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Abstract: FOrster resonance energy transfer (FRET)-basesisors have achieved
great success for biological applications. Howevehat is not extensively
appreciated is the growing role as versatile FREdsdmsors within a similar
biological context. This review provides a brietroduction of recent advances in
principle, the designing strategies and kinds gfliaptions of FRET biosensors. For
each FRET biosensor, the appropriate backgroundamatation is explained before
studying their related applications. The prominexés of nhanomaterials are present
in the development of more sensitive and specifREF biosensors. Finally, the

challenges and outlooks of FRET biosensors are asigd.
Keywords: Fluorescent biosensor; FRET; Nanomaterials; MURER;
Nanomedicine

1. Introduction

Fluorescent technology (Albert et al., 2000; Zhalet2018; Thevenot et al., 1999)
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has been extensively used in medical diagnosis €Y., 2018), food safety (Xu et
al., 2014), and environmental monitoring (Lu et @017) because of its inherent
sensitivity and high selectivity (Liu et al., 2018jowever, although plenty of
fluorescent biosensors have been employed for kafidspplications, they are still
unsatisfactory to accurately quantitate becausedicent signal is easily interference
by many factors especially for the surrounding esrvinent (pH and temperature) and
fluorimeter (slight change of excitation or emissiatensity) (Samanta et al., 2018;
Mehrotra et al.,, 2016). To overcome the problene tatiometric fluorescent
biosensor has been developed to quantitate theetsargy the ratio of the
simultaneously recording fluorescence intensitywat wavelengths (Thevenot et al.,
2001; Medintz et al., 2003; Wang et al., 2018; Mpoat al., 2010). The ratiometric
fluorescent strategies include intra-molecular gharansfer (ICT) (Du et al., 2018;
Sun et al., 2017) and FOrster resonance energsféerabased approach (Kikuchi et al.,
2004; Feng et al., 2018; Zhao et al., 2015). Far, k&o factors usually interfere the
accuracy of biosensors: 1) Binding of the targetsild promote or inhibit ICT
interactions to induce into remarkable shifts of #ensors absorption maxima. 2)
Relatively broad fluorescence spectrum makes fiicdif to accurately determine the
ratio of the two fluorescence peaks. FRET can ypaxlve the problem because the
single excitation in FRET can result in a longeiismion (Zhang et al., 2008; Hu et al.,
2014; Hu t al.,, 2013). Table 1 compares these tdofgres used in fluorescent
biosensors.

By producing a non-invasive, real-time fluorescesggnal changing with the
spatial and temporal distributions of the fluoregcsubstance (Luby et al., 2016;
Charron et al.,, 2018; Zhu et al., 2016), FRET hasnbserved as the designing
strategy of different biosensors for the diagnodidisease, drug screening, and other
biological applications. Besides of the high sewvitt specificity and fast
responsibility, FRET-based biosensors also have uthigue advantages such as
simplicity and homogeneous assay without any washirhich can be beneficial to
perform accurate quantitative measuremanitro and in living cells (Kikuchi et al.,

2004; Zhu et al., 2016; Klymchenko, 2017; Li ef 2017; Yuan et al., 2015; Albers et
2



10

11

12

13

14

15

16

17

18

al., 2006; Yuan et al., 2013; Chen et al., 2015).

Table 1
Comparision of commonly used fluorescence biosensor
Development of Strategy Disadvantages  Advantages Ref.
Quantitation; (Albert et al., 2000;
Direct fluorescent High-backgrou Semiquantitative; Yue et al., 2018; Xu et
biosensor nd Cellular imaging;  al., 2014; Lu et al .,
2017)
ICT-based Serious Imaging; (Kikuchi et al., 2004;
biosensor interference Accurate Feng et al., 2018)
Ratiometric quantitation
fluorescent FRET-based Low-FRET Ratiometric (Luby et al., 2016;
biosensor efficiency Imaging; Charron et al., 2018;
biosenosor Accurate Wang et al., 2012)
quantitation

This review focuses on the biosensmlying on FRET strategies for the detection
of small-molecular or biological macromolecuianwitro, living cells andn vivo. The
principles of these FRET biosensors are coverdihwed by kinds of applications.
Moreover, we present the prominent roles of nanenas in the development of
more sensitive and specific FRET biosensors. Binale also emphasized on the

challenges and outlooks of FRET biosensors.

