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Fluorescence resonance energy transfer (FRET)-based biosensors are effective analytical tools extensively used in
fields of biomedicine, pharmacology, toxicology, and food sciences. Ratiometric imaging of substantial cellular
processes, molecular components, and biological interactions is widely performed by these biosensors. A variety
of FRET-based biosensors have provided comprehensive insights into underlying mechanisms of pathological
conditions in live cells, tissues, and organisms. Moreover, integration of FRET-based biosensors with the current
bioanalytical techniques allows for accurate, rapid, and sensitive diagnosis and proposes the advanced strategies

for treatment. Precise analysis of ligand-receptor interactions by FRET-based biosensors has presented a basis for
determination of novel therapeutic agents. Therefore, this study was designed to review the recent developments
in FRET-based biosensors and their biomedical applications. In addition, characteristics, challenges, and outlooks
of these biosensors were discussed.

1. Introduction

Employment of fluorescence-based technologies in bioanalytical as-
says has introduced novel quantitative tools for elucidating biomedical
processes [1]. Non-radiative resonance energy transfer (RET) approaches
have been developed to take advantages from fluorescence (FRET),
bioluminescence (BRET), or chemiluminescence (CRET) molecules [2,3].
FRET has received a great deal of interest in various fields including
biological and biomedical research [4-6]. High sensitivity, specificity,
distance dependency, fast response, simplicity, and being a homogeneous
assay are the main properties of FRET [7-9]. Also, spatiotemporal dis-
tribution of fluorescent materials along with real-time signals is consid-
ered among FRET advantages [9-11]. FRET-based biosensors have
served a great potential in determination of cellular dynamics [12] and
molecular interactions [13], detection of conformational changes in
proteins (e.g., amyloid-p) [14] and nucleic acids (e.g., nucleosomes) [15],
quantification of intracellular ions (e.g., ca’hH 1 6], and accurate iden-
tification of cancer biomarkers [5],such as micro RNAs (miRNAs) [17,
18]. In addition, in-vitro monitoring of signaling pathways and associated
small molecules (e.g., protein kinases) [19], non-invasive imaging of
cellular components [20], cell cycles, proliferation, and apoptosis have

been profitably performed by FRET-based biosensors [21]. However,
several unmet challenges including low stability, intracellular aggrega-
tion, and signal overlap have restricted application of these biosensors for
multiplexed imaging at cellular and subcellular scales [22]. Ratiometric
FRET probes have introduced an effective platform for multiplexed im-
aging of two or more targets simultaneously in a single sample [23].
Conjugation of FRET-based biosensors with nanoparticles (NPs) could
enhance photophysical properties of these biosensors [24]. Besides, la-
beling FRET-based biosensors with nanocarriers and cell-specific markers
could preserve biosensor integrity during membrane internalization and
enable the targeted delivery of biosensors, respectively [23,25]. For in
vivo and tissue-depth imaging, FRET-based biosensors could be trans-
mitted to specific cells or tissues either through electroporation, viral
delivery, or injection with the transfected cell lines, or could be geneti-
cally expressed in an engineered transgenic cell line and organism [21,
26-28]. Integration of FRET-based biosensors with conventional immu-
noassays,such as inspired enzyme-linked immunosorbent assay (ELISA)
has significantly enhanced sensitivity and specificity of target detection
[29]. Direct visualization of ligand-receptor interactions by FRET-based
immunosensors has provided novel strategies for point-of-care (POC)
detection and therapeutic approaches [30,31]. Accordingly, in this
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review study, it is attempted to describe FRET principle and its prominent
role in designing biosensors. Biomedical application of FRET-based bio-
sensors is explained and the main characteristics and challenges of these
biosensors are discussed.

1.1. Principle of FRET

FRET is a photophysical phenomenon whereby resonance energy of a
donor fluorophore is non-radiatively transferred to an acceptor through
dipole-dipole interactions [7]. Quantification of energy transfer is pri-
marily influenced by several factors including donor and acceptor (FRET
pair) proximity, donors quantum yield (QY), absorption coefficient
(emax) of acceptor, parallel orientation of FRET pair dipoles, and sub-
stantial overlap between donor emission spectra and acceptor excitation
or absorption spectra (Fig. 1a). Physical dipole-dipole interaction of an
excited donor stimulates acceptor to the excited state along with donor
relaxation to non-fluorescent ground state (D* + A—D + A*) (Fig. 1b)
[32]. The main distance between FRET pair (r) ranges from 1 to 10 nm to
obtain the desired efficiency [33]. Rate of distance-dependent energy is
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scaled with Forster distance RO, where FRET efficiency is equal to 0.5
(50%) [34]. Forster distance is determined by the following equation:

Ry =0.21[k2Qpn~*J(2)]?

where, k is orientation factor of donor and acceptor dipoles, QD is do-
nors QY, n is a medium-related refractive index, and J(4) is related to
spectral overlap between donor emission and acceptor absorption.
Thereby, FRET efficiency is computed as:

__ R

RS + 10
As a matter of fact, FRET is a nanoscale ruler in terms of distance-
related efficiency, enabling spatiotemporal analysis of biomolecules,
such as multi-subunit proteins, determination of protein folding, and
monitoring density of biological membranes [35,36]. A great number of
well-established fluorescent substrates and quenching molecules are
employed as FRET pairs, categorized into three main groups: organic
dyes, fluorescent proteins (FPs), and NPs. Organic dyes,such as FAM,

