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One of the challenges of modern biology and medicine is to visualize biomolecules in their natural environ-
ment, in real-time and in a non-invasive fashion, so as to gain insight into their physiological behavior and
highlight alterations in pathological settings, which will enable to devise appropriate therapeutic strategies.
Fluorescent biosensors constitute a class of imaging agents which have provided major insights into the func-
tion and regulation of enzymes in their cellular context. GFP-based reporters and genetically-encoded FRET
biosensors, have been successfully applied to study protein kinases in living cells with high spatial and tem-
poral resolution. In parallel, combined efforts in fluorescence chemistry and in chemical biology have enabled
the design of non-genetic, polypeptide biosensors coupled to small synthetic fluorescent probes, which have
been applied to monitor protein kinase activities in vitro and in more complex biological samples, with an
equally successful outcome. From a biomedical perspective, fluorescent biosensor technology is well suited
to development of diagnostic approaches, for monitoring disease progression and for evaluating response
to therapeutics. Moreover it constitutes an attractive technology for drug discovery programs, for high con-
tent, high throughput screening assays, to assess the potency of new hits and optimize lead compounds,
whilst also serving to characterize drugs developed through rational design. This review describes the utility
and versatility of fluorescence biosensor technology to probe protein kinases with a specific focus on CDK/cy-
clin biosensors we have developed to probe abundance, activity and conformation. This article is part of a
Special Issue entitled: Inhibitors of Protein Kinases (2012).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction — imaging in modern biology & medicine

One of the challenges ofmodern biology consists in attempting to vi-
sualize biomolecules in their natural environment, in real-time and in
minimally invasive conditions. Ideally one seeks to monitor changes
in their expression profile, in their spatio-temporal localization and in
their biological activity in a physiological context, in response to specific
stimuli, as well as in clinically-relevant pathological settings. Moreover,
the development of personalized medicine and targeted therapies calls
for sensitive and selective means of detecting specific biomarkers, that
further allow to monitor their status during disease progression and
in response to the administration of therapeutics.

With the development of chemical biology and fluorescence tech-
nologies, a wide array of imaging agents have been developed over
the last decade, including small molecules such as peptides, drugs,
small ligands, and environmentally sensitive fluorescent probes,

larger macromolecules such as polymers recombinant proteins and
engineered antibodies, and dye-doped fluorescent nanoparticles
[1,2]. These molecular probes have provided major advances in our
understanding of protein activity and regulation in their natural en-
vironment, allowing to track the dynamics of molecules in motion
and to study biological processes in four dimensions.

2. Fluorescent biosensors

Amongst the different classes of probes designed for molecular
imaging, fluorescence-based reporters and biosensors constitute a
class of tools which has undoubtedly provided the most promising
advances and perspectives for imaging, biomedical and drug discov-
ery applications. Fluorescent biosensors are small biological or bio-
mimetic scaffolds onto which one or several fluorescent probes are
coupled (enzymatically, chemically or genetically) through a recep-
tor moiety which recognizes a specific analyte or target, thereby
transducing the recognition process into a fluorescent signal which
can be readily detected and measured [3–5] (Fig. 1).

Fluorescent biosensors provide a sensitive means of probing ions,
metabolites, and protein biomarkers and can report on the presence,
activity or conformational status of a specific target in complex solu-
tions such as serum and cell extracts, as well as living cells. They offer
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means of monitoring dynamic processes in real-time, and are therefore
particularlywell suited to study the behavior of enzymes to gain insight
into their function and regulation in a quantitative fashion, in space and
in time. Fluorescent biosensors are commonly employed in fundamen-
tal studies to probe gene expression, protein localization, activity, func-
tion and conformation in a wide variety of fields including signal
transduction, transcription, cell cycle and apoptosis. Moreover, they
constitute a sensitive means of reporting on characteristic biomarkers
of several pathological conditions, including arthritis and inflammatory
diseases, cardiovascular and neurodegenerative diseases, viral infection,
cancer and metastasis [5,6] (Fig. 2).

