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Abstract In the last two decades, there have been enormous developments in the
area of reporter gene imaging for various bioimaging applications, especially to track
cellular events that are occurring in intact cells and cells within living animals. As
part of this process, there has been a significant interest in identifying new reporters
or developing new substrates that can allow us to image multiple cellular events
simultaneously without any signal overlap between the targets. Even though chem-
ical dyes are useful for some of these applications, reporter proteins which mimic
biological properties of proteins when tagged directly with the target proteins are
very useful. Although molecular imaging has significantly advanced through use of
different imaging probes (radiolabeled ligands, MR contrast agents, CT contrast
agents, fluorescent dyes, fluorescent and bioluminescent proteins) and techniques
(PET, SPECT, MRI, CT, optical, ultrasound, and photoacoustic imaging), optical
imaging, such as fluorescence and bioluminescence imaging, has shown promising
applications in various preclinical settings, especially in imaging cellular pathways
and studies involving drug development. This is mainly owing to its simple and easy
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nature in performing the assay and also its high-throughput and cost-effective
applications. In this chapter, we review the evolution of optical imaging with specific
emphasis on fluorescent proteins, as well as an introduction regarding the general
approach of optical imaging in in vitro and in vivo applications. We explain this by
briefly introducing different optical imaging methods and fluorescent assays devel-
oped based on fluorescent dyes and fluorescent proteins followed by a detailed
review of different fluorescent proteins currently used for various assay develop-
ments and applications.

Keywords BRET, Fluorescence dyes, Fluorescent proteins, FRET, In vivo imaging

1 Introduction

Fluorescent proteins and fluorescent dyes are routinely used to monitor biological
processes of cells in culture or cells in living animals; hence they are called
fluorescent reporters (FR). This includes fluorescent proteins, organic dyes, and
inorganic photonic materials. Fluorescent reporters are commonly used for devel-
oping assays involving fluorescence spectroscopy, fluorescence microscopy, and
whole-body preclinical imaging and to some extent in human applications for image-
guided surgery in the operating room [1, 2]. Fluorescent reporters in combination
with an optical imaging system can provide key information in clinical oncologic
research while providing the opportunity to develop transgenic animal models for
studying various diseases, including cancer. Fluorescent dyes are widely used in
various bioassay applications. Here, we mainly discuss the role of fluorescent protein
as reporters (FPR) in various sensor designs and applications in bioimaging, drug
delivery, and drug discovery systems. We also briefly discuss the role of fluorescent
dyes in imaging applications (Fig. 1).

2  Fluorescent Biosensors and Evolution of Fluorescent
Protein Palette

Fluorescent proteins are frequently used for studying molecular mechanisms of cells
and physiological processes involved in cellular biological pathways. A plethora of
fluorescent proteins with characteristic excitation and emission spectra offer enor-
mous scope for researchers to “paint” living cells as they desire [3]. At present we
have gone a step further and created sophisticated biosensors engineered with single
or multiple fluorescent proteins, including Forster Resonance Energy Transfer
(FRET)-based biosensors for studying macromolecular interactions in cells [4].
These fluorescent proteins exhibit environment-dependent changes in fluorescent
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spectral characteristics and act as biosensors (1) to measure target enzyme functions
(e.g., protein kinases and proteases); (2) to measure the concentration of intracellular
ions, metabolites, and messengers (H*, Ca2+, Cl, H,0,, cAMP, etc.); (3) to monitor
cellular physicochemical parameters (i.e. specific analyte, covalent modification,
mechanical influence, redox potential, membrane potential); and (4) for high-
throughput screening of drug candidates and their evaluations in preclinical studies.
One of the earliest fluorescent proteins to be discovered was green fluorescent
protein (GFP), when, in 1962, a Japanese organic chemist and marine biologist
Osamu Shimomura stumbled upon this remarkable protein in the jellyfish Aequorea
victoria [5]. At present this discovery has reached beyond the realm of science and
our homes with the development of transgenic fluorescent fishes and green fluores-
cent pigs and cats [6, 7]. The first use of GFP as a fluorescent tag for in vivo labeling
was demonstrated in 1995 by Dhandayuthapani et al., where they reported the
application of GFP-engineered mycobacteria (M. smegmatis and M. bovis BCG)
for analysis of fundamental biological and pathogenesis related to mycobacteria
[8]. It was rather serendipitous that GFP turned out to be a natural monomer which
enabled its wide use for labeling of various proteins of interest by simple in-frame
fusion to the -COOH or —NH, terminus or even as an insert within a flexible loop of
a protein [9].

Biosensing encompasses a diverse array of techniques for the generation of
an experimentally accessible “readout” of a molecular interaction between a
biomolecule-derived molecular recognition element (MRE) (e.g., a protein domain)
and an analyte of interest (e.g., a small molecule, another protein, or an enzymatic
activity) [10, 11]. Molecular entities or devices that enable biosensing are generally
referred to as biosensors. The primary challenge of creating biosensors is transduc-
ing the nanometer-scale event of a biorecognition process into an observable
change in a macroscopic property such as color or fluorescence hue [12]. One of
the nanometer-scale changes that typically accompany biorecognition events is the
change in molecular “geometry” of the MRE. This change could be a distance
between the MRE and its analyte, as in the case of a protein-protein interaction, or
a conformational change of the MRE, as in the case of allosteric proteins [13—15]. As
we will discuss in this chapter, researchers have now devised a variety of strategies
to develop fluorescent protein-based biosensors for many applications [16].

The protein-based fluorescent biosensors can be broadly categorized into two
classes based on the construction method: the first class are genetically encoded
fluorescent proteins such as GFP and its variants, whereas the second class com-
prises of chemically constructed biosensors made of natural protein scaffolds and
artificial fluorescent molecules [17]. We will primarily discuss protein-based fluo-
rescent biosensors in this chapter. In the case of genetically encoded biosensors
(GFP-based), the GFP protein acts as a signal transducer that manifests change in
fluorescence intensity or wavelength shift in response to triggered stimuli. Different
versions of such biosensors have been established in the past, including single
FP-based biosensors, split GFP-based biosensors, and dual FP-fused FRET-based
biosensors [18]. Such biosensors are a powerful tool for in-cell imaging and/or
elucidating biological events of cells in normal and pathological processes.
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With the rapid progresses being made in exploring diverse applications of
fluorescent proteins in biosensors, one of the major considerations is improving
the “brightness” of the fluorophore to achieve higher sensitivity. The brightness of
fluorescent protein depends on how well a molecule absorbs light and how fast it
emits light. Light absorption by a fluorophore is quantified in terms of molecular
extinction coefficient, whereas emission of light intensity is quantified by quantum
yield. A promising fluorescent protein for designing a biosensor is identified based
on the high quantum yield of the protein. The quantum yield relates the efficiency at
which a fluorescent molecule converts absorbed photons into emitted photons, i.e.,
number of photons emitted divided by the number of photons absorbed, with an
efficiency of 1.0 being the maximum possible value. Since it is difficult to know the
precise number of photons absorbed without specialized instrumentation, the typical
practice of measuring quantum yield depends on comparing the unknown to a
known standard [19, 20]. In most of the fluorescent proteins, the quantum yield of
the fluorophore is not solely determined by absorbed photons but also by other
environmental factors such as pH, temperature, polarity, etc.