Fig. 1. Principle of FRET. a) The main
criteria influencing occurrence of FRET:
a, b Donor and acceptor distance (r)
must be less than or comparable to RO at
which 50% FRET occurs, as well as
establishment of parallel orientation of
dipole-dipole interaction, and spectral
overlap between donor emission and
acceptor excitation. No FRET occurs
when ¢, d r is longer than 10 nm (r >
RO), orientation of dipoles of donor and
acceptor is perpendicular, and donor
emission spectrum is separated from
acceptor excitation spectrum. b)
Jablonski diagram of FRET. A donor
chromophore (D) at ground state (SO)
absorbs light and is excited to an elec-
tronically higher state (S1*). D* then
emits part of its energy as fluorescence
during relaxation to the SO. In the
presence of a suitable acceptor (A), en-
ergy of D* is transferred to the A
through dipole-dipole interaction lead-
ing to excitation of the A to S1*.
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Cyanine, and Texas Red are reactive fluorophores that bind to proteins
and nanocarriers for bioimaging and diagnostic purposes [37-39].
Generally, optical properties of organic dyes are solvent-dependent.
Wide-range absorption (Aaps, max 310-750 nm) and emission (Aemi,
max 380-700 nm), high photoluminescence QY (®qy 0.2-1), absorption
coefficient (logio(emax) < 2.5 cm’lM’l), emission line width (Gem; >
7000 cm 1), and large stoke shift (A2 = 186 nm or Av = 8572 em ™)
along with solubility, small size (maximum 150 atoms), and simplicity
of bioconjugation are the main properties of these dyes [40-43].
Nevertheless, high photobleaching rate at near-infrared, poor aqueous
stability, and cytotoxicity could limit intracellular applications of fluo-
rescent dyes in some cases [44-46]. FPs, such as green FPs (GFP) (e.g.,
mClover3), red FPs (RFP) (e.g., mCherry), yellow FPs (YFP) (e.g.,
cpl73Venus), and cyan FPs (CFP) (e.g., mTurquoise2) are genetically
encoded and widely used as FRET pairs [47,48]. Photostability, pH
stability (pK, 2.5-6.5), and photoconversion are critical properties of
FPs for optical assays. FPs are ~25-kD (4.2 nm in length and 2.4 nm in
diameter) oligomers with the controlled N- or C-terminal [49]. Optical
properties of FPs including A,ps max (380-600 nm), Aemi max (440-650
nm), ®gy (0.1-~1), wide-range photobleaching half-times (2.7-530 s),
Emax (10*-10° cmflM’l), rely on rigidity of protein structure, chemical
environment, and excitation power in a linear manner [41,49,50].
However, long-term maturation, non-specific self-assembly, and irre-
versible complementation could restrict application of some FPs [51].
Fluorescent NPs, such as gold NPs (AuNPs), graphene quantum dots
(GQDs), graphene oxide (GO), semiconductor quantum dots (QDs), and
upconversion NPs (UNPC) are extensively used in designing FRET-based
biosensors [26,52,53]. AuNPs and paramagnetic NPs have been re-
ported to increase emission intensity and provide a solid support for
effective immobilization of FRET probes in hybridization-based bio-
sensors, respectively [54,55]. Controllable size and shape, higher
emission intensity (551 nm), emax (108-10'° cm’lM’l), the enhanced
photostability, and significant photobleaching resistivity are the main
characteristics of fluorescent NPs [56-58]. Currently used FRET pairs in
designing biosensors are mentioned in Tables 1-4. FRET-based bio-
sensors are mainly established based on several principles including
typical single FRET probe [59], dual-mode FRET [60], 3D multiplexing
[61], hybridization probes [62], sandwich co-hybridization [63], and
enzymatic digestion [64]. Regarding design principle and diversity of
FRET pairs, a large number of biosensors have been developed for
various biomedical purposes [65].

2. FRET-based biosensors for cellular and molecular detection
FRET-based biosensors are widely used to provide comprehensive
information about biological processes,such as cell cycling, metabolism,
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and signaling pathways [29,66,67]. Quantitative analysis of molecular
components including cholesterol derivatives, hemoglobin, cell-specific
antigens, and miRNAs has been carried out by FRET-based biosensors
[5,68,69].

2.1. Detection of cancer biomarker

Accurate identification of cancer-related biomarkers is of great
importance for early diagnosis of cancer. The miRNAs are non-coding
RNA molecules known to be involved in initiation and progression of
carcinogenesis as well as regulation of apoptosis [70]. Identification of
cancer-related miRNAs could provide substantial information on early
detection of cancer and designing efficient treatment strategies [18,71].
In this regard, a great number of FRET-based biosensors have been
successfully designed (Table 1).

Wang et al., detected miR-21-5p and miR-92a-3p in HeLa cell exo-
somes using a FRET-based biosensor. This biosensor acted based on
target-assisted signal amplification (Fig. 2a). The stem-loop structure of
Cysteine5 (Cy5) -labeled probes opened exclusively upon miR-21 hy-
bridization, exposing binding site for AuNP-labeled primers. Proximity of
Cy5-labeled probe and AuNP-labeled primers after hybridization resulted
in FRET by quenching Cy5 fluorescence signal. Strand displacement of
primers through enzymatic induction led to release of miR-21 from
oligonucleotide duplex. Recycling of miRNA by strand displacement
considerably amplified fluorescence signal. This biosensor represented
high potential for miR-21 detection in a linear manner with limit of
detection (LOD) of 1.5 fM [79]. Accordingly, FRET-based biosensing
assays have ensured sensitive detection of miRNAs in -situ compared to
prevalent techniques, such as northern blots, microarray analysis, and
reverse transcription-polymerase chain reaction [79,80]. FRET-based
biosensors have been utilized for accurate detection of cancer bio-
markers,such as sarcosine and aurora kinase A (AURKA) in prostate and
epithelial cancers, respectively [55,81]. AURKA is a multifunctional
serine-threonine kinase associated with cell cycle progression and its
overexpression is a major hallmark of epithelial cancers. In this regard, in
a study, a highly specific FRET-based biosensor was established for
identification of conformational changes and spatiotemporal activation
of AURKA induced by autophosphorylation of Threonine (Thr) 288 res-
idue. The biosensor comprised of AURKA complete sequence labeled
with the engineered GFP and mCherry. The biosensor functionally
replaced endogenous AURKA in U20S human osteosarcoma cells to
identify kinase activation throughout cell cycle. Following autophos-
phorylation of Thr 288, conformational changes in AURKA resulted in
proximity of donor and acceptor and occurrence of FRET [81]. Likewise,
in a research, enzymatic activity of prostate-specific antigen (PSA) was

Table 1
Recently developed FRET-based biosensors for detection of cancer-related miRNAs.
Principle of FRET Target miRNA Donor/acceptor Linear range of LOD miRNA source Ref.
biosensor detection
Target-probe miRNA-21, miRNA-122,  TOTO-1/Cy3, 0.02-10 nM 0.5 Human serum samples [72]
hybridization and miRNA-223 Cy3.5, Cy5 nM
mRNA-21, mRNA-155 AgNCs/CdTe 5.0 pM-50 nM 1.2 human blood plasma [731
and Let-7a quantum dot pPM
miRNA-150 FAM/BHQ1 100 fM-10 nM 38 fM human blood [74]
hsa-miR-146b-5p FAM/TAMRA 10 pM-100 nM 6 pM Human colon, breast, and thyroid cancer cells, fibrosarcoma, and [75]
normal colonic epithelial cell lines Blood sample,
HelLa cells,
miR-20a Terbium/ 30-300 pM 1.7 Human blood, cells and tissues [18]
miR-21 Cyanine5.5 PM
miR-21 FAM/Graphene 1-8 nM 1nM Human serum samples [76]
oxide
Sandwich co- miRNA-195 CaF2:Yb, 2-500 nM - Clinical samples (Plasma, tissues, cells) [771
hybridization Ho@SiO,/Au NPs
miRNA-155 La(III)-MOF/Ag 2.70-0.01 pM 5.20 Human serum samples [63]
NPs fM
Catalytic hairpin miR-21 and miR-20a Terbium/ 0-400 pM 1.8 Human tissues [78]
assembly Cyanine5.5 pPM
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Table 2
Recently developed FRET-based biosensors for in vitro imaging.
Principle Emission Imaging target Donor/Acceptor LOD Properties Ref.
region
Ratiometric NIR Biothiols (cysteine, BODIPY/rhodamin 0.26 High sensitive [20]
imaging homocysteine, and pM Excellent linear relationship
glutathione)
uv Mitochondrial SO, derivatives Phenothiazine oxide/e)-4-(4- 11.03 Rapid monitoring and quantitative [92]