Two large classes of biosensors have been developed: genetically-
encoded and non-genetic fluorescent biosensors. The discovery of the

Green Fluorescent Protein (GFP) and the subsequent development of
autofluorescent protein (AFP) variants and genetic fusion reporters
paved the way for development of genetically-encoded biosensors
[7–14]. This class of biosensors is user-friendly, easy to engineer, ma-
nipulate and transfect into cells. Although several subtypes of
genetically-encoded biosensors have been designed, the larger part
are single-chain FRET biosensors, consisting of a pair of AFPs which
can transfer fluorescence resonance energy between one another
when brought into close proximity in response to target activity. Dif-
ferent strategies may be employed to monitor changes in FRET sig-
nals based on intensity, ratio or lifetime of the AFPs. However
genetically-encoded biosensors rely on ectopic expression of
autofluorescent protein fusions in the cell and are therefore some-
what limited with respect to control over expression time and levels.
The development of chemical biology strategies to probe biological
processes and the synthesis of a wide array of fluorescent chemical
probes with particularly attractive photophysical properties, such
as environmental sensitivity and metal-ion selectivity, have lead to
the design of a different class of fluorescent biosensors, based on
peptide or protein scaffolds, onto which fluorescent probes may be
coupled [3,4,15–17]. Environmentally-sensitive probes respond to
changes in the polarity of their environment, exhibiting poor fluores-
cence in a fairly polar, aqueous solution, high fluorescence in apolar sol-
vents, or when bound to a hydrophobic protein pocket or membrane
[15]. Peptide and protein biosensors are easily generated through syn-
thetic chemistry or recombinant protein technology followed by chem-
ical or enzymatic labeling with synthetic fluorophores. Since these
biosensors do not rely on genetically-encoded autofluorescent proteins,
theymay be readily employed tomonitor target activity, and constitute
attractive alternatives in that they offer a high degree of control and ver-
satility. Peptide and protein biosensors further allow for chemical mod-
ifications to improve signal-over-noise and sensitivity of response,
through the introduction of chemical quenchers and photoactivatable
groups. Although these biosensors are readily applicable in vitro, they
require appropriate technologies to facilitate their intracellular delivery
for application in living cells.

3. Fluorescent biosensors for probing protein kinases

Protein kinases are involved in a wide variety of signaling pathways
and regulatory processes. Moreover, these enzymes are most often

Fig. 1. Fluorescent biosensors. A) Fluorescent biosensors are analytical devices which combine a sensor moiety involved in recognition of a specific analyte or target, with a
physiochemical transducer, a fluorescent probe that emits a detectable and measurable signal upon binding to the target. B) A ligand-protein biosensor may report on the relative
abundance of a target or biomarker C) A conformational biosensor — or conformation sensitive biosensor may report on a specific conformation of a target. D) An activity-protein
biosensor may report on enzymatic activity such as phosphorylation or proteolytic cleavage.

Fig. 2. Fluorescent Biosensor Applications in Fundamental Science. Fluorescent biosen-
sors are useful tools for fundamental studies in life sciences, to probe the function, reg-
ulation and spatio-temporal dynamics of biomolecules in a wide variety of biological
processes. Left panels show differential localization of CDK/cyclins in different cell
cycle stages thanks to a CDK/cyclin biosensor. Right panels show differential localiza-
tion of cyclin B in the same cell cycle stages as in left panels.
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deregulated, hyperactivated or overexpressed, as a result of genetic al-
terations in human pathologies, including cardiovascular diseases, neu-
rodegenerative and endocrinological disorders, immune deficiency and
viral infection, psoriasis, cancer and diabetes, thereby contributing to
establish the pathological disorder. As such they constitute attractive
targets for the development of therapeutics, as well as relevant bio-
markers of disease, and several small molecule inhibitors have been de-
veloped to interfere with their function [18–25].

Standard approaches to monitor protein kinase activity classically
rely on radioactive or antigenic assays. However, these techniques
can merely be applied in vitro in endpoint assays, and do therefore
not convey any information concerning the kinetic parameters of ki-
nase activity. Studying the behavior of endogenous protein kinases
in their natural environment remains very challenging. Indeed, mea-
suring a specific kinase activity amongst the myriad of enzymatic ac-
tivities that coordinate biological processes in a cell is like trying to
find a needle in a haystack, and requires probes with a high degree
of sensitivity and selectivity. The development of fluorescent biosen-
sors that report on protein kinase activity has provided a means of
studying the protein kinase function in real time and of imaging the
behavior of these enzymes in living cells, with high spatial and tem-
poral resolution. Both genetically-encoded and polypeptide-based
biosensors have been developed to report on protein kinase activity.
Single-chain FRET biosensors have been successfully applied to
study protein kinases in living cells with high spatial and temporal
resolution. Likewise, a wide variety of nongenetic biosensors have
been applied to monitor protein kinase activities in vitro and in
more complex biological samples with an equally successful outcome
[26–33] (Fig. 3).