2. FRET Biosensor
2.1. Principle of FRET

FRET is an energy transfer process between a paigld-sensitive molecules,
where the donor fluorophore, initially in its elemtic excited state, transfers energy
to an acceptor chromophore as shown in Fig.1 (La@wl991; Gadella, 2009; Sun
et al., 2010).
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Figure 1. Basic principle of FRET. Reprinted (adapted) viadrmission from Kikuchi
et al. (2004).

The FRET efficiency (E) depends on multiple facttivat are summarized as 1)
the spectral overlapJ) of the donor emission spectrum and the accefiisoration
spectrum, 2) the distance between the donor anddteptor (typically in the range of
1-10 nm), and 3) the relative orientation of th@aloemission dipole moment and the
acceptor absorption dipole moment. In the trad#loRRET, one donor (D) could
combine with one acceptor (A). For such the sing&r of fluorophores, the
efficiency (E) of FRET is inversely proportional the sixth power of the distance
between donor and acceptor, making FRET extrenmatgigve to small changes in
distance (r) between the donor and the acceptocerRly, a large number of
biosensors based on nanomaterials have been deéslgneanomaterial-based FRET,
some studies provided a theoretical model for tRETF (Berney and Danuser, 2003;
Clapp et al., 2004, Corry et al., 2005; Raicu, 208ildebrandt et al., 2017), which
includes two cases of any As-D couplg) (iwhere single donor (D) attached multiple
acceptor (As), or any Ds-A coupleg(rwhere single acceptor (A) can bond with
multiple donors (Ds). As shown in equation @§an be expressed as follow by using

r and R.
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In Eq. (1), R is the Forster distance of this pair of donor aoceptor, i.e. the distance
at which the energy transfer efficiency is 50%4sthe distance from the donor to the
acceptor. Thus energy transfer was dependent ordittence between donor and
acceptor.

Normally, Ry could be 2-10 nanometers (nm) for commonly usadrélphores

and relied o and donor quantum yieldd(:
R, = 0.021YJdk*n™*)" (2)

In Eq. (2),k? is the orientation of the donor and acceptor itamsdipole momentsn
is the refractive index of medium between the FR#lrs. Thus, a pair of FRET
fluorophore with large spectral overlap were neagssAnd the change dlistance 1)

between the donor and the acceptats as off/on the switch of FRET.
2.2. Introduction of donor and acceptor

Most commercial fluorophores can be available aEFBonors or acceptors as
shown in Fig. 2. The organic donors covered ulbiti(UV) dyes such as coumarin-,
naphthalene-, and pyrene-based analogue, and nfesred (NIR) dyes, including
cyanine- (Cy3.5, Cy5.5), rhodamine. Some organiclemues were loaded or
conjugated into the functionalized polymeric migroesres or onto their surface (by
using functionalized groups such as biotin, avidimjnes, sulfates, and carboxylates)
to increase the fluorescent signal for targets,were modified to increase the
water-solubility (Horvath et al., 2005; Zahavy ét 2003). On the other hand, the
modified fluorophores were also combined with thellsor nanoparticles (NPs) to
obtain strong fluorescence (Balzani et al., 200i@jnélli et al., 2002; Kaafarani et
al.,2003). Quenchers as the FRET acceptors areasicgly prevalent due to their
wide absorption spectrum and high extinction coedfit (Maxwell et al., 2002),
which included many of organics such as 4-(4’-dmgminophenylazo) benzoic
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acid (Dabcyl) and 4-dimethylaminoazobenzene-4'esuff (Dabsyl), two of ordinary
non-fluorescence acceptors, QSY9, QXL, ATTO dydachberry, and black hole
families (BHQ-3, BHQ-5), and metallic materials fastance gold nanoparticles due
to broad absorption spectra (Sapsford et al., 2006)

Fluorescent proteins (FPs) (Fig. 2B) such as CHPR, BFP and YFP have also
been served as the critical players of the donomareptor for monitoring the
protein-protein interactions or conformational opes of individual proteins in living
cells (He et al.,, 2004; Rehm et al., 2002; Perigsé2001; Enterina et al., 2015;
Kyrychenko et al., 2017). Besides, lanthanidesooatisuch as terbium and europium
(Fig. 2D) as long-lifetime dyes, have emerged aspitominent role of time-resolved
FRET system (Selvin, 2005; Pulli et al., 2002; @iral., 2003). Moreover, fluorescent
nanoparticles including quantum dots (QDs) (Fig) 268d carbon dots (CDs) with
broad absorption, can serve as both donor and exq&dhu et al., 2017; Russ Algar
et al., 2011). The structure of linker space araperty of fluorophore pair could also

affect the intrinsic FRET efficiency of the probddcartney et al., 2017).