(hso3-/5032-)
1-ium
Mitochondrial cysteine

single chain probe NIR Rho GTPases

based imaging

(dimethylamino)styryl)-1-alkylpyridin- pM

miRfp670-miRfp720 -

detection
Coumarin/Nethyl-2-styrylquinolinum 26.3 Highly sensitive and convenient [93]
nM monitoring of Cys metabolic process, good
cell permeability
Minimal cross-excitation, simultaneous [89]

imaging, optimal compatibility, and deep
tissue penetration.

Monitoring cell dynamics and metabolic
functions at cell and tissue levels

uv Membrane-tethered type FAM/dabcyl - Effective tumor imaging, High specificity [94]
Matrix metalloproteinases and binding affinity
Hydrogen sulfide Fluorescein/dabsyl chloride 0.02 High membrane permeation and [95]
pM compatibility within living cells and
biological systems
Table 3
Recently developed FRET-based biosensors for in vivo imaging.
Imaging Transfection Donor- Host-Site Target Dynamic LOD Property Ref.
Principle mechanism Acceptor detection
range
Time-lapse Virus-associated CFP/YFP Transgenic Acetylcholine 10 nM-100 - EC50-0.7 puM Sensitivity, ligand [109]
FRET transfection Drosophila- neurotransmitter M specificity, photostability, and
imaging olfactory system, feasible imaging of cholinergic
Transgenic mouse- signals in vitro, ex vivo, and in
visual cortex vivo
Mice Potassium 0.37-0.47 0.42 Dynamic quantification of [110]
mM mM Potassium variations
Different Mice- Neuronal glucose 0.7-2.5 mM 0.4-2 Stability, quantification of [111]
fluorescent Hippocampus and mM glucose in awake mice
proteins visual cortex
Near-infrared Intravenous bi-phenyl Mice model of Matrix - - High catalytic efficiency (kcat/ [112]
in vivo injection triazole/ osteoarthritis- metalloproteinase KM = 6.5 x 105 m—1 s—1) and
imaging Cy5.5 13 enhanced selectivity for MMP-13
Cy5.5 - Mice- liver Drug NPs 2-4 mg - Evaluating the risk of hepatic [113]
SQCy7.5 mL~! accumulation of Squalene
Prodrug Nanoparticles
Viral transfection Different Transgenic mouse, Calcium 0-39 pM - Hybrid photoacoustic and [114]
fluorescent forebrain fluorescence microscopy
proteins excitatory neurons
Intravital Targeting vector EGFP/mRFP Transgenic mice RhoA signaling - - Pre-clinical imaging innormalor ~ [115]
Imaging generated by disease conditions
inserting a lox-stop-
lox transgene
Ratiometric Biosensor encoding CFP/YFP Live yeast cells Glutathione 0-10 mM 5.0 Non-invasive, selective, and [116]
FRET plasmid transfection mM specific detection of Reduced
imaging glutathione low detection limit

and real-time cytosolic
monitoring

investigated by a genetically encoded FRET-based biosensor. The
biosensor was made of a specific peptide, labeled with a CFP at N-ter-
minus and a YFP (YPet) at C-terminus. In the presence of PSA, intact
structure of the biosensor was cleaved and FRET was disrupted. The
biosensor represented a 400% change in FRET efficiency in the presence
of 1 pg ml™! of PSA [5].

2.2. Molecular detection

FRET-based biosensors are beneficial in determining pivotal points
of pathophysiological states as well as illuminating underlying mecha-
nism of disease at molecular scales [82]. Several neurological diseases
including human immunoglobulin light chain amyloidosis, Parkinsons,
Alzheimers, and Huntingtons diseases are associated with formation of

amyloid fibrils known as plaques [14,83]. Identification of protein
folding at early stages is complicated due to heterogeneity and transient
nature of aggregates [84]. Several FRET-based biosensors have been
developed to obtain clear insights into structural rearrangements,
folding, and interactions of proteins [13,85,86]. For instance, in a pre-
vious study, folding process of a multi-domain protein, bovine serum
albumin (BSA) was investigated through a two-step assay; first, occur-
rence of FRET was assessed between donor-labeled tryptophan residues
and Cys-34 of BSA domain I labeled with IAEDANS (N (Iodoacetami-
noethyl)-1-naphthylamine-5-sulfonic acid) acceptor. Second, solvation
dynamic of BADAN (6-Bromoacetyl-2-dimethylaminonaphthalene)
probes was analyzed during covalent binding with free Cys. The initial
compaction in BSA probe was detected after incubation of crowding
agents (Dextran 6, 40, 70, and Ficoll 70). At initiation of folding, FRET
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Table 4
Recently developed FRET-based immunosensors.
Detection mechanism Analyte Donor/Acceptor linker Linear range LOD Property Ref.
of detection
Immunocomplex Vibrio cholerae CdTe QDs/AuNPs OmpW antigen 2-10 nM 2nM No washing required, simplicity, [125]
formation fast detection
Campylobacter jejuni ~ GQD/GO Polyclonal Antibody 10-10° CFU PBS 10 High specificity, Fast detection [126]
CFUmL™!
Poultry
liver 100
CFUmL ™!
Escherichia coli QDs/AuNPs Bacterial cellulose 10-10® CFU 100 CFU Feasibility of the immunosensor in [127]
mL~! mL ! the real matrix of booth solid and
aqueous samples
Para thyroid Green CdTe QDS/ Glass layer 0.01-0.08ng 3 pgmL~! Fast and accurate detection, [128]
hormone (PTH) Red CdTe QDs mL! simple perform and storage
1-84 antigen
Competitive and Ochratoxin A QDs of two size Nanobody 0.05-10 ng 5 pg mL~! Ultrasensitive and rapid [121]
homogeneous mL~! detection/decreased fluorescence
immunoassay intensity at molar ratio exceeded
10 ng mL™!
Fusarium fungi QDs/AuNPs Deoxynivalenol 0-10ngml™* 28 pgkg™! One-step, fast responsive, and [129]
simplicity, and homogenous assay
Functionalized antibody- Avian corona virus MoS,/Fluorescent Cotton thread-based 10%-10° 4.6 x 10° Low cost, rapid and sensitive [130]
antigen reaction dye microfluidic platform EID50. mL~! EID5.mL ! detection
Cardiac troponin T Carbon dots/MoS; Anti-cTnT 0.1-50 ng. 0.38 ng High sensitivity, rapid and [131]
mL—1 mL~! accurate detection/Poor
properties of carrier
transportation
Sandwich co- Cardiac troponin I Curcumin ethanol, Nanoprobe 0.0005-5 0.5 pg-mL™'  Biocompatibility, High adsorption [132]
hybridization MoS, ng-mL-! capacity
Sandwich co- CA 15-3 tumor Carbon dots/ CA15-3 antibod/ 1.1-16 pU. 0.9 pU. High specificity and selectivity for ~ [124]
hybridization of labeled ~ marker AuNPS PAMAM-Dendrimer mL~! mL~! MDA-MB-231 cells concentrations
antibodies and target
Enzymatic catalysis of the  Procalcitonin $-CD-ZnS QDs/3- Amp 0.1-70 ng 0.03 ng Ultrasensitive and accurate [64]
substrate hydroxyflavone cephalosporinase mL~! mL ! detection, Long-term stability of
the enzyme
AVaVe
a) WO — A b) Htt | Htt
) ex1|ex1
prime-Au lpolymerase Aggregation
o [ arefil
circulate ex1 FRET

