distribution was not
detected in vivo in the same range as in the wild-type
biosensor (42). In some cases, however, there seem to be
problems in generating negative control biosensors. For
example, in the case of the Eevee-Akt FRET biosensor, the
negative control biosensor Eevee-Akt-TA also responds to
the stimulants to some extent (6). This is due to the translo-
cation of the biosensor (i.e., from cytosol to the plasmamem-
brane) upon stimulation, because the biosensor carries the
AktPH domain at its N-terminus, which binds to phosphati-
dylinositol (3–5) trisphosphates in the plasma membrane.
This change of localization may cause bystander FRET (or
intermolecular FRET) at the plasma membrane, which con-
tributes to the apparent increase in the FRET ratio after stim-
ulation. One of the most effective ways to generate a FRET
biosensor with high sensitivity is to attach a localization
signal where the molecule of interest is activated (e.g., the
CAAX domain for Ras biosensor), because it can reduce
the biosensor fraction, which is not contributing to FRET
upon stimulation (6,16). However, like Eevee-Akt, there is
sometimes a trade-off between the increase of the sensitivity
and incidence of pseudo-FRETartifacts. Therefore, we need
to examine the best construction in each case and optimize
the difference of FRET gain between a biosensor and its
negative control biosensor.
Tissue/organ position fixation during live imaging

Another practical problem in intravital imaging is tissue/
organ fixation during live imaging. Because the FRET ratio
is calculated pixel by pixel in each image, sample movement
or drift caused by breathing or heartbeat can raise critical
errors in FRETmicroscopy. Recently, we developed an aspi-
ration fixation system that can be applied to mouse intravital
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imaging of various organs (Fig. 3). In this system, a tissue or
organ is appressed by negative pressure (Fig. 3 A E) beneath
a glass attached to the bottom of a dish chamber (Fig. 3 A, B
and C). The region of interest can then be imaged with an
upright microscope through a chamber filled with water or
an appropriate solution (Fig. 3, B and C). With this system,
the stomach, liver, intestine, rectum, pancreas, spleen,
lymph nodes, testis, muscle, and skin of anesthetized mice
have been successfully imaged (35,46) and unpublished
data). Another group has also reported a simple aspiration
fixation system for lung imaging (47). Therefore, although
they are not suitable for longitudinal applications (as dis-
cussed below), we predict that aspiration fixation systems
will become the method of choice for tissue stabilization
in intravital imaging.
Improvement of biosensors for two-photon intravital imaging

To date, CFP-YFP and derived mutants are preferentially
used as an FP pair for single-molecule FRET biosensors
because of their large spectral overlap integral (i.e., large
overlap between the CFP emission and YFP excitation spec-
trum profile), which strongly affects the FRET efficiency
(45). Recently, CFP mutants with a single, long lifetime
and increased brightness and photostability (e.g., mTur-
quoise or mCerulean3) have been developed that are suit-
able for donor FPs in FRET biosensors, with great
potential for in vivo application (48,49). However, there is
a paradoxical concern about the application of this pair to
two-photon excitation intravital FRET microscopy, mainly
due to the proximity of their excitation profiles at relatively
short wavelength. Because the two-photon excitation wave-
A
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FIGURE 3 Aspiration fixation system for mouse intravital imaging. (A) Overv

ber dish (b), a cover glass (c), an arm for x-y adjustment (d), a height adjustm

(B) Intravital intestinal imaging of an anesthetized mouse. The red arrow indicate