3.1. Genetically-encoded fluorescent kinase biosensors

Genetically-encoded biosensors designed to probe protein kinase
activities are single-chain FRET biosensors, commonly known as ki-
nase activity reporters (KARs). The basic structure of KARs consists
of a kinase-specific substrate sequence including a consensus phos-
phorylation site and a matching phosphoamino acid binding domain
(PAABD), separated by a flexible linker, and flanked by a FRET pair of

AFPs (Fig. 3A). KARs provide a direct readout of kinase activity
through phosphorylation-induced changes in FRET between two
AFPs, associated with an intramolecular conformational change
upon binding of the PAABD to the phosphorylated substrate se-
quence [for review 30,32–34]. In some instances, a docking domain
distinct from the substrate sequence is included in the KAR, so as to
increase both specificity for the target kinase, as well as phosphory-
lation efficiency [35,36]. In other cases, KARs include a targeting
sequence to promote enrichment in a specific subcellular compart-
ment (cytoplasm, nucleus, Golgi, the endoplasmic reticulum, mito-
chondria, or plasma membrane) revealing differences in kinase
activities and dynamics, as well as differences attributable to differ-
ential localization of discrete subpopulations, or specific kinase
isoforms [37–40].

The first genetically-encoded fluorescent reporter of kinase activ-
ity was engineered by A. Ting and coll. and successfully employed to
probe activity of phospho-tyrosine kinases Src, Abl and EGFR [41].
This biosensor is based on a phosphotyrosine kinase-specific sub-
strate sequence, phosphorylation of which promotes binding to an in-
tramolecular SH2 domain, thereby bringing together a CFP and a YFP.
A wide variety of FRET biosensors have been designed according to
the same principle. Of particular interest, the Picchu biosensor was
constructed based on an SH2–SH3 domain derived from the CrkII
adaptor protein, to sense specific phosphorylation by c-Abl [42].
This biosensor was further optimized to generate Pickles, which re-
ports on tyrosine kinase activity of Bcr-Abl in a sensitive fashion
[43], and has more recently been applied to monitor Bcr-Abl activity
in cells from patients that have CML, to evaluate response to therapy
and to identify drug-resistant cells within a heterogeneous popula-
tion [44,45].

A detailed overview of genetically-encoded biosensors which have
been developed so far to probe the activities of protein kinases is pro-
vided elsewhere [32,33].

3.2. Fluorescent peptide/protein biosensors

Several strategies have been devised to generate environmentally-
sensitive peptide and polypeptide biosensors of protein kinase activity.

Fig. 3. Fluorescent protein kinase biosensors. Fluorescent protein kinase biosensors consist of substrate scaffolds that respond to phosphorylation by a protein kinase activity by
emitting a corresponding fluorescent signal. A) Genetically-encoded kinase biosensors also known as kinase activity reporters (KARs) generally consist of single chain FRET biosen-
sors. These are plasmid constructs that encode a pair of AFPs together with an intervening kinase substrate sequence and a PAABD, which are ectopically expressed as a single mol-
ecule in living cells. The AFPs are brought together upon phosphorylation of the substrate sequence, which triggers a conformational change by promoting the binding of the
neighboring PAABD, consequently leading to fluorescence resonance energy transfer between the donor and the acceptor. B) Environmentally-sensitive peptide-based kinase bio-
sensors are protein domains or peptides that are site-specifically labeled with a synthetic fluorophore whose spectral properties are directly or indirectly affected by proximal phos-
phorylation. In their simplest form, the fluorescent dye is coupled directly at or proximal to the phosphorylation site, and its fluorescence is enhanced by phosphorylation itself.
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In their simplest form, environmentally-sensitive kinase biosensors are
derived from kinase substrate sequences that bear a small synthetic
fluorescent dye on the phosphorylation site itself, or proximal to it,
that responds to phosphorylation through changes in its spectral prop-
erties (intensity or wavelength shift) (Fig. 3B) [for review 27–29, 31,
32].

One of the first set of fluorescent peptide probes based on this prin-
ciple, the propinquity effect, was developed by D.S. Lawrence and coll.
to probe PKC and monitor its activity in cell lysates and spatiotemporal
dynamics in living cells [46]. This and other studies reveal that the na-
ture and the position of the fluorescent dye coupled onto the peptide
backbone have a major effect on the dynamic range of the response.
This probewas further optimized to generate a light-activatable variant
thereby offering a precise means of controlling biosensor availability in
living cells through photoactivation [47].