Target miRNA

primer

% DNA probe l
g g
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Fig. 2. FRET-based biosensors for cellular and molecular detection. a) Schematic diagram of miRNA detection based on signal amplification through target cycling
reaction and quenching efficiency of AuNPs. In the presence of target miRNA, structure of the Cysteine 5-labeled stem-loop DNA probe was opened leading to
hybridization of the AuNP-labeled primers and fluorescence quenching through FRET. Continuous strand displacement and duplex amplification by the released
miRNA decreased fluorescence intensity [79], with permission obtained from the Royal Society of Chemistry. b) Schematic representation of FRET-based biosensor
consisting of GFP/RFP-labeled huntingtin exon 1 protein (Httex1) designed for determining aggregation of Httex1 inhibitors. Formation of Httex1 protein aggregates
led to development of acceptor red fluorescent signal, while inhibitor treatment resulted in the attenuated FRET. c¢) A dose-dependent decrease was observed in
fluorescence signal intensity in the case of Httex1 inhibitors aggregation [88], with permission obtained from the ACS publications. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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efficiency was low (~18%), while complete folding of domain I resulted
in donor-acceptor proximity and increased FRET efficiency. Solvent
correlation analysis of BADAN in BSA-BADAN revealed that this domain
becomes rigid during the initial phase of aggregation. However, its
flexibility was increased until the final aggregation [87]. On the other
hand, accurate analysis of proteins’ structural modifications allows for
identification of effective molecules to inhibit protein misfoldings. In
this respect, in a prior research, a FRET-based biosensor was used to
discover reproducible small molecules (hits) capable of inhibiting hun-
tingtin exon 1 (Httex1) aggregation. The biosensor could monitor Httex1
folding in neuroblastoma and human embryonic kidney 293 (HEK 293)
cells. Six hits were identified during high-throughput screening of
pharmacologically active compounds library. These molecules strongly
attenuated FRET with 50% effective concentration (EC50) values
ranging from 0.05 to 5 pM (Fig. 2b). Aggregation of Httex1 resulted in
occurrence of FRET, while in the presence of hits, FRET efficiency was
reduced in a dose-dependent manner (Fig. 2¢). Ultimately, niclosamide
was introduced as the most efficient hit to inhibit Httex1 aggregation
[88]. In addition, in another study, a biosensor was developed to detect
small molecules capable of modulating skeletal muscle channel isoform
(RyR1) interactions with FK506 binding protein 12.6 and calmodulin.
Dysregulation of RyR1 channels results in Ca?* leakage associated with
neurodegeneration, diabetes, and severe skeletal and cardiac myopa-
thies. FRET efficiency was increased in the presence of RyR1 inhibitors
in a dose-dependent manner. Chloroxine and myricetin were identified
as small molecules which the reduced Ca®* leakage from RyR1 in human
embryonic kidney 293 cells [12].

3. FRET-based biosensor for cell-based imaging in vitro

Multiplexing approaches have provided expedient analytical tools
for elucidation of cellular and molecular assemblies (54). FRET-based
biosensors are effectually used for quantitative and non-invasive in-
vitro imaging and cell-based analysis of biological compounds [90,91]
(Table 2).