The construction of fluorescent biosensors generally relies on the rational design
of the strategy, which begins with an effort to find a macromolecular receptor with
appropriate affinity and specificity to the target. The second step integrates the
receptor molecular recognition event into suitable fluorescent signal transduction,
which involves foreign reporter moieties such as an engineered autofluorescent
protein (AFP). The resultant possibilities for the engineered biosensor are then
screened based on biosensor quantum yield, sensitivity, and measurement dynamics
[21]. In spite of a seemingly simple procedure, researchers are attempting to fabricate
a novel fluorescent biosensor for a given target that would inevitably struggle with
unexpected labor intensity in screening such large possibilities of random mutagen-
esis. The field of computational biology and machine learning offers an exceptional
brute force approach in screening the such large sea of variants, by placing a
“virtual” molecule of interest in the binding site of a virtual receptor [22]. The
program sequentially mutates the receptor amino acids involved in binding the
ligand, searching for sequences that form a surface complementary to the ligand.
Typically, even with 12—18 amino acids mutations, around 10?* variants arise which
excludes the possibility of in vitro screening. Finding productive biosensors with
high quantum yield and sensitivity in such a large number of possibilities requires
powerful computational algorithms. The success of such algorithms depends on how
precisely the model recapitulates the energy (or “fitness”) of the interacting groups.
However, when approaching this problem computationally, not only the amino acid
sequence of the receptor must be specified but also the orientation of the ligand, as
well as the various conformations that might be adopted by the side chains of the
mutated amino acids. Different models have evolved over the course of time for
protein biosensor engineering, for instance, Rangefinder, a computational algorithm
developed by Mitchell et al., which performs in-silico screening of dye attachment
sites in a ligand-binding protein for the conjugation of a dye molecule to act as a
Forster acceptor for a fused fluorescent protein [23]. Such computational protein
designs have been successfully used to precisely arrive at efficient protein models; a
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few to highlight here include a hyperthermophilic protein [24], two small molecule
biosensor proteins [25], two novel enzymes [26, 27], and a novel protein fold
[28]. Thus, computational in-silico approach holds great promise in future for
designing and optimization of biosensors. While developing mutants for designing
biosensors, it is also important to consider the use of infrared and near-infrared (NIR)
fluorescent proteins as a choice for enhancing the in vivo imaging capability of the
developed biosensors.

Green fluorescent protein (native state) is a 21 kDa protein consisting of
238 amino acid residues forming a secondary structure of 5 a-helices and 1
11-stranded p-pleated sheet, where each strand contains 9-13 amino acid residues
each [29]. Substitution of specific amino acids has generated a wide range of GFP
variants with distinct spectral characteristics. For instance, substituting Tyr66 for
His, Trp, or Phe results in blue-shifted spectral variants. Extensive mutagenesis of
Aequorea victoria GFP has produced a series of monomeric FPs of a variety of
colors: blue [30, 31], violet [32], cyan [30, 31, 33, 34], green [35-37], and yellow
[38]. This palette enables multicolor labeling of proteins of interests and FRET-
based techniques. Breakthrough in the red fluorescent protein field occurred only
after the discovery of DsRed and other red fluorescent and chromoproteins from
Anthozoa species [39—41]. These discoveries opened the way for the development of
orange, red, and far-red FPs with emission peaks located as far as 655 nm [42]. How-
ever, the vast majority of natural FPs and chromoproteins cloned from various
species during the past 10 years are tetramers, such as FPs from anthozoa [39—41]
and copepods [43, 44], or dimers, such as anm2CP and phiYFP from hydrozoa [44].

3 Genetically Encoded Sensors (GES)

The genetically encoded fluorescent proteins have opened new avenues for
developing biosensors to visualize and quantify activity or conformational state of
proteins of interest, especially changes in the concentration of molecular and phys-
iological events in cells, tissues, or whole organism [45]. The intercellular/intracel-
lular signaling pathways, cell communications, differentiation, and development
have been investigated extensively with these fluorescent proteins [46]. One of the
promising applications include in vivo imaging of individual neurons in transgenic
animals with calcium-responsive genetically encoded biosensors [47]. At the intra-
cellular levels, genetically encoded biosensors can be used to spatiotemporally
decipher the complex network of interactions that occur between proteins, nucleic
acids, and other macromolecules (Fig. 2) [48]. The chemically synthesized sensitive
fluorescent dyes differ greatly from fluorescent proteins in terms of their relevance,
sensitivity, specificity, development, and applications. The genetically encoded
fluorescent protein sensors are introduced into the host cells as genetic materials
by either transient transfection or knock-in techniques which allows cellular endog-
enous biogenesis pathways to express these as proteins [49]. Such an intricate
integration with endogenous biogenesis eliminates the possibility of unintended
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Fig. 2 Different fluorescent protein constructs with specific subcellular localization; FP-fusion
partner: (a) mOrange2-b-actin, (b) mApple-Cx43, (¢) mTFP1-fibrillarin, (d) mWasabi-cytokeratin,
(e) mRuby-annexin (A4), (f) mEGFP-H2B, (g) EBFP2-b-actin, (h) mTagRFP-T-mitochondria, (i)
mCherry-C-Src, (j) mCerulean-paxillin, (k) mKate-clathrin (light chain), (I) mCitrine-VE-cadherin,
(m) TagCFP-lysosomes, (n) TagRFP, (o) superfolderGFP-lamin, (p) EGFP-a-v-integrin, (q)
tdTomato-Golgi, (r) mStrawberry-vimentin, (s) TagBFP-Rab, (t) mKO2-LC-myosin, (u)
DsRed2-endoplasmic reticulum, (v) ECFP-a-tubulin, (w) tdTurboRFP-farnesyl, (x) mEmerald,
(y) mPlum-CENP-B. Adapted with permission from Richard et al., with copyrights [48]

perturbation in endogenous pathways by the biosensor itself while probing target;
thus, they allow fluorescence imaging with a closer representation to the in vivo
system over a longer period of time [50]. On the other hand, fluorescent dyes are
limited by their stability, photobleaching, and cytotoxicity, which are often driven by
their non-native interaction with biomolecules that interferes with endogenous fate
of the analytes, and thus might limit relevance of such a study to single time point
analysis alone [51]. Furthermore, unlike dyes, GES are not prone to leakage during
long-term experiments and offer high-throughput screening in drug development.
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GES, by virtue of being derived from naturally evolved proteins or protein compo-
nents of cells, open the possibility for targeting them virtually to any compartment or
microcompartment of cells through fusion with an appropriate domain or by introduc-
ing short terminal peptides to form appropriate signal motifs [S8—60]. The design of
fluorescent biosensors is based on a rationale of introducing a nimble manipulation of
target domains or fluorescent proteins, which involves conformational changes in the
spectral properties of fused domains or distance change, dipole orientation shift
between two proteins capable of FRET. FRET is a physical phenomenon in which a
donor fluorophore upon excitation transfers the energy non-radiatively to a neighboring
acceptor fluorophore, thereby causing the acceptor to emit its characteristic fluores-
cence of longer wavelength range [18]. Since FRET is highly sensitive to the distance
between donor and acceptor dipoles within the 1-10 nm range, they have become a
valuable tool to deduce biochemical events involving changes in molecular proximity,
such as protein-protein interactions, conformational changes in proteins, intracellular
ion concentrations, and enzyme activities [61].