Self-reporting tyrosine kinase biosensors are based on the princi-
ple that tyrosine quenches the fluorescence of organic dyes coupled
at a proximal position, until phosphorylation disrupts the stacking in-
teraction between the dye and the tyrosine group. Proof-of-concepts
of this principle have been established with self-reporting biosensors
of Src, Lyn and Abl kinases [48–50]. A similar strategy termed “Deep
Quench” was developed for Ser/Thr kinases, and successfully applied
to probe PKA activity. This approach involves shielding of the
fluorophore by a quencher in solution, which is displaced upon phos-
phorylation and binding of a PAABD to the phosphorylated serine or
threonine [51,52].

Chelation-enhanced dyes constitute a particular subset of
environmentally-sensitive dyes, that have the ability to coordinate
metal ions (Ca2+, Mg2+, Zn2+ or lanthanides) in response to
proximal phosphorylation of a peptide substrate, which conse-
quently affects the electronic structure and spectral properties of
the dye. Chelation-enhanced fluorescence (CHEF) has been best
described by B. Imperiali and coll. for biosensors based on the Sox
dye (sulfonamide-oxine), a derivative of 8-hydroxyquinoline,
that chelates Mg2+ and undergoes fluorescent enhancement
upon the coordination of a phosphate group on a phosphopeptide
[53,54]. Sox-based biosensors have been successfully developed
to probe PKC, PKA and Abl kinases and applied to probe a variety
of different kinases in multiplex fluorescence-based assays in cell
lysates [55,56]. Improved generations of these biosensors have
been developed to maximize the specificity of kinase recognition
through extension of binding sequences or incorporation of
docking domains distal from the phosphorylation site [57–59].

A more complex class of environmentally-sensitive kinase bio-
sensors undergo changes in fluorescence in response to the binding
of the phosphorylated peptide sequence to a PAABD, or through
phosphorylation-induced conformational changes that promote
binding of an intramolecular PAABD, such as 14-3-3, SH2 orWW do-
mains [27–29,60]. Yet another class of biosensors, exemplied by the
Src merobody biosensor undergo fluorescence enhancement upon
recognition and binding of the active conformation of their target ki-
nase, at a site which does not interfere with its ability to catalyze
phosphorylation [61].

A detailed overview of environmentally-sensitive biosensors devel-
oped to probe protein kinase activities is provided elsewhere [31,32].

4. New tools for old targets: CDK/cyclin biosensors

Cancer is a deadly disease which currently suffers from an overall
lack of efficient targeted therapies, despite progress made in this
field. But perhaps more importantly, from a lack of early and person-
alized diagnostics. After more than a decade since the first insights
into the molecular basis of cancer were provided by Hanahan &
Weinberg [62], we have come a long way in understanding the patho-
genesis of this disease and in identifying the featureswhich are inherent
characteristics of cancer cell proliferation. These hallmarks constitute

attractive targets for the development of therapeutic and strategies —
amongst these, mechanisms that drive cell cycle progression and cell
proliferation. Indeed, aside from mutations that promote upregulation
of oncogenes or downregulation of tumor suppressor genes, alterations
that lead to amplification, overexpression and/or hyperactivation of
enzymes involved in regulation cell cycle progression allow cells to by-
pass the controls that restrict cell proliferation, thereby conferring
self-sufficiency with respect to growth signals together with an overall
insensitivity to anti-growth signals.