(C) Schematic of the aspiration fixation system.
length for CFP (usually 820–840 nm) also directly excites
YFP, and because YFP is much brighter than CFP, the effect
of direct excitation sometimes becomes nonnegligible. As
a consequence, two-photon excitation FRET images some-
times exhibit a positive correlation between the YFP inten-
sity and FRET ratio, whereas single-photon excitation
or epifluorescent FRET images exhibit a negative correla-
tion, as mentioned above. This problem can be circum-
vented by certain conventional approaches, such as using
a biosensor with high sensitivity and dynamic range (6),
choosing a two-photon laser that possesses a steep profile
around the wavelength of use, or excluding from quantifica-
tion the cells that express extremely high/low fluorescent
levels of the biosensor (42). However, there are also possible
avenues toward optimization of the biosensors for two-
photon intravital imaging. One idea is to use a nonradiative
mutant FP as an acceptor, such as sREACh, which has
already been utilized in two-photon excitation FLIM-
FRET (50). Another approach is to change the FP pair to
an FP pair with a large gap between the excitation wave-
length. For example, RFP is not excited by the two-photon
excitation wavelength for GFP (usually 850–880 nm);
thus, we can easily overcome the problem of direct excita-
tion by using an RFP-GFP pair or their mutants. Although
the FRET efficiency between GFP and RFP is generally
lower than that between CFP and YFP, Lam et al. reported
that a GFP mutant, Clover, and an RFP mutant, Ruby, are
the optimal FP pair for two-photon-excitation FRET micro-
scopy (29). Moreover, FPs with a longer emission/excitation
wavelength profile are more ideal for intravital imaging
because of their advantage for deep tissue penetration.
Therefore, the establishment of FRET biosensors with
B

C

Tissue/organ of interest
aspiration

Objective
Cover glass

iew of the aspiration fixation system, which consists of a stage (a), a cham-

ent device (e), and an aspiration tube (f), which is connected to a pump.

s the mouse intestine appressed beneath the coverglass by negative pressure.
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near-infrared FPs, such as iRFP713 and its mutants (51), in
parallel with the development of a multiphoton laser with
longer wavelength, are also anticipated in the next genera-
tion of intravital FRET microscopy.
Development of algorithms for signal quantification from a
single cell

Another eagerly awaited event in intravital FRET micro-
scopy is the development of a method for quantifying the
signals obtained from a complex 3D environment. Although
qualitatively precise intravital FRET images can be obtained
with the latest FRET biosensors and leading microscopy
techniques, precise quantification of the FRET signals at
the single-cell level is still challenging. In the case of bio-
sensors localized in the nucleus, some image analysis soft-
ware packages (e.g., Metamorph), or the new algorithm
recently reported by Chittajallu et al., have already enabled
semiautomatic quantification in thousands of cells individu-
ally (52). However, in the case of membrane-localized
biosensors (e.g., RaichuEV-Rac1) in crowded cells with
complicated morphologies (e.g., glioma cells in brain tis-
sue), there is no automated program to separate individual
cells. Furthermore, although detecting signaling events in
a cell in motion would reveal the molecular mechanisms
for biological reactions in vivo, 3D tracking methodologies
for FRET quantification are not yet established. Recently,
Kikuta et al. successfully traced time-dependent morpho-
logical changes in osteoclasts in vivo (53), and it might be
possible to extend this method to semiautomated FRET
quantification. Regarding intravital FLIM-FRET analysis,
spectral phasor analysis with Global for Images SimFCS 4
will effectively remove signals from autofluorescence,
which makes the analysis more reliable (54), and FLIMfit
software provides an excellent platform with efficient use
of computer processor and memory resources, which en-
ables us to quickly analyze large FLIM data sets (55). There
is no doubt that further development and improvement of
the algorithms, programs, and software for automated 4D
FRET analysis will accelerate our understanding of the
signal transduction in vivo.
Visualization of physical stresses in vivo

One of the issues that we should tackle in the next decade is
the effect of physical stresses, such as mechanical power,
heat or local temperature, pH, redox state, oxygen concentra-
tion, and electric/magnetic fields, some of which are already
being visualized with FRET biosensors (56,57). In addition,
there is much evidence that physical stress directly affects
the biological behavior of cells. For example, mechanical
pressures from flanking cells accelerate the cell-cycle pro-
gression in epithelial cells (58), and mechanotransduction
derived from substrate rigidity can affect stem cell differenti-
ation (59). Another report has shown that localmetabolic heat
1108 Biophysical Journal 111, 1103–1111, September 20, 2016
production affects the electrochemical gradient in mitochon-
dria (60). And although it is quite challenging to visualize
physical stresses in vivo, we believe that FRET biosensors
hold great potential for this purpose.