The genetically encoded fluorescent sensors can be broadly categorized into four
groups according to the basic principles of the designs (Fig. 3):

1. Intrinsic environment sensitive fluorescent protein biosensor (single FP-based
Sensors)
2. Engineered single FP-based sensors

(a) Incorporating a conformationally sensitive detector domain
(b) Circularly permuted FP sensors

(O8]

. FRET-based sensors containing two FPs
4. Translocation sensors/assays

Each of these sensor categories has distinct applications owing to their charac-
teristics. Single native fluorescent proteins are the preferred option for ion sensors,
whereas engineered fluorescent proteins and two protein systems are better options
for deducing structural changes or a protein-protein FRET interaction, respectively.

3.1 Intrinsic Environment-Sensitive Fluorescent Protein
Biosensor (Single FP-Based Sensors)

As an intrinsic property of GFP and its derivatives, the spectral properties of the
chromophores are determined by the environment (i.e., pH or conformational
change). This property has been exploited to develop biosensors that measure pH
[53, 62, 63], halide anions [64], and redox potentials [65, 66]. The environment-
induced change within the chromophore pocket of fluorescent protein offers flexi-
bility for generating variation in the fluorescence spectrum to probe analyte-specific
signal.
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3.1.1 Fluorescent Biosensors as Tool for Detection of Intracellular Ion
Concentrations

The pH-responsive fluorescent proteins have been used to monitor exocytosis and
recycling of proteins based on the rationale of prevalent acidic pH of the secretory
vesicles [52, 67] (Table 1). The chromophores of most of the fluorescent proteins
naturally possess sensitivity to pH, specifically those carrying GFP-like or DsRed-
like chromophores, which indicates that any FP can be used as a sensor to monitor
pH changes in living cells [53, 68]. Especially in proteins with GFP-like chromo-
phores, the proportion of charged ground-state chromophores (with excitation peak
at ~480 nm) grows with increase in pH, up to pH 9.0, whereas the proportion of
protonated chromophores (with excitation at ~400 nm) declines. This property
explains the observed increase in fluorescence of green or yellow fluorescent protein
with increase in pH upon excitation at 480-500 nm. The shift in fluorescence
intensity in pH is rapid and reversible (<1 ms) [63]. Overall, the pH sensitivity of
fluorescent sensors is determined by the pKa of the charged chromophore, which in
turn determines the pH value at which the intensity of green fluorescence begins to
decline by 50% of I,,,x, and the Hill coefficient determined by slope of fluorescence
versus pH at a given pKa point. Fluorescent proteins with pKa of ~6.0 are suitable to
measure pH changes in acidic compartments, while some of the less acid-tolerant
yellow FPs can be used to measure pH changes in the cytosol [67]. Fluorescent
proteins with different pKa values are generated by rational modification of core
amino acids in the chromophore pocket or by random mutagenesis. A pH-sensitive
mutant variant called super-ecliptic pHluorin manifests ~50-fold increase in fluo-
rescence in response to change in pH from 5.5 to 7.5 and has been used for
monitoring synaptic vesicle cycling at nerve terminals [69]. Another such variant
of monomeric red FP, mKeima, exhibits a large Stokes shift with respect to change
in pH. Depending upon the neutral (protonated) and anionic (deprotonated) state of
chromophore, it exhibits bimodal excitation spectra with peaks at 438 and 550 nm,
with a single emission peak at 620 nm [70, 71]. The chromophore has pKa of 6.5,
and the pH acts as a ratiometric pH sensor based on the ratio of ionized state at a
given pH. Another crucial factor in determining the implication of such fluorescent
sensors for pH sensing is also based on their stability in different pH range. In this

Table 1 Genetically encoded fluorescent sensors — single fluorescent protein (FP) sensors

Analyte | Sensor name Components Sensor type Reference
pH SynaptopHluorin | pHluorin pH-sensitive green [52]
FP
pH mNect.hCNT3 mNectarine pH-sensitive red FP [53]
Ca* GCaMP3 M13-cpGFP-calmodulin Single cpFP [54]
Ca** Casel2 M13-cpGFP-calmodulin Single cpFP [55]
Ca®* Camgaroo-2 Calmodulin domain into Peptide insertion [56]
YFP
H,0, HyPer OxyR Single cpFP [57]
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aspect, mKeima exhibits high resistance to lysosomal enzyme-mediated degrada-
tion; this inspired and resulted in the modification of mKeima as an autophagy
sensor, specifically to detect the event of conversion of autophagosomes to
autolysosomes. In the fluorescent pH sensor, mKeima was fused with light chain
3 (LC3) of microtubule-associated protein [72]. Under starvation-induced
autophagy, LC3 is cleaved and allows recruitment of phosphatidylethanolamine to
the outer and inner membranes of autophagosome, which then fuses with the
lysosomes leading to the degradation of packaged cargo under a highly acidic
environment [73]. The mKeima-LC3 probe enabled visualization of these
autolysosomal maturation events by detection of the acidification-induced color
change of mKeima and provided a cumulative fluorescent readout of autophagic
activity, with the deduction of the hallmark event of autophagy, i.e., LC3 localiza-
tion. Another variant of mKeima, pH-Red, was developed with a specific purpose of
achieving pH-dependent readout in near-infrared region. This property can provide
the advantage of light emission with higher penetration and less light scattering in
biological tissues and thus offer advantage for deep tissue pH monitoring across a
broad pH range. pHRed with an apparent pKa of 6.6 demonstrated nearly tenfold
change in ratio of fluorescence emission upon excitation with a wavelength of
585 nm [74].

To date, various GES for monitoring pH have been generated in such as way they
can respond with either changes in fluorescent brightness of a single fluorescence
peak or ratiometric changes with two excitation peaks [75]. The latter type of pH
sensors imply ratiometric measurement of fluorescence brightness excited at two
different wavelengths and hence are free from artifacts that arise owing to variable
protein concentrations, cell thickness associated signal attenuation, cell movement,
or excitation intensity since measurement in one peak can normalize the other peak
that was used for pH measurement [75]. Ratiometric pH sensors commonly respond
with a change in the ratio of excitation efficiency at 400 nm versus 480 nm owing to
a shift in the protonated/deprotonated chromophore ratio [52]. An internal control of
overall signal stability can be the intensity of fluorescence excitation at the isosbestic
point between the two excitation peaks, at ~430 nm. Another type of ratiometric
GES that utilizes the pH-sensitive efficiency of excited state proton transfer (ESPT)
from the protonated GFP chromophore excited at 400 nm. These sensors are excited
at 400 nm and respond with a change of fluorescence ratio between 450 nm and
510 nm [62]. Ratiometric pH sensors can also be developed by fusing pH-stable and
pH-sensitive fluorescent protein variants of different colors. In this case, changes in
the fluorescence brightness ratio of the two fused FPs can be measured along with
FRET efficiency between the two FPs, as discussed in detail below.

Fluorescent protein-based sensors for measuring metal ions in living cells can be
categorized into intensiometric sensors which change in fluorescence intensity when
the chromophore bound to a metal ion and ratiometric biosensors that exhibit shift in
the absorption or emission spectra when the chromophore bound to a metal ion. The
intensiometric fluorescent sensors are the preferred option for developing quantita-
tive assays, since their fluorescence intensity has been determined by the sensor
concentration in each cell and the path length in addition to the ion concentration.
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Ratiometric biosensors are severely limited for quantitative estimations owing to
their lower sensitivity (i.e., smaller dynamic range), larger spectral bandwidth, and
the need to acquire images with two combinations of excitation and emission filters
for fluorescence measurement.