A Dyes Cy3 4548/562) C¥7 (747/774)
(Absorption/Emission Max) BODIPY (493/503) BODIPY (650/655)
HiLyte Fluor (488/527) HiLyte Flyor (750/778)
ATTO Dye (390/479 o ATTO \D'yc (740/764
Alexafluor (350/442) AIexaFl,lior (750/775)
Naphthalenes (336/490) DyLight (557/570
Pyrenes (339/384) TMR (555/580) Texas Red (595/615)
l l Coumarin (330/470)1 | [ROX (570/590) DyLight (652/673)
v V2R X 20 2t
10 540 580 2500

Vis

<> -

DABCYL (485) BBQ 650 (650);
DABSYL (466) &, Cy5Q (644) ;
QSY35 (475) QSY9 (555) QSY21 (661) Cy7Q (739) .
ATTO 540Q (542) ATTO 612Q (615) :

. Quenchers BH<Q1 o St g%
- (Absorption Max) QXL 490 (488) QXL 670 (655)

----------------------------------------------------------

A
DNP (348)




Fluorescent  Exitation Emission
protein wavelength(nm)wavelength(nm)

EBFP 383 445
Sapphire 399 511
ECFP 439 476
mCFP 433 475
Cerulean 433 475
CyPet 435 477
AmCyanl 458 489
Midori-Ishi Cyan 472 495
mTFP1 462 492
EGFP 484 307
AcGFP 480 305
Emerald 487 ggg
Azami Green 492
ZsGreen 493 505
EYFP 514 527
Topaz 514 327
Venus 515 528
mCitrine 316 529
YPet 317 530
PhiYFP 525 537
A1 ZsYellowl 529 539
=7 > Kusabira Orange 548 339
o dTomato 354 381
DsRed 558 583
DsRed-Express (T1) 333 584
mTangerine S68 385
mStrawberry 374 596
mRFP1 584 607
JRed 584 610
mCherry 587 610
mRaspberry 398 625
mPlum 590 649
AQ143 595 655

D o

| Sensitizer
B
(o]
N,
\—CO;,‘
/Cc}?_ Tb**

3 Figure 2. (A) Absorbance and emission maxima of common albhglfuorescent dye

C core/shell QD

4 and quencher families. Reprinted (adapted) withmpgsion from Sapsford et al.
5 (2006). (B) Simplified structure of fluorescent ms, ECFP and FYFP and lists of

6 commonly used fluorescent proteins. Reprinted (BadBpwith permission from
7
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Kyrychenko et al. (2017). (C) Cartoon structure aofCdSe/ZnS QD. Reprinted
(adapted) with permission from Russ Algar et a8d1(. (D) Structure of the Tb probe.
Reprinted (adapted) with permission fromSapsforal.et (2006).

2.3. Fabrication of FRET-based biosensor

Multiple kinds of FRET biosensors are designedhasvé in Table 2. Commonly
used FRET biosensor was fabricated by a pair obdamd acceptor with a close
position, and a specify receptor (such as prof@hh)) was used to identify the target.
The structure of the biosensor is sandwiched betwhe donor and the acceptor
(Peroza et al., 2015; Mohsin et al., 2014fter binding of receptor with the targets,
FRET signal is observed due to the destructionhef gair of donor and acceptor
because of the conformation change or the cleawighe receptor. It has been
utilized for quantifying analysis of targets suchians, proteins and nucleic acid
vitro or in living cells (Klymchenko, 2017; Li et al.p25). For whole-animal imaging
by in vivo microscopy, many FRET biosensors were limited tuthe attenuation of
the fluorescence and absorption of the tissue ifble light (Leeuwen et al., 2015).
And the ideal fluorophores fanimal imaging should have emissions at the NIR
region (>700nm), where the absorption, light-attimn, and auto-fluorescence are
minimum (Guo et al., 2013; Luo et al., 2011; Kobslyeet al., 2010).