The first FRET mechanosensor was reported by Meng
et al. in 2008. In that report, they generated a tension-
sensing module (called stFRET) in which the FPs Cerulean
(donor FP) and Venus (acceptor FP) were connected by the
coiled-coil spring of a helix protein (61). By inserting this
module into a target molecule, they visualized the tension
loaded on the molecule as the distance between the FPs
(and thus as the FRET efficiency). Two years later, Grashoff
et al. modified the linker to a 40-amino-acid-long elastic
peptide derived from the spider-silk flagelliform protein,
and by inserting this new tension-sensing module (named
TSMod) into vinculin, a member of the focal adhesion com-
plex, they successfully visualized the tension force at the
focal adhesion complex with piconewton sensitivity (62).
After their report was published, many laboratories applied
TSMod to various molecules to visualize mechanical stress
in living cells (63,64). In two representative examples, a ten-
sion-sensor targeting b-spectrin was applied to intravital im-
aging of Caenorhabditis elegans (65), and a tension sensor
targeting E-cadherin was applied to Drosophila ovary imag-
ing (66). However, application to higher-order animals such
as mice has not yet succeeded. Since these FRET biosensors
are designed to sense the structural changes in proteins that
organize the actin cytoskeleton for cell-cell or cell-substrate
interactions, other molecules such as N-cadherin, a-catenin,
integrins, paxillin, talin, and p130Cas (67,68) can be utilized
for biosensors with better sensitivity and dynamic range.
Another candidate may be transient receptor potential
(TRP) channel proteins, which respond to a variety of
stimuli, including mechanical or chemical stimuli, tempera-
ture, or osmolarity (69). After selecting the most appropriate
protein, it is necessary to optimize the FPs for deep tissue
imaging, as discussed above. Regarding heat or electric/
magnetic fields, there has been no report of FRET biosen-
sors to date, but in addition to the possibility of TRP channel
proteins, Kiyonaka et al. developed a GFP dimerization-
based thermosensor by utilizing TlpA, a heat-sensitive pro-
tein derived from Salmonella (60).
Future perspective of intravital FRET microscopy

We are now able to observe moving or proliferating cells in
the short term (hours to days). One of the challenges in the
near future will be to observe such cells for longer durations
(months to years), which would contribute to our under-
standing of various biomedical phenomena, such as cancers,
the immune system, disease-specific alterations in meta-
bolism, and tissue regeneration. To this end, we consider
that cell transplantation, host-cell visualization in situ, and
stable imaging methods will be the key technical factors
(Fig. 4 A). Cell transplantation techniques will continue to
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be a major part of intravital FRET microscopy. These in-
cludes cancer cells, cancer stromal cells, bone marrow cells
or iPS derived cells, all of which can express FRET biosen-
sors. In the future, a series of FRET mice will be generated
that can be irradiated, treated with carcinogens, crossed with
genetically modified mice, and/or used to investigate cell- or
tissue-specific toxic effects of newly developed drugs. Cell
transplantation into these FRET mice will also provide
insight into how the cells in the microenvironment regulate
the signaling pathways. For example, organ-bud transplan-
tation into FRET mice might clarify specific signaling path-
ways in host organs that contribute to effective engraftment
and regeneration (70). In addition, for stable imaging of
these exciting phenomena, aspiration fixation systems will
play an effective role in intravital microscopy (Fig. 4 A).
Also of note, as mentioned above, long-duration (months
to years) microscopy is a next challenge in intravital
FRET microscopy. In this context, ‘‘cancer dormancy’’ is
certainly among the most mysterious biomedical phenom-
ena in the human body, and we expect that intravital
FRET microscopy will provide critical information to solve
this mystery. Several mouse models that exhibit cancer
dormancy have already been established in the lung
(71–73) and brain (Fig. 4, B and C); thus, by introducing
FRET biosensors into the cancer cells, we can visualize
the variance of specific signals with spatiotemporal resolu-
tion. It should also be useful to utilize ‘‘imaging window
techniques’’ to follow the dormant cells over time (42,74).
In addition, we can visualize the signals in stromal cells
that shape the microenvironment for dormant cancer cells
by using FRET mice. Further improvement of the existing
biosensors and development of new stress biosensors will
synergistically advance our understanding of how cancer
dormancy is regulated and disrupted in the body.

In conclusion, single-molecule FRET biosensors have a
broad range of applications, and intravital FRET micro-
scopy holds great advantages in that it can be used to
visualize intravital signals in situ. Over the long term, by
consolidating the knowledge and skills that we have ob-
tained through the development and application of FRET
biosensors, it might be possible to create innovative tools
for clinical application, such as novel contrast agents for
magnetic resonance imaging or photoacoustic tomogra-
phy/spectroscopy.
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