Cyclin-dependant kinases (CDK/cyclins) are heterodimeric protein
kinases that play a central role in coordinating cell growth and division
and are considered as molecular engines that drive cell cycle progres-
sion [63,64]. In mammalian cells there are ten different CDKs and
about the same number of cyclins, that assemble in awell-defined fash-
ion, to perform specific functions in timely and coordinated fashion in
physiological conditions [25,65,66]. CDK/cyclin levels and activities are
frequently altered in human cancers, and contribute to sustain aberrant
proliferation in cancer cells. As such, they constitute attractive pharma-
cological targets for the development of anti-cancer, antiviral and
anti-parasitic drugs [67–70]. Several anticancer compounds isolated
from natural substances target CDK/cyclin kinases by competing with
the ATP-binding pocket, and inhibitors derived from these compounds
have been designed through rational derivatization [24,69–72]. Howev-
er, despite the oncological relevance and pharmacological attractivity of
CDK/cyclins, there are currently very few means of probing these ki-
nases in their natural environment, aside from a genetically-encoded
FRET biosensor of CDK1/cyclin B [73]. Indeed, as formost other intracel-
lular kinases, detection of CDKs and cyclins remains essentially limited
to antigenic approaches which require cell or tissue extraction and fix-
ation, whilst the determination of their activity remains limited to end-
point assays based on radioactivity or on antigenic recognition of
phosphorylated substrates. This not only restricts our full understand-
ing of the dynamic function of CDK/cyclins in a physiological context,
it also limits the development of preclinical and clinical studies, since
little information can be obtained with respect to specificity, selectivity,
efficiency and kinetics of inhibitors targeting these kinases in cellulo
and in vivo. Moreover, the lack of tools to probe the structure/function
relationship and dynamics of CDK/cyclin behavior leaves little chance
for the identification of compounds targeting other steps in their mech-
anism of activation.

In order to study CDK/cyclins in their natural environment and gain
insight into their behavior in physiological and pathological conditions,
we developed three families of fluorescent peptide/polypeptide biosen-
sors to probe the relative abundance, activity and conformational dy-
namics of CDK/cyclins, respectively [74–76].

CDKSENS biosensors are biligand peptides that recognize both
the CDK and the cyclin subunit partners, thereby reporting on the
presence of heterodimeric CDK/cyclin complexes [74]. Indeed, the
presence of both a CDK-binding sequence and a cyclin-binding se-
quence within the biosensor, allows it to dock onto the CDK/cyclin
complex with high affinity and specificity, thereby prompting
fluorescent enhancement of an environmentally-sensitive probe
coupled central to these moieties (Fig. 4A). CDKSENS biosensors re-
port on the relative abundance of CDK/cyclin complexes in vitro and
in living cells, thereby providing information which is not conveyed
by antibodies which recognize individual CDKs or cyclins. As such,
these biosensors allow to monitor alterations in CDK/cyclin levels
when tampering with a single CDK or cyclin upon treatment with
siRNA or with a drug, and between different healthy and cancer
cell lines (Fig. 4B).

CDKACT biosensors are activity-based probes developed to monitor
CDK/cyclin activity in real-time. They aremodular biosensors constitut-
ed of a peptide substrate, onto which a fluorescent probe is coupled
proximal to the phosphorylation site, and a phosphoamino acid binding
domain that recognizes the phosphorylated peptide sequence, separat-
ed by a short linker (Fig. 4C). Upon phosphorylation by active CDK/
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cyclin complexes, these biosensors undergo changes in fluorescence in-
tensity of an environmentally-sensitive probe, thereby reporting on ki-
nase activity in real-time, in a fully reversible fashion. CDKACT
biosensors allow us to monitor differences in CDK/cyclin activities be-
tween different cell types, throughout the cell cycle and in response to
drugs (Fig. 4D) [75].

CDKCONF biosensors are protein-based biosensors that probe the
conformational dynamics of the CDK associated with its activation.
This sensor bears probes that serve as molecular hinges in sensing con-
formational changes of the activation loop of this kinase, for example
associated with partner, substrate or inhibitor binding (Fig. 4E). As
such CDKCONF can report on compounds that induce conformational
changes, modulators that indirectly affect its catalytic activity, thereby
constituting a potent tool for screening for allosteric inhibitors that tar-
get CDK/cyclin complexes through a mechanism of action which differs
from competition with ATP binding in high throughput screening for-
mats (Fig. 4F) [76].

Overall, these fluorescent biosensors constitute potent technolo-
gies for fundamental and mechanistic studies in biochemistry and
cell biology. Moreover, they offer promising perspectives for the de-
velopment of fluorescence-based cancer diagnostics, for monitoring
progression of disease and response to therapeutics, and present
strong potential for drug discovery programs. Indeed, CDKSENS,
CDKACT and CDKCONF constitute sensitive tools for reporting on
CDK/cyclin levels, activity and conformation in vitro and in cell

extracts, and can further be introduced into living cells thanks to
cell-penetrating peptides [77–79], thereby allowing to monitor
CDK/cyclins in their natural environment through live-cell fluores-
cence imaging. These biosensors allow us to identify differences in
CDK/cyclin complexes between different healthy and cancer cell
lines, and for example to distinguish between cells that express
high levels or activities of CDK/cyclin kinases, from cells that present
decreased or defective assemblies. Furthermore, they can be applied
to monitor the status of CDK/cyclins in tumor xenografts ex vivo,
using biopsies or in blood samples by FACS, and can further be ap-
plied to probe CDK/cyclin levels and activities in vivo, and to monitor
response to drugs targeting these kinases in animal tumor models.
Additionally, these biosensors are directly applicable to high
throughput, high content screening, which makes them most attrac-
tive for drug discovery programs.