Recently, a dual-FRET biosensor was successfullyidated for the sequential
sensing of MMP-2 and caspasei8 a dual-stage turn-on fluorescence processes (Li
et al., 2015). The biosensor was comprised of &@poxyfluorescein (FAM) as
donor and two 4-{[4-(dimethylamino)-phenyl]-azo}tmoic acid (Dabcyl) moieties
as FRET quench fluorophore pairs. While, MMP-2 #pepeptide sequence and
caspase-3 sensitive peptide unit were utilized laavable substrates between the
dual-FRET pairs, respectively. In addition, a matép FRET biosensor was used to
study molecular interaction beyond 1-10 nm throtlghenergy transfer by an FRET
antenna (Saha et al.,, 2016), and which would exphedapplication of FRET
biosensor in biology research. In this biosensoergy transfer from pyrene (Py) to

rhodamine B (RhB) occurred in two steps-(i) firstlgm Py to Acriflavine (Acf) and
8
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(i) secondly Acf transfer this energy to RhB. Aldwect energy transfer from Py to
RhB may become significant in presence of Acf.

On the other hand, some peculiar nanostructurel sgc mesoporous silica
nanoparticles (MSNs), liposomes, polymer micellssaffolds and nanoemulsions
were also utilized as FRET-based biosensors farasignhancement due to their low
toxicity and the improvement of energy transfericeghcy (Bremer et al., 2001,
Torchilin et al., 2005; Webster, 2006; Park et2009; Yan et al., 2013; Li et al., 2013;
Wang et al., 2016; Pelaz et al., 2017; Lane eR@D]15). For example, MSNs possess
excellent capacity for cargo loading due to staiEssoporous structures, large surface
area, tunable pore sizes, and well-defined surfatles fluorophores of FRET pairs
were simultaneously encapsulated in the inner arbioed onto the surface of MSN
to increase the fluorescence signal, obtain lowetedaion limits, and preserve the
function of the targets (Charron and Zheng, 201Bapgkliya et al., 2015)Other
various integrated FRET biosensors have also bekiesed for the applications in
real-time imaging, theranostics and sensing witloinvasive way in living cells or
animal (Kunjachan et al., 2015; Toy et al., 2014jt§ and Gambhir, 2017; Petersen e
t al., 2012; Mura et al., 2012; Zheng et al., 20€Barron et al., 2015; Mirkin et al.,
2015; Chen et al., 2017; Chen et al., 2016; Ekadwi., 2015). By using these FRET
biosensors, the micro-distribution and subcelldtaralisation of nanosensor in ex
Vivo tissue sections is also becoming feasible @#kdet al., 2015). These FRET
biosensors provide the advantages of tracking nadamime from subcellular to
whole-animal due to its sensitivity and accesdip{llames and Gambhir, 2012; Priem

et al., 2015; Pansare et al., 2012; Yao et al.42W0krian et al., 2012).

Table 2
Multiple FRET-based biosensors.

Description ~ Measuring Feature Application Ref.
parameter
Traditional FRET a pair of donor and Detection of the (Peroza et al.,
biosensor acceptor with the conformation; 2015; Mohsin
distance of 1-10 nm  ions, proteins and and

nucleic acidn vitro Ahmad,2014)
and in living cells



10

11

12

13

14

15

16

17

18

19

20

21

dual-FRET a fluorophore and one on-going (Lietal., 2015;

biosensor Ratio of two quenchers with pathology Leeuwen et al.,
fluorescent the distance of 1-10 2015)
intensity nm
multi-step molecular effect research among (Saha et al.,
FRET sensor beyond 1-10 nm  molecular interaction 2016)
peculiar (Toy et al.,
nanostructures tracking drug from 2014; Smith and
for FRET sensor A nanocarrier subcellular to Gambhir et al.,
with signal system whole-animal; 2017; Petersen
enhancement a non-invasive ways et al., 2012)