The sensitivity of biosensor for measuring ionic concentration has been
determined by its binding affinity for an ion and its dynamic range. Binding affinity
of an ion can be defined in terms of dissociation constant (Kd), which is the ion
concentration at which 50% of the sensor binding sites are occupied. This can be
experimentally determined by sensor titration experiments. Dynamic range is essen-
tially an indicator of a sensor’s measurement sensitivity and its signal-to-noise ratio
(SNR). In order to monitor ion concentration changes, it is preferable to choose a
sensor that is 20% saturated at baseline, whereas a sensor that is ~50% saturated at
baseline is more suitable for comparing differences in resting ion concentrations in
different cells or different environmental conditions. For instance, Cameleon-Nano
sensors have lower Kd and are better for quantitative measurement of cytosolic Ca**
in some cell types, whereas D1ER is preferred for ER measurement because Ca®*
levels are high in the ER and the Kd of D1ER is much higher than other Cameleons.
Tables 2 and 3 summarize Kd and DRs of some ratiometric ion sensors which are
designed for measuring ion concentrations in subcellular organelles.

3.2 Fluorescent Protein Complementation (Split Fluorescent
Proteins) Sensors

3.2.1 Sensors Fused with Intermediate Recognition Domains from
Target Proteins for Designing the Biosensors

To expand the scope of sensors specific to some analytes, an analyte-specific
extrinsic recognition domain has been inserted into FPs. In the conventional design
of bimolecular fluorescent complementation (BiFC) sensors, a FP is split into two
fragments and then fused to recognition domains that are associated with the
analytes of interest [86, 87]. The two halves of the FP do not emit fluorescence in
the state of dissociation since no intact chromophore will be reconstituted. Upon the
analyte-induced change in the recognition domains, the complementary fragments of
the FP are brought into close proximity and reconstitute the p-barrel chromophore
structure of the FP, resulting in the recovery of the fluorescence signal. In general,
split FP strategies have a much lower background so that it may produce a greater
dynamic range than those of FRET and single FP-based biosensors. On the other
hand, a major drawback of split FP-based biosensors is that they are not reversible.
While irreversibility provides a significant advantage for detecting transient and/or
weak interactions, it is not suitable for analyzing dynamics of an analyte in real time
[88]. Study of protein-protein interaction involves split FP fragments that do not
associate with each other spontaneously. In this strategy, the fluorescent protein
halves are fused to two different target proteins of interest. In the event of interaction
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Table 2 Ratiometric biosensors for imaging Ca** and Zn>* ions
Ratiometric Ca>* biosensors
Fluorescent Ca**-
proteins Sensors responsive | Kd' for Hill
used name elements Ca** coeff. | Comments Reference
Yellow YC2.60 CaM, 935nM |27 Not available [76]
Cameleon M13p
series
Yellow YC3.60 CaM 215nM, |3.6, High dynamic [77]
Cameleon E104Q, 779 M | 1.2 range
series M13p
Yellow YC-Nano50 | CaM, 52.5nM |25 Optimized for [76]
Cameleon M13p detecting subtle
Nano series cytosolic Ca** in
living organisms
D-family D1 mCaM, 0.8 pM, 1.18, | Does not bind [78]
Cameleons mM13p 60 pM 1.67 | endogenous CaM;
optimized for ER
D-family D3 cpV 0.6 pM 0.74 | Does not bind to [79]
Cameleons mCaM, endogenous CaM;
mM13p optimized for
cytosol and
mitochondria
Troponin C | TN-XXL mTpC 800nM | 1.5 Optimized for [80]
family imaging of neu-
rons; fast response
Ratiometric Zn>* biosensors
Fluorescent Zn**-
proteins Sensors responsive | Kd' for Hill
used name elements Zn* coeff. | Comments Reference
Zap family | ZapCY1 Zap 253pM |1 Optimized for ER, | [81]
Golgi, and mito-
chondria; high
dynamic range
ZinCh eZinCh CFP and 8.2 uM 1 Targeted to vesi- [82]
family YFP cles by fusion to
VAMP2
eCALWY eCALWY4 | Atoxland |630pM |1 Optimized for [81]
family the WD4 cytosol
domain of
ATP7B
Zap family | ZapCY2 mZap 811 pM | 0.44 | Optimized for [83]

cytosol

between target proteins, the split FP halves are brought together, resulting in
assembly of functional fluorescent protein with intact chromophore which results
in the appearance of fluorescence. This approach provides straightforward interpre-
tation for extent and location of target protein interaction in the cell. A drawback of
BiFC as compared to FRET sensors is that upon reassociation of split FP fragments,
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Table 3 Sensors targeted to subcellular locations

Subcellular location Ca** sensors Zn** sensors Reference
Golgi None Golgi-ZapCY1 [83]

ER DIER ER-ZapCY1 [78, 83]
Vesicles Ycam?2 eZinCh [81, 84]
Mitochondria 4mt-D3cpV Mito-ZapCY1 [79]
Nucleus D3cpV ZapCY2 [83, 85]
Cytosol D3cpV eCALWY-4, ZapCY2 [81, 83, 85]

it takes from minutes to hours for the chromophore to mature and produce fluores-
cent signal, which limits their applications in real-time detection of protein-protein
interactions [86]. Apart from this, the split FP assembly is irreversible in most cases,
although there have been reports of partial recovery of split FP [89]. On the other
hand, the BiFC system achieves higher sensitivity and detects even weak interac-
tions as it accumulates signal over time, thus prevailing over FRET sensors in this
aspect [90]. Numerous variants of split fluorescent protein-based sensors with
different spectral properties have emerged over the years, e.g., blue (EBFP), cyan
(ECFP, Cerulean, SCFP3A), green (EGFP), and yellow (EYFP, Venus, Citrine)
mutants of Aequorea victoria GFP [91-94]. In addition split variants of red and
far-red FPs such as mRFP1 [94], mCherry [95], DsRed-monomer [96], and mKate
[97] have their origin from other fluorescent proteins. As a result of common origin
from same FP, fragments from different color mutants with complementary frag-
ments also yield cross-associated species with distinct spectral properties, which
extends the application of these systems in competitive protein binding interactions
[92, 98]. The other possibility of using two split FPs of different origins capable of
hybrid formation may be applied to visualization of two independent pairs of
protein-protein interactions [95, 96]. The combination of cross-associated BiFC
and non-cross-associated BiFC system enables simultaneous detection of three
pairs of protein-protein interactions taking place within the same cells at any given
time point [97].

In the cases of certain BiFC, chimeric proteins consisting of fragments from
different proteins sometimes reconstitute chromophore and emit fluorescence, which
offers diverse fluorescent shades capable of tracking multiple events simultaneously
in cells [96]. As an example of such a multicolor BiFC chimera, the event of ligand-
dependent oligomerization (homodimer and heterodimer) between adenosine A 2A
and dopamine D2 receptors was evaluated effectively in a differentiated neuronal
cell model [99].