Regarding sensitivity of serine proteases to metal ions, in a study, a
FRET-based biosensor was used to monitor the influence of Zn?>' and
Cu* on activity of high-temperature requirement A (HtrA) in vitro. HtrA
is a serine protease expressed in Helicobacter pylori, which could cleave
surface proteins of gastric epithelial cells and disrupt epithelial integrity.
The peptide consisted of a 2-aminobenzoyl reporter at the N terminal, a
3-nitro-tyrosine Y quencher, and an optimized AQRVAF sequence con-
taining a hydrolysis site of HtrA. The results indicated that low concen-
trations of Zn?" (649.5 nM) and Cu?* (295.4 nM) (50% inhibitory
concentration) efficiently inhibited HtrA activity. Thus, the designed
FRET peptide introduced a novel method to evaluate metal ion-
dependent protease inhibitors,which could prevent bacterial growth,
survival, and pathogenesis [96]. In a recent study, human transferrin
receptor 1 (TfR1) was directly labeled with a folic acid-derived FRET
probe for accurate screening of fR1-mediated endocytosis. The probe
enabled live-cell imaging of redox activity during endocytosis in HeLa
cell endosomes. Reducing environment of endosomal compartments
caused probe cleavage and subsequently, attenuated FRET. The results
supported principle of receptor-ligand interactions as an important
strategy for the targeted drug delivery [97]. For high spatiotemporal
imaging, FRET-based biosensors could reach subcellular domains via
nanocarriers,such as lipid rafts [24]. Besides, conjugation of fluorescent
organic NPs with FRET probes like quatsomes has significantly enhanced
photophysical and physicochemical properties of FRET probes and pre-
served their integrity during membrane internalization [25]. However,
single-photon emission probes have been shown to encounter several
challenges for cell-based imaging in vitro including low stability, inter-
cellular aggregation, fluctuation of radiation light, microenvironment
problems, and systematic errors [20]. Ratiometric imaging relies on
analyte-induced changes in emission intensity of two or more fluores-
cence signals that could be simultaneously measured at different
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wavelengths and calculated individually [98]. Accordingly, in a research,
a ratiometric FRET probe named as CP-K was designed to monitor Cys
derivatives in mitochondria of MCF-7 breast cancer cells. CP-K was
composed of a coumarin donor and N-ethyl-2-styrylquinolinum acceptor
exhibiting high sensitivity toward SO, metabolites with LOD of 26.3 nM.
Addition of 0-10 equiv. of HSO3~ was accompanied by an obvious
decrease in fluorescence absorbance (from 483 to 150 nm) and a distinct
change in signal color (from orange-red to yellow). The results indicated
high permeability and photostability of CP-K in a complex physiological
environment. Consequently, the biosensor allowed for colorimetric
naked-eye detection of endogenous sulfite derivatives in live cells [23].
Recently, in another research, an NP-based FRET biosensor was suc-
cessfully designed to monitor caspase-9 activity during cisplatin-induced
apoptosis in MG-63 and SW480 colorectal tumor cells. The biosensor
comprised of a peptide containing a specific motif (LEHD) as caspase-9
cleavage site and was functionalized by UCNP@silica donor and Cy5
acceptor. As demonstrated in Fig. 3a, in the presence of caspase-9, Cy5
was detached from UCNP@SiO, surface, and donor emission was
restored. It was reported that cisplatin-treated MG-63 cells demonstrated
higher levels of caspase-9 activity compared to SW480 cells in the same
condition. Moreover, donor signal intensity represented a linear de-
pendency on amount of MG-63 cells with LOD of 675 cells [99]. In a
recent study, naphthalimide (Np) and rhodamine (Rh) were used as FRET
pairs to construct ratiometric probes for selective detection of lysosomal
peroxynitrite (ONOO™) in HeLa cells. The NpRh-ONOO biosensor offered
rapid (<10 s) and quantitative detection of ONOO™ in a wide range
(0-8.0 pM) with high sensitivity (LOD of 3.33 nM) [100]. Ghosh et al.,
fabricated a FRET-based biosensor using pH-sensitive fluorophores for
ratiometric imaging of pH changes within a single cell. The biosensor
incorporated UCNP and mOrange FP and represented ~20% of FRET
efficiency at physiological pH (7-7.5). Ratiometric properties of this
biosensor changed linearly in response to pH changes (3.0-8.0). The pH
of intracellular compartments was accurately determined by this
biosensor in HeLa cells. Designed FRET probes represented high photo-
stability, sensitivity, and non-toxicity, with minimum background auto-
fluorescence [101]. In another study, a ratiometric FRET probe named as
RhChr was developed for in vitro imaging of xanthine oxidase (XOD)
activity and quantification of hydroxylamine (HA). The biosensor
possessed the least cytotoxicity in HepG2 cervical cancer cells and rep-
resented a linear relation between HA concentration (0-80 pM) and FRET
efficiency with LOD of 2.16 pM [102]. Likewise, in a study, a FRET-based
biosensor was established for ratiometric imaging of nitroreductase
(NTR) as a biomarker of hypoxia in A549 lung tumor cells. This biosensor
acted based on occurrence of both FRET and photoinduced electron
transfer (PET). The 1,8-naphthalimide (NA) was used as acceptor and its
linked form to poly(fluorene-co-phenylene) (PFP-NA) was used as donor.
According to Fig. 3b, in normal conditions, fluorescence signal of NA
(FRET) was quenched through PET, while during cellular hypoxia, the
produced NTR led to occurrence of FRET (>54 folds) by blocking PET.
This structure detected NTR with LOD of 19.7 ng mL ™" and could provide
effective guidance for tumor therapy [103]. Application of FRET-based
biosensors for visualization of intracellular signaling pathways has pro-
vided a high throughput platform for accurate detection and therapeutic
outcomes. In a previous study, the effect of kinase inhibitors (KIs) on
extracellular signal-regulated kinase (ERK) and AKT signaling pathway
was investigated in triple-negative breast cancer cell lines (HCC1806 and
Hs578T) by FRET-based biosensors. The biosensors were fabricated with
CFP-YPF -labeled peptide substrates and the correlation between Kls and
proliferation was determined in both signaling pathways [104].
Furthermore, in a research, a ratiometric FRET probe was designed for
live-cell screening of endogenous hydroxyl radicals in zebrafish. The
probe was labeled with Rho and N,O-type structure named as Bobpy as
donor and acceptor, respectively. According to donor stronger emission
in hydrophobic environment and signal-to-noise ratio (SNR) of 3, the
probe was capable of membrane-organelle targeted imaging. As repre-
sented in Fig. 3c, the biosensor could attack -OH released either from the
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Caspase-9 activity both in vitro and in vivo. A Cysteine 5- labeled peptide containing caspase-9 cleavage site (LEHD) was conjugated with UCNP@SiO, and was able to
quench red emission of upconversion luminescence (UCL). The caspase-9 activity resulted in LEHD cleavage and recovery of UCNP@SiO, red emission. The caspase
activity levels were determined by quantification of red to green signal ratio, with permission from the journal (license number: 5113710238884) [99]. b)
FRET-based biosensor comprised of water-soluble 1,8-naphthalimide (NA) conjugated polymers (PFP-NA) for detection of nitroreductase (NTR) during hypoxia in
tumor cells. In normal conditions, FRET between NA and PFP was simultaneously quenched by the photoinduced electron transfer (PET) effect between them, while
in the presence of NTR, the reduced nitro group led to blockage of PET and recovery of FRET between NA and PFP, with permission from the journal (license number:
5113710961168) [103]. ¢) Ratiometric imaging of hydroxyl radicals in zebrafish by rhodamine (Rho)-labeled N,O-type FRET-based biosensor. The reaction between
endogenous hydroxyl radicals and the designed biosensor in mitochondria led to separation of Rho (donor) and the N,O-type structure (quencher) and recovery of
the donor signal [105], with permission obtained from the Royal Society of Chemistry. d) Schematic illustration of tetraphenylethene (TPE)/diketopyrrolopyrrole
(NDPP) pairs co-assembly in water to construct biosensor for ratiometric imaging of hypochlorite in live cells. NDPP acted as a reactive unit for hypochlorite (C10™)
and FRET between TPE donor and NDPP acceptor was disrupted upon ClO~ binding to NDPP, with permission from the journal (license number: 4990260818237)
[22]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fenton reaction or drug activation in mitochondria. The biosensor was
suggested as an efficient and sensitive tool for live-cell imaging and
specific detection of -OH with LOD of 0.68 pM [105]. Intracellular
accumulation and signal overlap in ratiometric probes could limit their
application for cellular imaging. In this regard, aggregation-induced
emission (AIE)-based FRET probes have been developed to enhance
fluorescence emission intensity at the aggregated state with no
aggregation-caused signal quenching [106]. In a related study, an
AlE-based FRET biosensor was established for imaging of hypochlorite
(ClO7) in HelLa cells. The probe was labeled with amphiphilic tetraphe-
nylethene (TPE1) donor and amphiphilic diketopyrrolopyrrole acceptor
assembled to a hybrid NP. This probe represented high stability, simple
construction, and good solubility in comparison with the existing single
probe FRET systems. Low concentrations of CIO™ (LOD of 105 nM)
resulted in complete recovery of TPE1 emission. This hybrid biosensor
could successfully image ClIO™ in HeLa cells due to bright fluorescence,
selective targeting, and high permeability through a live cell membrane
(Fig. 3d) [22].