5. Fluorescent biosensors in biomedical applications

Whilst fluorescent biosensors are commonly employed in funda-
mental studies, they constitute equally potent imaging probes in bio-
medicine, for monitoring health and disease. They constitute useful
and potent tools for the early detection of biomarkers in molecular
and clinical diagnostics, for monitoring disease progression and
response to treatment/therapeutics, for intravital imaging and
image-guided surgery [6,80–82] (Fig. 5).

Fig. 4. CDKSENS, CDKACT and CDKCONF biosensors. CDK/cyclin biosensors developed to monitor these heterodimeric kinases. A) CDKSENS biosensor design B) CDKSENS reports on
the relative abundance of CDK/cyclin complexes C) CDKACT biosensor design D) CDKACT reports on the kinase activity of CDK/cyclins E) CDKCONF biosensor scaffold F) CDKCONF
reports on conformational changes associated with activation of the CDK, allowing for the screening of allosteric CDK inhibitors in high throughput formats.
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Fluorescent probes allow us to visualize targets which cannot be
detected by the human eye and which would normally require ex-
traction of a biopsy or histological studies for ex vivo detection of
biomarkers by classical antigenic approaches. In particular, fluores-
cent biosensors allow us to detect biomarkers in cancer models,
thereby providing means of imaging the diseased tissue or tumor,
disease progression and response to therapeutics. As such they
offer a wealth of opportunities for development of personalized
medicine [80].

Protein kinases are central to a wide variety of signaling path-
ways involved in physiological processes, and their implication in
disease has been widely documented. As such they constitute
established pharmacological targets and attractive biomarkers for
monitoring appearance and progression of disease, as well as re-
sponse to therapeutics [18–25]. Visualizing and quantifying protein
kinase activities allow first to detect dysregulations in a pathological
setting, second to justify the administration of a given set of inhibi-
tors to a patient and assess their efficacy over time. From a biomedi-
cal perspective, fluorescent biosensors therefore constitute potent
tools for the development of clinical diagnostics associated with ab-
errant protein kinase activation. Besides providing the means of im-
aging specific disease biomarkers and monitoring their status during
disease progression, fluorescent biosensors allow to assess the bene-
fits of therapy or resistance to drugs, and to devise alternatives to
target disease-related deregulations if necessary.

Several fluorescent biosensors applied to the detection of protein
kinases in the context of cancer constitute well documented and par-
ticularly relevant examples. A genetically-encoded FRET biosensor
developed for the detection of Bcr-Abl kinase activity was applied
to assess Bcr-Abl activity from cancer patient cells and further
employed to establish a correlation with the disease status in chronic
myeloid leukemia (CML). This probe was further employed to mon-
itor response to therapy, and to detect the onset of drug-resistant
cells, thereby allowing to predict the necessity for alternative thera-
peutics [43–45]. Likewise, a set of fluorescent peptide biosensors
were developed to monitor Bcr-Abl and Lyn tyrosine kinase activi-
ties, and employed to probe these kinases simultaneously through
multicolor imaging in imatinib-sensitive or -resistant CML cell lines
[50].

Multiplex detection of different biomarkers through fluorescence
biosensor technology would provide a more complete reflection of a
disease state or stage. Multisensing approaches are particularly rele-
vant for personalized medicine, since they offer a means of assessing
the status or behavior of distinct targets, of a given set of biomarkers.
In addition, multiplex detection strategies are particularly relevant for
theragnostic approaches as they would allow to couple tailored ther-
apeutic intervention through the selection of an appropriate cocktail
of inhibitors to neutralize a pathological condition.

6. Fluorescent biosensors in drug discovery

Fluorescent biosensors are widely used in drug discovery pro-
grams for the identification of drugs by high throughput, high content
screening approaches, for postscreening evaluation of hits and opti-
mization of leads. Moreover fluorescent biosensors constitute very
potent tools for preclinical evaluation and clinical validation of the
therapeutic potential, biodistribution and pharmacokinetics of candi-
date drugs (Fig. 6) [83–87].