Another emerging strategy is based on incorporation of unnatural amino acids
(UAAs5) into a natural chromophore of fluorescent protein for developing single FP
sensors. The incorporation UAA to proteins has recently emerged as a strategy to
generate novel rationally engineered single FP sensors [100]. One of the earliest
reports on this approach was made by Yun and coworkers wherein GFP-dopa mutant
was generated by replacing all tyrosine residues in the GFP with metal-chelating
L-DOPA [101]. The mutant variant functioned as a selective Cu** sensor. Similarly
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another group introduced a metal-binding amino acid, HqAla (2-amino-3-
(8-hydroxyquinolin-5-yl)propanoic acid), into the Tyr66 of a cpsfGFP variant that
enabled this construct to achieve a 7.2-fold increase in fluorescence intensity in
the presence of Zn>* ions in living E. coli cells [102]. Apart from affinity-based
unnatural amino acids, chemically reactive UAAs also serve as an option for
reaction-based fluorescent protein biosensors. Schultz and coworkers exploited this
approach in designing an FP sensor (UFP-Tyr66pBoPhe) for detection of H,O, by
substituting Tyr66 of GFP with p-borono-L-phenylalanine (pBoPhe) carrying an
H,O,-reactive arylboronate side chain [102]. In the absence of H,O,, the chromo-
phore remains electron deficient owing to the presence of electron withdrawing
vacant 2p orbital of boron, and as a result of which, the sensor does not produce
fluorescence. However, in the presence of H,O,, pBoPhe is oxidized to the original
tyrosine residue, leading to quick recovery of fluorescence [103]. Although initially
UAA-based sensors were speculated to behave unsuccessfully in in vivo systems
owing to the synthetic origin of UAA, a few recent reports have achieved the same
in mammalian cells. An UAA-based H,S sensor was developed by substitution of
Tyr66 with p-azido-L-phenylalanine (pAzF) and was successfully expressed in
mammalian cells and illustrated as response time of mere ~7 min upon addition of
50 pM of NaHS [104]. The azide-modified chromophore in the presence of H,S is
selectively reduced which results in the observed fluorescence enhancement. The
same group also developed genetically encoded mammalian cells compatible for
peroxynitrite probe on the basis of the similar strategy [105].

The oligomeric aspect of fluorescent proteins offers flexibility for designing
dimerization-dependent fluorescent sensors that also enables reversible fluorescence
change upon complementation [106]. For instance, the oligomeric Discosoma red FP
(DsRed) and the RFP heterodimer (ddRFP-A1B1) exhibit weak fluorescence in the
monomeric state but upon heterodimerization manifest tenfold higher fluorescence
with a Kd of 33 pM. A series of red intensiometric biosensors based on a diverse
color palette ddRFP, ddGFP, and ddYFP have been created for detection of PPIs,
Ca®* dynamics, and protease activity with improved brightness and contrast [107].
The efficient SNR of the system enabled imaging of endomembrane proximity
between endoplasmic reticulum and mitochondria clearly distinguishable.

3.2.2 Biosensors Designed Using Circularly Permuted FPs

The close proximity of N- and C-termini observed in many three-dimensional
protein structures has been used in the past to perform circular permutation exper-
iments on many different proteins [108]. The circularly permuted FP (cpFP)-based
GES are quite promising owing to the potentially high dynamic range of fluores-
cence spectral shifts. A circular permutation is a relationship between proteins
whereby they have a changed order of amino acids in their peptide sequence
resulting in a reconstituted protein with overall similar 3D shape but with different
N- and C-termini [109]. In the case of cpFP-based sensors, conformational changes
of sensory domains yield structural changes in the chromophore environment and



164 U. K. Sukumar et al.

thus strongly influence change in the spectral properties of the cpFPs. The influence
is usually brought by factors such as protonation/deprotonation of a GFP-like
chromophore, as well as changes in its fluorescence quantum yield and molar
extinction coefficient. A rationally engineered cpGFP offers robust variants which
sustains fluorescence emission even after insertion of peptides or proteins to the new
terminus. The predominant permuted variants as per GFP sequence arise from a
permutation point in the vicinity of amino acid positions [62, 66]. The proximity of
sensitive fusion domains to the chromophore pocket in the fluorescent protein
determines extent of influence on the native spectral properties. In the case of
cpECFP, cpEGFP, and cpEYFP, insertion of calmodulin (Ca**-binding protein) in
a specific position localized it in close proximity to the chromophore in the folded
3D conformation, which resulted in deprotonation of the chromophore and subse-
quent shift in fluorescence emission [60, 110]. As a follow-up to this pioneering
study, several groups developed single cpFP-based biosensors with different binding
domains for the detection of calcium [54, 111, 112], cGMP [113], H,O, [57], and
Zn(1D) [114].

In cpFPs, the recognition domain in the presence of an analyte can undergo a
conformational change by itself as well as influence conformational change in the
fused fluorescent protein that is reflected by change in the fluorescence spectra. One
example of this approach is a G-CaMP sensor for Ca®*, which has a calmodulin
(Ca**-binding protein) fused to the C-termini of a cpEGFP and a M13 peptide
(a synthetic peptide with calmodulin-binding domain) fused to the N termini
[115]. The success of the G-CaMP biosensor design inspired further modification
for improving the sensitivity while developing a diverse range of color palettes for
multicolor imaging of Ca** level in different organelles of cells, such as cytosol,
nucleus, and mitochondria, at single-cell level [116].

The routine approach of permutation in FPs involves fusion of sensitive domains
close to the chromophore in order to manifest a change in its spectral properties
[77, 117]. With this strategy, numerous calcium sensors [55, 112, 118, 119] and
hydrogen peroxide sensors [57], phosphorylation sensors [120], and membrane
potential sensors [121, 122] have emerged successfully in the recent past. Incorpo-
ration of binding protein with competitive analyte affinity can serve as a new type of
ratiometric sensor. Incorporation of adenylate binding protein GInK1 with differen-
tial affinity for ATP and ADP into cpYFP could generate sensors with different
spectral properties depending upon the analyte ADP or ATP [123].

Hydrogen peroxide is an important signaling molecule, and a sensor specific
for detection of hydrogen peroxidase, i.e., HyPer, was designed based on yellow
cpFP incorporated into the H,O,-sensitive OxyR regulatory domain [124]. The
sensor detects submicromolar concentration of H,O, by selective oxidation of
OxyR residues and leads to change in yellow cpFP chromophore environment
with corresponding ratiometric change in fluorescence excitation spectrum, i.e.,
fluorescence ratio upon excitation at 420 nm with respect to excitation at 500 nm.
The sensor was later successfully modified for the detection of wounds using zebra
fish as a model organism [125].
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3.3 FRET Sensors

The phenomenon of Forster or Fluorescence Resonance Energy Transfer (FRET)
was first described by Theodor Forster in 1946 [126]. In principle FRET is a physical
phenomenon in which a donor fluorophore in its excited state non-radiatively trans-
fers its excitation energy to a neighboring acceptor fluorophore which is located in
close proximity, thereby causing the acceptor to emit its characteristic fluorescence.
As FRET involves non-radiative transfer of energy, it is highly sensitive to the
distance between donor and acceptor dipoles within the 1-10 nm range [127]. Thus,
FRET has found extensive application as a spectroscopic ruler in monitoring molec-
ular interactions, because the distances that can be measured are much shorter than
the diffraction limit of conventional microscopy and even super resolution micros-
copy. In case of fluorescent protein-based FRET sensors, the donor and the acceptor
are fluorescent proteins with distinct spectral properties. The two proteins upon
interaction undergo conformational change and alter the proximity of chromophores
and its orientation, which promotes the occurrence of FRET [128]. The efficiency of
FRET is inversely proportional to the sixth power of distance within the short range
of 10 nm [129]. The inverse sixth power law relation leads to detectable change in
energy transfer even for change in orientation/proximity at the molecular scale
between the interacting chromophores. Such small-scale molecular interactions
include protein-protein interactions, conformational changes, intracellular ion con-
centrations, and enzyme activities (Fig. 4).