4. FRET-based biosensors for in vivo tissue imaging
Application of FRET-based biosensors for tissue-depth and in vivo im-
aging has successfully enabled spatiotemporal visualization of molecular

compounds and multiplexed imaging of cellular processes in living models
(Table 3) [107,108].

Accordingly, in a study, apoptosis was visualized at single-cell reso-
lution using an engineered FRET-based biosensor (Fig. 4a). The biosensor
comprised of a specific peptide containing caspase cleavage site (DEVD)
and CFP-YFP as FRET pair, and was transgenically expressed in skin cells
of zebrafish (Fig. 4b). In physiological conditions, a green fluorescent
signal was acquired while caspase-3 activity during apoptosis switched
signal to blue (Fig. 4c). Using time-lapse FRET imaging, the biosensor
revealed that caspase-3 was activated within 3 min of apoptosis induction
either through ultraviolet (UV) irradiation or during development process
of zebrafish. Moreover, it was reported that apoptosis could be completed
in about 30 min after caspase-3 activation. The results confirmed occur-
rence of apoptosis in the skin covering zebrafish head, eyes, and yolk at all
stages of normal growth (Fig. 4d) [21]. Regarding the critical effect of
Ca?* on development and function of immune cells, a FRET-based
biosensor was developed in a study to monitor Ca®" signaling during
immune responses. FRET-based Ca?* indicator was transgenically
expressed in immune and nerve cells of transgenic mice. The biosensor
included a double-chromophore indicator Yellow cameleon 3.60 (YC3.60)
employing CFP and Venus 6 as FRET pair that enabled intravital spatio-
temporal analysis of Ca?* signaling in lymphoid tissues [117]. Recently, in



M. Imani et al.

a)

— Tol2 — Zebrafish keratin 4 promoter

b ) 4s8nm o ~DEVO~ 535 nm Caspase-3
X

L cleavage
2
FRET ()

Skincells | 72 hpf

Trunk

Yolk sac

3 months 3 months Scales | 3 months Caudal fin | 3 months

Analytical Biochemistry 630 (2021) 114323

73 h 00.mif

74 h 00,min

100 ym

Fig. 4. FRET-based biosensors for in vivo imaging. a) Schematic representation of FRET-based biosensor (C3) for real-time monitoring of caspase-3 activity. The main
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peptide containing caspase-3 cleavage site (DEVD) and CFP/YFP as FRET pair. c¢) Transgenic zebrafish (krt4: sensor C3) expressed C3 at different stages of devel-
opment in different regions. d) Real-time tracking of skin cells apoptosis in live zebrafish during natural process of development acquired by time-lapse FRET imaging
[21], with permission obtained from the ACS publications. €) Schematic illustration of the biosensor structure designed to detect Met-lead. The biosensor was
composed of a YFP/CFP-labeled dimer protein (PbrR) serving two binding sites for lead ions. Upon binding of lead, conformational changes in PbrR resulted in FRET
between YFP and CFP. f) Optical images of transgenic Drosophila brain in the presence of lead ions were acquired with green fluorescent signals and in-depth color
imaging [118], with permission obtained by a Creative Common CC BY license. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

an investigation, a FRET-based biosensor (Booster-PKA) was designed for
in vivo monitoring of protein kinase A (PKA) activity. The biosensor was
genetically expressed in transgenic mice and consisted of an FHA1
phosphothreonine-binding domain, a flexible linker peptide, a sensor
domain, mKOk donors, and mKate acceptors. Transgenic mice were
generated by Tol2-mediated gene transfer and grew normally with no
signs of external or internal malformations. The Booster-PKA represented
a dose-dependent detection of cyclic adenosine monophosphate (cAMP)
analog (forskolin) in a linear range (0.28-26 pM) with LOD of 1.74 pM. In
vivo imaging of liver, kidney, and colon in the generated transgenic mice
validated the biosensors ability in monitoring PKA activation in the
presence of cAMP [26]. According to the harmful effects of heavy metal
ions, accurate determination of these ions in circulation system is of great
importance. In this regard, in a previous research, a FRET-based biosensor
was designed to determine blood level of lead and illuminate underlying
mechanism of lead-related toxicity. As shown in Fig. 4e, the biosensor
incorporated a specific PbrR protein as a lead binding site labeled with
YFP-CFP and was transgenically expressed in Drosophila. Upon binding of
lead, conformational changes in the PbrR-sensing domain brought the
donor and acceptor to proper proximity for occurrence of FRET. The
designed system measured lead content inside living cells with LOD of
~10 nM (Fig. 4f) [118]. Although, several in vitro studies have been
accomplished to investigate AMP-activated protein kinase (AMPK) regu-
lation, exact details of this process have remained unclear. Therefore, in
another research, a FRET-based biosensor was fabricated for in vivo