Protein kinases constitute one of the major classes of therapeutic
targets for drug discovery programs. To date, most strategies employed
in drug discovery for screening novel inhibitors of protein kinases rely
on activity-based assays, which introduce a strong bias towards the
identification of nucleotide-binding pocket inhibitors. Indeed, to date
most kinase inhibitors identified in high throughput screens are essen-
tially ATP analogs or substrate competitors which directly affect the cat-
alytic step. However few ATP-competing, nucleotide-based compounds
actually inhibit their targets in a selective fashion, explaining their fairly
poor success rate in clinical trials. Consequently important efforts are
being made to develop original assays that allow for the identification
of new and potent hits from high throughput and high content screens.
In this respect, and given their high sensitivity and selectivity, fluores-
cent biosensors are particularly well suited to screen libraries of small
molecule compounds in search of inhibitors that affect kinase activity
or function in high throughput formats in vitro or in cell-based assays
[88]. The gold standard for high throughput formats is an assay which
can be easily miniaturized without losing signal intensity or signal-to-
noise ratio, and which does not suffer from off-target effects. Moreover,
fluorescent peptide/protein biosensors can be designed to screen for

Fig. 5. Fluorescent Biosensor Applications in Biomedicine. Fluorescent biosensors are useful tools for the detection of disease biomarkers, monitoring disease progression, response
to therapeutics and the emergence of resistance through molecular imaging, endoscopy, intravital or tomographic optical imaging.
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compounds which target different mechanistic steps of kinase activa-
tion, including allosteric inhibitors or compounds that modulate
expression, interactionwith regulatory activities or subcellular localiza-
tion thanks to the design of smart strategies, more generally, in search
of novel inhibitors that do not compete with ATP-binding.

Three strategies have been developed for drug discovery ap-
proaches. Genetically-encoded FRET-based approaches — several
high throughput screening assays have been developed for screen-
ing small molecule compounds from complex libraries, based on
genetically-encoded FRET biosensors that report on kinase activity
[88]. Likewise, non-genetic, environmentally-sensitive peptide bio-
sensors are perfectly well suited to HTS assays. Sox biosensors
have been readily applied to probe kinase activities in HTS formats
using cell lysates [56]. Positional biosensors undergo changes in
subcellular localization in response to the activity or inhibition of
target enzymes, thereby providing a very easy readout of kinase ac-
tivity [83].

Fluorescent biosensors allow to characterize kinase inhibitors in a
qualitative and quantitative fashion during the postscreening char-
acterization process, thereby providing critical information con-
cerning the efficacy, pharmacokinetics and pharmacodynamics of
hit compounds, and further enabling comparative studies during
the optimization process. Finally, fluorescent biosensors are appro-
priate for preclinical evaluation trials, to monitor response to candi-
date drugs, disease progression and emergence of resistance over
time.

7. Concluding remarks — perspectives and challenges

Fluorescent biosensors undeniably constitute a potent and sensitive
class of tools for the detection of biomolecules in vitro, in cellulo and in
vivo, for monitoring dynamic molecular events, and imaging biological
processes with high precision in time and in space. The versatility and
potential of these tools will certainly prompt their application in a
wide variety of fields, including the early-stage diagnostics, multiplexed
detection of biomarkers and biomedical applications based on molecu-
lar imaging, including image-guided surgery, theragnostics and preclin-
ical evaluation of drugs in drug discovery programs. Notwithstanding,

such developments require overcoming major challenges with respect
to technological bottlenecks, in particular sensitivity, signal-to-noise
ratio and reliability, as well as targeted delivery and selective activation
of biosensors. Optimization of these criteria is a sine qua none for the
development of biomedical applications, as well as for a more wide-
spread application of biosensor technology to drug discovery programs.
In this respect, developments in the chemistry of fluorescent probes, in
quenching and photoactivation strategies can be expected to improve
the sensitivity and signal-to-noise ratio. Furthermore, the use of
near-infrared fluorescent probes which are compatible with in vivo ap-
plicationswill pave theway for studying biomolecular activities in vivo.
Finally, the development of cell- or disease-specific targeting or activa-
tion strategies should provide means of imaging biomarker alterations
in a more localized fashion, with greater precision and selectivity.
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