The efficiency of FRET (i.e., the quantum yield of the energy transfer) between
any two FPs is determined by the overlap of the emission spectrum of the donor
and the excitation spectrum of acceptor, quantum yield of donor fluorescence, and
extinction coefficient of the acceptor. A 30% or higher overlap in the emission
spectra of donor and excitation spectra of acceptor is a prerequisite for achieving
sufficient FRET signal with a reliable detection limit. Apart from this, the proximity
of the donor and acceptor governs the FRET efficiency by inverse power law. The
quantum yield and extinction coefficient of fluorophores determine the sensitivity
and yield of FRET signal. For any given pair of chromophores involved in FRET, an
integral factor representing the abovesaid parameters is denoted by the Forster
distance (Ry), which is the distance at which the FRET efficiency is 50% of its
maximal value.

With the advent of a wide range of GFP variants with distinct excitation and
emission spectra, the possibility of donot/acceptor combination has increased dra-
matically. Initial FRET-based biosensors were predominantly based on BFP as
energy donor, which was hampered by its instability and lower brightness. Recently,
cyan fluorescent protein (CFP) and donor yellow fluorescent protein (YFP) have
become the most useful FRET pairs for many in vitro studies. Following this trend,
two novel FRET pairs (mAmetrine/tdTomato and mCitrine/mTFP1) were developed
for simultaneous imaging of two different enzymes in a single-cell level.
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Table 4 FRET-based fluorescent protein sensors
Sensor
type Sensor name | Components Principle of work Reference
cGMP c¢GES-DES YFP-GKI-B-CFP Structural [130]
rearrangement of
domain
Ca>* TN-XXL CFP-2x (COOH-terminal lobe | Structural [80]
of troponin C)-cpYFP rearrangement of
domain
Ca** Yellow ECFP-calmodulin-M 13- Interaction of [77]
Cameleon3.6 | cpVenus domains
Ca>* Cameleon ECFP-calmodulin-M 13- Interaction of [79, 131]
D3 cpVenus (redesigned calmodu- | domains
lin and M13)
Caspase-3 | CaspeR3 TagGFP-DEVD-TagRFP Cleavage of the [132]
activity linker
PKA AKARI1 ECFP-14-3-3-substrate-YFP Interaction of [133]
activity domains
Membrane | Mermaid Ci-VSP-mUKG-mKOk Structural [134]
potential rearrangements
near membrane
Membrane | VSFP2.4 Ci-VSP-YFP-mKate2 Structural [135]
potential rearrangements
near membrane

3.3.1 Types of FRET Biosensors

The intramolecular FRET probes/sensors involve two fluorescently tagged proteins
that bring them into close proximity in the event of an interaction between the two
analytes to generate FRET signal. In the following section, we also classify FRET
biosensors by their way of transforming a biological change into a change in FRET
efficiency. A brief list of such FRET-based biosensors is summarized in Table 4.

3.3.2 Cleavage-Based FRET Biosensors

The cleavage-based FRET biosensors are the most prevalent sensors because of their
versatility in design and application. The constituent FRET pair is linked by a short
cleavable peptide sequence that in its uncleaved state shows FRET signal owing to
the proximity of the donor and acceptor, whereas in the presence of a linker peptide
as a specific enzyme, cleavable substrate leads to dissociation of two fluorophores
and loss of FRET signal upon cleavage. This signal is evident as a shift in acceptor
emission to donor emission. One of the major drawbacks of such FRET systems as
compared to other counterparts is the irreversibility of the sensors because they
are driven by irreversible cleavage of linker peptides; this limits their ability to
sense target analytes to only one event. Therefore, they find application mostly to
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Table 5 Cleavage-based FRET biosensors

Target Type FRET pair Reference
Caspase-3 Apoptosis CFP, YFP [136]
Caspase-3 and caspase-6 Apoptosis CFP, YFP, mRFP [137]
Caspase-3 and caspase-8 Apoptosis CFP, YFP [138]
Caspase-3 and caspase-8 Apoptosis seCFP, Venus, mRFP1 [139]
RIPK1 and RIPK3 Necroptosis - [140]
Atg4A and Atg4B Autophagy CFP, YFP [141]
MT-MMPI ECM - remodeling Ypet, ECFP [142]
MT-MMP1 ECM - remodeling Orange2, Cherry [143]

determine the activation of specific proteases, often following the stimulation of
a pathway. For example, in the case of the caspase-3 biosensor, in the presence
of active enzyme, the single-peptide sensor DEVD (caspase cleavage sequence) is
cleaved, increasing the distance between CFP and eYFP, resulting in increased CFP
fluorescence and decreased FRET [136]. Another major limitation is that measuring
loss of signal is a readout for measuring FRET rather than measuring an increase in
signal, which is preferred for most biological studies (Table 5).

3.3.3 Conformational Change-Based FRET Biosensors

FRET biosensors for measuring conformational changes in proteins and other
macromolecules are the most prevalent subclass, followed by cleavage-based
FRET biosensors. The ability of a protein to form a structural conformation that
can execute its biological function is the driving factor for these FRET biosensors.
Such conformational changes are also contributed to a large extent by posttransla-
tional modifications such as phosphorylation, glycosylation, ubiquitination,
S-nitrosylation, methylation, acetylation, lipidation, sumoylation, and proteolysis.
An advantage of a conformational change specific sensor is that upon design
optimization and validation for a specific analyte, it lends flexibility to cover a
wide range of biological processes. The conformational change-based biosensors
are also reversible, which offers new avenues for dynamic analyte sensing. For
example, regarding the glucose biosensor, the glucose-/galactose-binding protein
MglB (D-galactose-binding periplasmic protein, from E. coli), consisting of two
lobes and a hinge region, is coupled terminally with a CFP and a YFP. The binding
of glucose to the sensor leads to increase in FRET signal [144] (Table 6).

3.3.4 Mechanical Force-Based FRET Biosensors
The three-dimensional structure of a protein can be changed not only by modifying

the protein itself but also by applying an external mechanical force. A good example
for this would be the proteins contained in spider silk. These often feature helical
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Table 6 Conformational change-based FRET biosensors

Target Type FRET pair Reference
CyclinB1-Cdk1 Cell division mCerulean, Ypet [145]
AKT Signal transduction ECFP, Ypet [146]
AKT-PDK1 Mechano-transduction CFP, YFP [147]
FAK Mechano-transduction ECFP, Ypet [148]

Src Mechano-transduction ECFP, EYFP [149]
ATP Metabolite quantification GFP, OFP [150]
Glucose Metabolite quantification EYFP, ECFP [151]
Lactate Metabolite quantification mTFP, Venus [152]
Ca>* Metabolite quantification BFP, GFP [153]
BCR-ABL Drug efficacy M1Venus, ECFP [154]

Src Drug efficacy ECFP, EYFP [155]
ZAP-70 T-cell interaction CFP, YFP [156]

Lck T-cell interaction ECFP, EYFP [157]
Table 7 Mechanical force-based FRET biosensors

Target Type FRET pair Reference
Vinculin Focal adhesion mTFP1, Venus [158]
VE-cadherin, PECAM-1 Fluid shear stress mTFP1, Venus [159]
E-cadherin Fluid shear stress mTFP1, Venus [160]

segments which can stretch out to a great extent, giving the thread its elasticity.
Mechanical forces (such as tension) not only are a stress to cells but play a central
role in many developmental, physiological, and pathological processes, especially
regarding the transduction of signals. One of the exciting results in this field was
produced by Grashoff et al., who have designed a tension sensor module (TSMod) to
examine the mechanical forces across vinculin during cell migration [158]. In this
sensor, a 40-amino-acid-long elastic domain was inserted between two fluorophores
(mTFP1 and Venus (A206K)) as a potential fluorescence resonance energy transfer
(FRET) pair. The elastic domain derived from the spider silk protein flagelliform
consists of repetitive amino acid motifs that form entropic nanosprings suitable
for measuring piconewton forces. Since FRET is highly sensitive to the distance
between the fluorophores, FRET efficiency changes under tension (Table 7).