imaging of AMPK regulation. AMPK is a cellular energy regulator effec-
tively targeted in treating type 2 diabetes and obesity. Transgenically
expressed biosensor named as AMPKAR-EV was labeled with CFP-YFP,
incorporating a kinase substrate peptide and a flexible linker (EV).
AMPKAR-EV efficiently determined the role of liver kinase B1 (LKB1) as
an AMPK stimulator and monitored drug-induced regulation of AMPK
activity in vivo. The results demonstrated metformin-induced activation of
LKB1 in transgenic mice with EC50 ~10 mM, while AICAR (an AMP
analog) stimulated activation of AMPK in muscle with EC50-0.5 mM. In
addition, organ-specific activation of AMPK and heterogeneity of
drug-induced responses were confirmed in this assay [27]. In a prior
research, ratiometric in vivo detection of ovarian cancer biomarker,
y-glutamyl transpeptidase (GGT), was performed by a FRET-based
biosensor (Py-GSH). The biosensor comprised of a GGT responsive probe
(GSH) directly labeled with fluorescent Pyronin B, which emits a strong
red signal. In the presence of GGT, y-glutamyl cleaved the Py-GSH fol-
lowed by fast intramolecular rearrangement that consequently resulted in
bright green emission. The Py-GSH potential for GGT detection was
investigated in mouse models of solid ovarian tumors (by subcutaneous
injection) as well as metastatic intra-abdominal tumors (by intraperitoneal
injection). Obvious optical changes in fluorescence signals in stained
tumor tissues indicated the biosensors efficiency in rapid and naked-eye
detection of cancerous tissues. Ultimately, Py-GSH was used for POC
detection of tiny malignant tumors during clinical resection of meta
static ovarian tumors [28]. In a recent study, the impaired nitric oxi
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de (NO)/cyclic guanosine monophosphate (cGMP)/phosphodiesterases
(PDE) 2 signaling was investigated in a rat model of failing car-
diomyocytes using a FRET-based biosensor. Following heart failure, the
decreased levels of cGMP led to negative cGMP-to-cAMP cross-talk
depending on the weakened PDE 2. The biosensor provided direct moni-
toring of cardiomyocyte b3-adrenoceptors (b3-ARs) associated with cGMP
production, accurate sub-membrane localization of b3-ARs, and altered
b3-AR/cGMP signaling in failed cardiomyocytes. Using scanning ion
conductance microscopy, the biosensor identified major localization of
functional b3-ARs on cardiomyocytes T-tubules of healthy rats [119].
Despite increasing number of the established FRET-based biosensors, their
practical application for in vivo imaging is limited due to several issues. For
instance, inadequate expression of the biosensor, poor biocompatibility,
immunogenicity, and limited spatial resolution due to the biosensor size
and location are some challenges of FRET-based imaging in vivo [120].

5. FRET- based biosensors for in vitro immunoassays

FRET-based immunosensors have integrated FRET sensitivity with
specificity of immunosensors [121]. Fabrication of FRET-based
immunosensor mainly relies on the used linking method including
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/sulfo-N-hy-
droxysuccinimide (NHS), dicyclohexyl carbodiimide (DCC)/NHS, and
biotin/streptavidin reactions [121-124]. Several FRET-based immu-
noassays have been successfully designed for direct and rapid detec-
tion of various targets including viruses, antigens, hormones, toxins,
cancer biomarkers, and protein complexes (Table 4).