2.4. Analysis of FRET data

FRET is usually detected by appropriately equipfheckescence spectrometer or
microscopes, either as a decrease in the fluoresdatensity, lifetime, or anisotropy
of the donor, or as an increase in the fluorescerteesity of the acceptor upon donor
excitation (if the acceptor is fluorescent), oraasombination of these two effects. A
FRET ratio of A/D was introduced as a variablelia ERET signal that corresponds
to the amount of targets, where A and D respedtivelpresent the maximal
fluorescent intensity of the acceptor and donoro(Zket al., 2012; Torchilin, 2014).
The crosstalk of spectrum between the donor andpaocis a major challenge for
quantitative FRET analysis. The donor emission oaerlap with the acceptor
emission, and the acceptor may also be directlyitezkcat the donor excitation
wavelength. Multiple efforts have been attemptedot@rcome these challenges.
Fluorophores exhibiting a large Stokes shift, saslquantum dots and upconversion
nanocrystals, have been used to reduce the ciasktateover, time-resolved FRET
assays with fluorophores that exhibit long halkBy such as lanthanide chelate dyes,
have proven effective in eliminating interferingdkrescenceliao group developed a
method to mathematically analyze the spectrum tatksbetween the FRET donor
and acceptor by introducing a second excitatioadqlet al., 2015). In this assay, an
emission wavelength at which only the donor em#isused to calculate donor
emission at the acceptor emission wavelength, asetand excitation wavelength at

which only the acceptor emits is used to calcullageacceptor direction emission. Jin
10
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et al provides a unique combination of correctienfgrmance parameters by careful
implementation of several spectroscopy technolodtese-resolved fluorescence
detection, color multiplexing, biospectral crosktabrrection) into a FRET nucleic
acid assay (Jin et al., 2015). Chen et al also |ldpegd a correct approach to
guantitatively analyze the FRET emission (Chenlet2807). Three filter tubes are
utilized to collect fluorescence images of the dommission at the donor excitation,
the acceptor emission at the donor excitation, #rel acceptor emission at the
acceptor excitation. These collected signal inteassiare then expressed as functions
of four crosstalk parameters and three fluorescenogponents: donor fluorescence,
sensitized acceptor FRET emission, and the diragiston of acceptor. The crosstalk
parameters were determined from samples with oohpodor acceptor, and the three
fluorescence components were calculated by a tragable linear equation group.
Although these approaches greatly reduce spectrosstalk in the FRET assay and
simplify FRET signal analysis, more generalizedrapphes are needed.

The fluorescent imaging based on FRET can giveiapaiata and optical
information (Ray et al., 2014). FRET imaging cowl$o obtain abundant visual
information in regard to nanopatrticle integrityfi@éncy and behavior between the
biosensors with proteins, or living cells. For FREMaging, the semi-quantitative
result was achieved by analyzing the ratio of gpoading pixel intensity at donor

and acceptor channélscell andin vivo (Zhang et al., 2018; Bouchaala et al., 2016).

3. Application of FRET-based biosensor

FRET plays significant role in designing variousodensors for the clinical,
pharmaceutical, toxicological, or agri-food anasyamong others (Jin et al., 2010; Xu
et al., 2017; Limsaku et al., 2018; Ibraheem anchzell, 2010; Tian et al., 2010;
Saha et al., 2018; Barker er al., 1998). Accordmghe analytes (in Table 3), the
FRET biosensors can be classified including smallegules, antibodies (immune
molecules), enzymes, nucleic acids, and tissuedbasesensors (Mehrotra, 2016;
Mohsin et al., 2015; Goldsmith, 1975). Recently,EHRbiosensors have also been

successfully utilized for the detection of composyrid vivo imaging, drug delivery,
11



1 and image-guided surgery (Shen et al., 2014; Rai,e2015; Zhang et al., 2006).

2 Table3
3 Summary of recent applications of FRET-based bissen

Analyte Fluorophore  Receptor-Link Ways LOD/liner Ref.
er range
Small
molecules
NO Atto620/Cy5 cytochrome Content 10 nM (Strianese
peroxidase et
al.,2010)
Zinc CFP/YFP Metallothioneins  Content 0.uM (Mohsin
SmtA etal.,
2015)
Immune
molecules
aflatoxin B Red/Green Monoclonal Content 0.1302pM (Xu et al
emission QDs anti-AFB; 2014)
Enzymes
neutrophil YFP/CFP a specific Activity na (Faccio
elastase recognition and
sequence Salentinig,
2017)
matrix 5-FAM/QXL520  specific peptide  Activity na (Lee et al.,
metallopeptidase substrate 2018)
9
BSA/HSA pyrimidine Schiff-base ligand  Conformati na (Ghosh et
derivative onal change al., 2018)
of protein
calpain CFP/YFP calpain cleavage Activity na (Mccartny
sequence et al.,
2017)
MMP-2/caspase- FAM/Dabcyl cleavable Activity Tumours (Kwon et
3 substrates of ~lcmin al., 2017)
MMP-2 and diameter
caspase-3
MMP-2/MMP-7  AMC/BCTOT-E cleavable peptide Activity na (Wang et
u' spacer al., 2012)
MT1 MMP ECFP/R-PE PEbody enzymatic na (Limsakul
activity at etal.,
the surface 2018)
telomerase fluorescein Loading with activity na (Qian et
/BHQ MSN al.,2013)