3.3.5 FRET Sensors for Assessing Microenvironmental Changes

The three classes of biosensors discussed in the preceding section manifest decrease
or increase in FRET upon change in distance between donor and acceptor, whereas
microenvironment-responsive FRET sensors exploit the sensitivity of a fluorophore
to certain microenvironmental conditions. One such microenvironment-sensitive
fluorescent protein is YFP, which makes it a promising choice as one of the FRET
pairs. For example, the oxygen biosensor FluBO for detecting intracellular oxygen
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Table 8 Microenvironment- FRET
based FRET biosensors Type Target | pair Reference
Oxygen and reactive oxygen | Oxygen | YFP, [161]
species (ROS) FbFP
Oxygen and ROS ROS ECFP, [163]
EYFP
pH pH GFP, [164]
YFP
pH pH ECFP, |[165]
EYFP

uses an oxygen-insensitive donor fluorescent protein FbFP (hypoxia-tolerant flavin-
binding fluorescent protein) that is intramolecularly linked to an oxygen-sensitive
acceptor fluorescent protein, and thus FRET only occurs in the presence of oxygen
[161]. Blood flow, oxygen delivery and consumption, and hypoxia are important
aspects of in vivo cancer biology. The dual imaging of these factors that may
influence tumor behavior with altered drug target signaling could potentially be
co-monitored using these distinct but interdependent types of FRET biosensor
readouts [162] (Table 8).

3.4 Translocation Sensors/Assays

A unique field of application for FP sensors is in tracking the redistribution of
proteins between different cellular compartments such as the nucleus, endosome,
membrane, cytosol, and mitochondria [166, 167]. The translocation of proteins
between cellular compartments in response to different external stimuli has been
considered common phenomenon that involves protein redistribution into different
compartments of the living cells. Tracking proteins and their distribution patterns
opens up the possibility of monitoring the activity of various signaling pathways and
associated intracellular events. Fusion of proteins such as phosphatases, transcrip-
tion factors, receptors, and kinases with fluorescent proteins can act as ready-to-use
translocation sensors for deduction of cellular metabolic and biogenesis pathways.
Such a fusion construct can localize outside or inside the nucleus, or on the cell
membrane, cytosol, endosome, etc., and such protein trafficking can be monitored
in real time with the help of translocation sensors. These sensors are reversible,
enabling time-dependent tracking of specific proteins in various cellular compart-
ments. In this context, the spatial and functional division into the two dynamic
intracellular compartments, i.e., nucleus and the cytoplasm, can easily be distin-
guished using microscopy. Modern microscopy platforms enable high-content
screening using translocating FPs.

In such high-throughput screening assays, screened compounds can be assessed
for their potential effects on protein translocation or used to study the inhibition of
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protein translocation in response to an agonist or external stimuli. A combination of
high-resolution microscopy and advanced image recognition software enables quan-
titative analysis of translocation events with reliable information on the efficiency
of the influencing stimulus. Recently Fetz et al. have developed three classes of
modular protein translocation biosensors tailored to investigate (1) signal-mediated
nucleocytoplasmic transport, (2) protease activity, and (3) protein-protein interac-
tions [168]. Besides the mapping of protein function, the biosensors can also be
applied to identify chemicals and/or (nano)materials modulating the respective
protein activities and be used for RNAi-mediated genetic screens. In general, the
rapidly developing field of translocation sensors appears very promising both for
basic science studies and in drug development applications.

4 Advances in Biosensors for Animal Imaging

Whole-body animal imaging with fluorescent proteins has been shown to be a
powerful technology to develop various disease models. The red-shifted proteins
with brighter emission wavelengths are preferred candidates for in vivo models as
they are more sensitive owing to the reduced light absorption by tissue with much
lower scattering. For example, a protein called Katushka driven by the hybrid CAG
promoter activated upon Cre-mediated recombination has been developed by
Hurtado et al., for deep tissue imaging in mice models. This group successfully
demonstrated the expression of Katushka exclusively in a specific cell population
within the deep animal body such as pancreatic beta cells which can be monitored by
noninvasive whole-body imaging [169]. The implication of imaging biosensors in
animal studies is severely affected by the level of biosensors expression and the
wavelength of fluorescent proteins used for imaging [170]. For example, Audet et al.
[171] have developed a double transgenic mouse line co-expressing the beta-2
adrenergic receptor fused to Renilla luciferase (beta(2)AR-Rluc) and beta-arrestin-
2 fused to a green fluorescent protein (GFP2-beta arr2). Although the two halves of a
bimolecular reporter are driven by the same ostensibly ubiquitous reporter, the first
reporter was expressed reasonably brighter in a number of tissue types, whereas the
second reporter appeared only in testes. In addition, the low-level expression of
sensors with tissue-specific promoters further hampers the in vivo imaging ability of
sensors constructed using fluorescent proteins. The effective FRET studies also
cannot be carried out in vivo because of extremely low SNRs. The implication of
a fluorescent protein for whole-body imaging is largely determined by the emission
region and the brightness. Transgenic animal models with fluorescent proteins have
been utilized for tracking tumor growth and metastasis, gene expression, angiogen-
esis, and bacterial infection even at subcellular resolution depending on the position
of the cells in the animal [172]. Deep tissue imaging in animal models has been
severely limited by the interference by skin autofluorescence. Apart from this, in few
instances, overexpression of biosensors also leads to unintended changes like
embryonic lethality or even perturbation of the physiological relevance of the sensor
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[173]. However, with recent progress in CRISPR/Cas9 genome engineering tech-
niques, it has become possible to edit more precisely the genomes of diverse cell
types and organisms and routinely insert fluorescent protein tags into endogenous
genomic loci in some organisms. Hara et al. [173] reported expression of an
endoplasmic reticulum (ER) Ca®* biosensor in transgenic mouse pancreas. The
expression of a yellow cameleon3.3er (YC3.3er) transgene with mouse insulin
1 promoter was limited to pancreatic beta cells within islets of Langerhans and
absent in the exocrine pancreas and other tissues [173]. The study established that by
controlling transgene transcription with a cell-specific promoter, transgenic expres-
sion of FRET-based Ca”* sensors can be incorporated in mammals to facilitate real-
time optical imaging of signal transduction events in living tissues. Yang et al.
developed a red fluorescent protein-based cAMP indicator named “Pink Flamindo”
which could effectively trace the spatiotemporal dynamics of intracellular cAMP
generated by photoactivated adenylate cyclase in response to light and in dual-color
imaging studies using a green Ca”* indicator.