FRET-based immunosensors possess unique properties,such as high
stability, specificity, and ratiometric signals [29]. Interestingly, inte-
gration of immunosensors with FRET-based imaging and targeted drug
delivery systems has greatly influenced POC diagnosis and treatment
strategies [131-133]. As a proof of concept, in a study, parathyroid
hormone (PTH) 1-84 antigen in human blood samples was detected
with LOD of 3 pg mL™! using a FRET-based immunosensor. The
biosensor comprised of 2-mercaptopropionic acid stabilized two-color
CdTe-QDs linked with PTH 1-84 antigen and FRET between CdTe-QDs
resulted in accurate detection of PTH 1-84 antigen in UV light region.
The red CdTe QDs@PTH 1-84 antigen and label-free target antigens
were competitively bound to green CdTe-QDs@PTH 1-84 antibody. The
green fluorescent signal was gradually enhanced by increasing concen-
tration of target PTH 1-84 antigen, which consequently resulted in
change in fluorescence color from red to green. The biosensor provided a
key tool for rapid PTH detection in related disorders including breast
and lung cancers, chronic kidney disorders, and cardiovascular diseases
[128]. FRET-based immunosensors are expected to enhance perfor-
mance, sensitivity, and stability of the current immunoassays,such as
ELISA and nanoenzymes along with resolving their limitations including
single-mode readout, possibility of false-positive results, insufficient
sensitivity to low concentrations of analytes, and enzyme vulnerability
[64,134]. Accordingly, in a research, a pH-responsive FRET-based
immunosensor was established for dual-readout fluorescence and
colorimetric detection of cardiac troponin I (cTnl) as a biomarker of
acute myocardial infarction. The biosensor contained curcumin (CUR)
as a pH indicator (donor) immobilized on three-dimensional MoS;
nanoflowers (3D-MoS; NFs) (acceptor) that could quench the CUR
fluorescence signal through FRET. For incorporating smart drug delivery
systems (DDS) with ELISA (DDS-ELISA), cTnl antibodies were immobi-
lized on MoS; NFs through carbodiimide conjugation. In the presence of
cTnl in basic pH, co-hybridization of c¢Tnl antibodies resulted in for-
mation of sandwich immunosensor. Consequently, hydrophobic CUR
turned into hydrophilic salt and was separated from MoSy NFs, which
led to recovery of CUR yellow signal (Fig. 5a). The biosensor enabled
naked-eye detection of cTnl in a linear range of concentration
(0.0005-5 ng-mL-!) with LOD of 0.074 pg:mL™' and 0.5 pg-mL-! for
fluorescence and colorimetric readout, respectively [132]. Similarly, in
a study, cardiac troponin T (cTnT) was detected by a FRET-based
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immunosensor comprised of carbon Dots/MoS; nanosheets and cTnT
antibodies. In the presence of cTnT, formation of sandwich immune
structure (anti-cTnT/cTnT) resulted in separation of CDs from MoS; and
fluorescence signal of CDs was recovered. This immunosensor repre-
sented a linear response to cTnT concentration in the range of 0.1-100
ng mL™! with LOD of 0.12 ng mL™! [131]. In a recent study, a
FRET-based biosensor was established for rapid and sensitive detection
of alpha-fetoprotein (AFP), which is an important biomarker of hepa-
tocellular carcinoma. The biosensor comprised of an AFP-specific
aptamer labeled with QD donors and an anti-AFP monoclonal anti-
body labeled with AuNP acceptors. In the presence of target AFP,
bio-affinity between donor-labeled aptamer and acceptor-labeled anti-
body resulted in fabrication of QDs-AFP-AuNPs sandwich structure and
occurrence of FRET due to donor-acceptor proximity. This structure
detected AFP in human serum samples with LOD of 400 pg mL ™! [135].
Owing to advances in manipulating FPs, FRET-based biosensors have
provided a powerful tool in the context of drug evaluation and targeted
therapy [136-138]. Ratiometric screening of drug delivery, monitoring
cellular entrance, trafficking and metabolism of the drug, as well as
evaluation of cellular sensitivity and responses to drugs are considerably
improved by FRET-based immunoassays [139-142]. In this respect, Lee
et al,, monitored intercellular activity of antibody-drug conjugates
(ADCs) using FRET-based immunosensors. Two growth factor receptors,
namely HER2 and tomoregulin were targeted by FAM-TAMRA-labeled
probes conjugated with maytansinoid DM1cytotoxic agent. The probes
were selectively linked with antibodies through thiol-Cys conjugation.
Intercellular uptake, trafficking, and processing mechanisms of the
ADCs were investigated in the engineered SK-BR-3 breast cancer and
PC3 prostate cancer cells expressing cancer-specific HER2 or
tomoregulin-2 growth factor receptors. Investigated cells represented
limited cytosolic transport of maytansinoid DM1 despite efficient
cleavage of the linkers. The results indicated the role of cellular back-
ground in trafficking of ADCs [143]. Moreover, in some cases, the use of
chemically -labeled antibody-FRET probes could be limited to target
organelle or cell line [144,145]. In a research, the inhibitory effect of
human endonuclease III and Y-box binding protein 1 (hANTH1-YB1)
complex in breast cancer was monitored through a FRET-based immu-
noassay. Using AlphaLISA to pinpoint regions of hNTH1 and YB1, the
biosensor was stably transfected to the MCF-7 breast cancer cells. In
addition, potential inhibitors of this complex were identified by
screening chemical libraries. Ultimately, the hNTH1—-YB1 complex was
reported to serve as a target in establishing novel therapeutic compo-
nents against drug-resistant tumors [30]. Recently, the first FRET-based
immunochromatography test strip (ICTS) was successfully designed in a
study for colorimetric naked-eye detection of PSA in whole-blood sam-
ples. ICTS is a lateral-flow immunochromatographic assay that proves to
be one of the most prevalent types of POC detection methods. Fluoro-
metric ICTS incorporated a PSA detection antibody labeled with func-
tionalized coumarin nanoparticle (PCA) donors and PSA capturing
antibodies labeled with inorganic quantum nanocrystal (PF-TC6FQ
Pdots) acceptors. In addition, immunoglobulin G (IgG) was immobilized
on control line of the strip as secondary antibody (Fig. 5b). By adding
blood samples, porous membrane selectively blocked the blood cells
permitting plasma-serum migration through the strip via capillary flow.
In the presence of PSA, formation of antigen-antibodies immune com-
plexes led to occurrence of FRET due to donor-acceptor proximity.
Distinctive changes in emission color represented a linear dependency
on antigen concentration allowing sensitive naked-eye detection of PSA
and quantitative analysis in a dynamic range from 2 to 10 ng mL ™! with
LOD of 0.32 ng mL™! (Fig. 5¢) [146]. Similarly, the first homogeneous
FRET-based immunoassay was developed in a previous research for
concomitant detection of epidermal growth factor receptor (EGFR) and
HER2 in a single sample. The immunosensor incorporated an NHS-
functionalized Terbium (Tb) and a maleimide-functionalized QD duplex
(Tb-QD). Tb-QD allowed direct comparison of QDs-labeled monoclonal
antibodies (cetuximab, pertuzumab, trastuzumab, and matuzumab) and
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nanoflower (3D-MoS, NFs) surface through EDC/NHS- mediated carbodiimide coupling. Hydrophobic curcumin (CUR) was absorbed on MoS, NFs and its fluo-
rescence signal was quenched by MoS, NFs. Co-hybridization of antibodies with cTnlI at basic pH resulted in release of CUR from MoS; and restoration of fluorescence
signal [131], with permission obtained from the Royal Society of Chemistry. b) A FRET-based fluorometric lateral flow immunochromatographic strip (ICTS)
designed for colorimetric recognition and quantitative analysis of prostate-specific antigen (PSA) in whole blood samples. In the presence of antigen, co-hybridization
of PSA-specific antibodies labeled with COOH functionalized coumarin nanoparticles (PCA) and inorganic quantum nanocrystals (PF-TC6FQ Pdots) resulted in
occurrence of FRET and a distinctive change in emission color. ¢) Photographic images and corresponding fluorescence photographs of fluorometric ICTS under 410
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nanobodies (18A12 VHH, 11A4, EgAl, and EgB4). The biosensor
detected nanomolar concentrations of HER2 using oriented 18A12 and
11A4 conjugates (LOD of 8.0 ng mL™!) and EGFR by matuzumab and
cetuximab conjugates (LOD of 2.9 ng mL ™). The results confirmed that
several parameters including antibody orientation and size, conjugation
ratio, antibody non-specific binding, and cross-reactivity could influ-
ence conjugation efficiency of FRET pair-antibody and performance of
FRET-based immunoassays [147].

6. Conclusion and the future prospective
FRET-based biosensors have provided a quantitative analytical tool

to be used in several fields including biomedical applications, pharma-
cology, toxicology, and food analysis. In the biomedical context, FRET-

10

based biosensors have proved to be effective for achieving the detailed
understanding about cellular processes and accurate quantification of
the involved small molecules. Spatiotemporal analysis of biomolecule
dynamics using distance-dependent FRET-based biosensors could illu-
minate underlying mechanism of neurodegenerative diseases. Accurate
identification of cancer biomarkers, such as miRNAs and tumor-specific
antigens has been successfully performed by FRET-based biosensors.
Owing to optical properties and low toxicity, FRET-based biosensors are
broadly utilized in high throughput and real-time monitoring of cellular
processes, such as apoptosis within a live cell, tissue, organism, and also
3D biomimetic systems. Non-invasive and ratiometric FRET imaging
(both in vitro and in vivo) has offered ultrasensitive detection mecha-
nisms along with introducing novel therapeutic prospects. FRET-based
immunosensors have offered impressive multiplexing platforms for
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biomedical diagnosis due to their simplicity and rapidness, being ho-
mogeneous assays, lack of requiring washing steps, and low cost.
Accordingly, FRET-based biosensors could promise a novel perspective
for real-time-whole-body screening, POC identification of tiny meta-
static tumors, targeted cancer therapy, and imaging-based surgery.
Despite various advantages, unavoidable SNR, inadequate fluorescence
resolution, and low stability of reagents are some challenges of FRET-
based biosensors that require further studies. Moreover, relatively
large size and high cost of fluorescent tags could restrict design of FRET-
based biosensors as well. Therefore, additional investigations are
required with a major focus on improving these limitations and
enhancing reaction specificity. Manipulating surface properties of
affordable NPs and using alternative tags with fluorescent potential,
such as carbon-based composites could be considered in designing
FRET-based biosensors.
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