12
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Nucleic acids

DNA Atto 488/ Atto dye-labeled ~72 nM (Auer et
647N “imager”/comple al., 2017)
mentary strands
ochratoxin A colloidal cerium OTA aptamer Content 2.5 pg mt (Tian et
oxide (electrostatic al.,2017)
nanoparticles/G assembly)
QDs
SYBR Green| anthanide-doped coordination 3.2nM (Wu et al.,
NPs(UCNPs)/ss interaction 2018)
DNAs
Tissues
organs Cy55/Cy 7.5 encapsulation Content na (Bouchaal
aet
al.,2016)
Thermal-
responsives
FITC/Rhodamin PECT imaging na (Huang et
e B (RB) self-assembly al.,2017)

3.1. Small molecule FRET biosensors

FRET biosensors have been utilized for detectiomahy small molecules such
as nitric oxide (NO), metal ions and other orgasmtall molecules (Tian et al., 2010;
Saha et al., 2018). NO plays an important role urdtitndinous biological functions
such as the carcinogenic and neurodegenerativeddiso (Culotta and Koshland,
1992). A fast and reversible fiber-optic NO-selegtifluorescent biosensor was
successfully developed with a detection limit of 2@ and linear up to 1mM NO by
immobilizing the Cytochrom€ at end of optical fiber in poly-acrylamide-matiox
covalent binding to the gold nanobeads (Barker lgt 1®98). After that, Maria
Strianese designed a NO-sensitive FRET sensorgwdyochrome peroxidase (CcP
Ex= 645 nm) was labeled by a fluorophore (Em= 648 as shown ifrigure 3A. A
FRET was occurred by the energy transfer from ébeled fluorophore (Atto620 or
Cyb) to the protein NO-free labeled cytochrome mwpielase (CcP) (Strianese et al.,
2010). At the presence of NO, the CcP exhibitedisappbearance of absorption

spectrum at 645 nm ascribed to the conformatiohahges of CcP after the binding

13
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with NO, resulting in the renewing of the fluoresce. The biosensor showed a lower
detection limit of 10 nM compared to the previousrkv (Barker et al., 1998),
demonstrating FRET biosensor can be used for thectilen of extremely low NO
level. Other than NO, Mohd. Mohsin reported a fasment protein-based biosensor
for the detection of Zinen vitro, in living cells and microorganisms (Mohsin et al.
2015). In the FRET pair, CFP (Em 485 nm) and YF® (&35 nm), was covalently
linked to the two flank, N- and C- terminus of sajipeptide of Metallothioneins
SmtA, a cysteine-rich protein @yanobacterium Synechococcus sp. The FRET signal
was increased significantly with the increase atzioncentration, providing a linear
detection range for Zn quantification between [l and 2.0 mM, which is

consistent with previous report (Duncan et al.,6)00
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Figure 3. (A) Absorption spectrum of NO-free (black) and NMOund (grey) CcP. (B)

Absorption spectrum of NO-free CcP (solid line) amdission spectra of Cy 5 (dotted
line) and Atto 620 (dashed line). Reprinted (addpteith permission from Strianese
et al. (2010). (C) Commonly used FRET-based biasensnsisted of antibody and
antigen. (D) Schematic structure of FRET-based imwmsansor for the sensitive

detection of AFB1. Reprinted (adapted) with permisgrom Xu et al. (2014).