The elevation of cAMP levels in vivo in cerebral cortical astrocytes was success-
fully monitored by two-photon imaging. The cAMP-PKA signaling pathway plays a
key role in the excitability of neurons. In order to study its role, protein kinase A
(PKA) expression in neurons has been mapped in whole-brain context in live
animals. In a study by Gervasi et al., in vivo multiphoton imaging was used to
measure the dynamics of PKA responses to dopamine and octopamine in the MB
neurons of living flies. The PKA activity was monitored on real-time basis by using
the genetically encoded FRET probe AKAR?2 [133]. The AKAR?2 probe is based on
yeast-derived phosphothreonine-binding domain (FHA1) and an optimized PKA
substrate domain. The substrate domain upon phosphorylation by PKA interacts
with the binding pocket of the FHA1 domain, increasing the FRET between two
GFP variants CFP and citrine [174]. A recent study by Sun et al. developed a
genetically encoded GPCR-activation-based-DA (GRAB DA) sensors to measure
DA changes reliably and specifically with high spatiotemporal precision in
Drosophila (Fig. 5ii) [175]. The GRAB DA sensor could resolve a single-electrical-
stimulus-evoked DA release in mouse brain slices and detect endogenous DA release
in living flies with subcellular resolution, sub-second kinetics, and excellent molec-
ular specificity. Similarly, Portugues et al. studied the dynamics and spatial distri-
bution of neuronal activities during optokinetic response in zebra fish larvae. The
whole-brain activity dynamics was assigned by specific hue based on the timing of
its response relative to the stimulus, which enabled categorization of brain regions
into distinct response-based functional modules (Fig. 5iii) [176]. Another recent
technique is called “Brainbow” that used the combinatorial expression of a series of
four different color fluorescent proteins resulting in at least 90 different colors of
cells in the brain such that the lineage of each neuron can be traced [177]. For
translational purposes, mammalian systems such as mouse are appealing targets for
similar in vivo studies. However, there are a number of challenges for in vivo kinase
studies, particularly in living mice. A RhoA-FRET biosensor-based transgenic
mouse was recently developed by Nobis et al., for real-time longitudinal, intravital
imaging of RhoA deregulation in invasive mammary and pancreatic cancers [178].
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Fig. 5 (i) Generation of the RhoA-FRET biosensor mouse: (a) schematic of the Raichu-RhoA
biosensor; (b) targeted to the Hprt locus to generate the RhoA-FRET biosensor mouse. (c)
Embryonic stem cell colony expressing the RhoA-FRET biosensor (GFP, green; RFP, red). (d)
RhoA activity in the mammary fat pad, pancreas, intestine, and neutrophils of RhoA-ON mice. (ii)
In vivo imaging of DA dynamics in the Drosophila brain: (a) schematic for odor stimulation during
two-photon microscopy in Drosophila. (b) Fluorescence changes of DAlm- or DAlm-mut-
expressing flies to 1 s of odor stimulation. (¢) Group analysis of the odor-evoked fluorescence
responses. (iif) Clustering of fluorescence traces reveals four temporal clusters in zebra fish;
anatomical distribution of activity clusters in one fish. Sum projection showing the distribution of
the four clusters of activity in the same fish (top), with colors corresponding to the color traces
(bottom). Scale bar 50 pm. (Figures in different panels are reproduced with permission from (i) Cell
Rep. 2017 Oct 3;21(1):274-288 [178]; (ii) Cell. 2018 Jul 12;174(2):481-496 [175]; (iii) Neuron.
2014 Mar 19;81(6):1328-1343 [176])
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Apart from mice, Caenorhabditis elegans is a widely used animal model for
studying neurodegenerative disorders. Transgenic C. elegans strains expressing
green, yellow, or red fluorescent proteins in embryos were developed by Heppert
et al., to image embryos expressing fluorescent proteins under the same conditions
with probe mNeonGreen. Monomeric green (GFP, mNeonGreen [mNG]), yellow
(mNG, monomeric yellow fluorescent protein for energy transfer [mYPet]), and
red (TagRFP-T, mRuby2, mCherry, mKate2) fluorescent proteins were evaluated
for comparative in vivo experiments in C. elegans [179]. Since C. elegans is a
transparent small animal, fluorescent protein-based sensors provide sensitive imag-
ing ability to track its biological events in a much better way compared to large
animals. Hirayama et al. designed a first-generation near-IR turn-on fluorescent
sensor, CS790AM, to report dynamic copper fluctuations in vivo and detected the
basal, endogenous levels of exchangeable copper in living mice platform to monitor
labile copper pools role in murine Wilson’s disease model [180].

5 Drawbacks Associated with the Use of Fluorescent
Proteins in Biosensors

Although fluorescent protein-based biosensors offer a realistic, cost-effective, and
high-throughput imaging approach for studying various biological processes of
cells, their application is also limited by the inherent problem of photobleaching,
phototoxicity, low quantum yield, high background signal, and especially tissue
attenuation in in vivo imaging applications. Upon repeated cycles of excitation, the
fluorophore of the sensor protein gets damaged and leads to loss of fluorescence
signal which can result in non-specific sensor signal. In addition, it severely limits
the application of fluorescent protein biosensors for real-time imaging where time-
dependent pattern of biosensor signal is important for achieving reliable result for the
studies [181, 182]. On the other hand, exposure to higher-energy photons tends to
generate reactive oxygen species (ROS) which are highly reactive species capable of
inflicting damage to cellular biomolecules like DNA, RNA, and proteins by oxida-
tion, which in turn limits the possibilities of multiplexing the assays in in vitro and
in vivo imaging applications [183]. In the event of avoiding photobleaching and
phototoxicity, the narrow operation bandwidth and shorter imaging time leave us
with lower quantum yield of these fluorescent proteins with limited sensitivity. The
cells by itself possess biomolecules that prominently contribute to autofluorescence
and render high background while imaging such fluorescent proteins with low
quantum yield, which limits the spectral resolution and sensitivity of the biosensor
[184, 185]. To overcome the limitation of tissue attenuation, the development of
fluorescent proteins with high quantum yields and far-red or near-infrared (NIR)
shifted absorption and emission wavelengths are preferred. Currently there are
several fluorescent protein variants which emit light in the NIR range and have
been developed from bacterial phytochrome photoreceptors and are used in various
biosensor applications [186, 187].
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6 Conclusion and Future Perspectives

The course of evolution of fluorescent proteins from the first known member GFP to
a completely new family of fluorescent proteins spanning across the visible spectra
has emerged in relatively short time span. The rapid growth and applications of the
FP repertoire for in vivo imaging continuously shed light on studying crucial cellular
events which play a vital role in development and progression of diseases. With
the present capabilities of FPs, multicolor labeling of proteins and nucleic acids;
tracking of protein movements, interactions, activities, degradation, organelle motil-
ity, and fusion-fission events; and monitoring of promoter activation, as well as
multiparameter imaging of various cellular processes, including changes in concen-
tration of signal molecules, changes of membrane potential and cell state, etc., can be
deduced efficiently. Although extensive variants of biosensors for specific applica-
tions have been developed, it is expected that further improvements in brightness,
photostability, maturation rate, pH stability, and performance in fusions will gain
priority in the future. Even though a significant progress has been made in the
demonstration of novel fluorescent protein-based biosensors for in vivo models,
further research is required to establish consistent, reproducible, and reliable imaging
instruments with far-red shifted fluorescent proteins, and animal models for disease
investigations. Although rapid strides have been made in this field, further improve-
ments on deep tissue imaging with higher sensitivity and long-term noninvasive
imaging would open wide range of applications for biosensors. Addressing the
drawback of loss of fluorescent proteins during tissue fixation or subsequent
processing can also improve ex vivo histopathological analysis of tissues from
transgenic animals.
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