3.2.FRET Immunosensors

In addition to small molecules, FRET biosensorsehalso been applied for the
detection of immune molecules (Goldsmith, 1975; {&#803; Zhu et al.,2010; Lai et
al., 2013; Zhu et al., 2014; Zhu et al., 2015; Liag@005). And the FRET biosensors
were mostly linked via -SIOCN/-NK -COOH/-NH, and biotin/strepatividin (Kumar
et al., 2009; Wang et al., 2014; Wang et al., 2(8dng et al., 2012; Zhang et al.,
2011). Their fabrications are various as demoredrah Figure 3C. Compared to
standard enzyme-links or fluorescent sandwich imwmassays, FRET-based
immunosensors have unique merits of free operatiomashing and separation steps,
excellent stability, specificity and ratiometric aseirement (Hildebrandt et al., 2017;
Haab et al., 2003). A great amount of FRET-basednunpassays had been
successfully developed (Xu et al., 2014; Knopp,800
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Kattke et al. designed a FRET biosensor for thedien of mold spores in
solution (Kattke et al., 2011). They conjugatedfescent QDs to antibodies, which
were then mixed with a solution of spores labelétth @ quencher. The fluorescence
was recovered upon addition of unlabeled sporesdose-dependent manner, owing
to the displacement of the QD-antibody conjugatesnfthe quencher-spores. This
FRET biosensor enabled detection of spores dosksvaas 103 spores/mL. Stinger
et al. proposed a FRET biosensor for the detectbnantigen based on the
conformational changes upon binding to the anti@&nnger et al.,2008). They first
conjugated protein A onto the surface of QDs, wignhbled the oriented assembly of
a dye-labeled 1gG antibody against the Troponirotgin, resulting in FRET between
the QD and dyes on the antibody. The assay coukiroh limit of detection (LOD)
of the 200 nM. Xu reported a FRET-based immunogeftsahe sensitive detection
of aflatoxin B, (AFB;) with a LOD of 0.13 pM (0.04 ng/ml) in rice grainsing
different-sized QDs (Xu et al.,2014). As shown iigufe 3D, to avoid potential
irregular aggregation between two kinds of QDs, awatent monoclonal antibody
(mAb)-labeled red QDs (~0.84 anti-AFB1 mAbs per QRphd multivalent
hapten-labeled green QDs (~6.8 AFB1 per QD) weitezed as acceptor and donor,
respectively. The interactions of anti-AFB1 mAbsiakFB1 promoted one or more
acceptors bound with a multivalent AFB1-labeled atpmesulting in energy transfer
from the green QDs to the red QDs. This sensoropmdd a linearity with
concentration range of 0.19-16 pM, indicating tlREF can be a promising method

for AFB; in food safety at a low concentration (Xu et 2014)

3.3.Enzymatic FRET biosensors

The FRET biosensors are expansively exploited Her detection of biomarkers
and enzymatic activitiem vitro and in/on the surface of living cells (Zadran kt a
2012; Cao et al., 2007; Lee et al., 2018). Commothg FRET biosensors were
designed for the detection of proteins dependermnugpvo elements, a pair of
donor-acceptor and a specific recognition modutdéte targets (Fommer et al., 2009;

Mertens et al., 2012; Kikhney et al., 2015). A apniational change of the targets
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results in the switch of “turn on/off” of FRET. Geae Faccio et al. fabricated a
FRET-based biosensor for the detection of neuttagastase (NE) activity (Faccio et
al., 2017). As shown in Figure 4A, YFP and CFP wagalently combined with the
linker, which has a specific recognition sequermeNE that belongs to a relevance
inflammatory serine protease. Ghosh also designbbsensor based on FRET by
utilizing the synthesized pyrimidine derivative #isorescent probe in Figure 4B
(Ghosh et al, 2018). A kind of pyrimidine based hi8dase ligand,
2-(2-(Anthracen-9-ylmethylene) hydrazinyl)-4-,6-dithyl pyrimidine (ANHP), was
used to ascertain the conformational change ofeprptand the FRET biosensor
showed high sensitivity.

Sidhu designed a highly selective biotin-CDs-naplihide biosensor for
monitoring the activity of thioredoxin reductase r{R) in cancer cell and
pharmacological screening of cancer (Sidhu et28l17). As shown in Figure 4C, a
FRET platform was prepared by conjugating naphthdi onto the surface of CDs
through a disulfide linkage, which obtained a limfitdetection of 7.2 x 1HM TrxR.
Similarly, Lee fabricated an enzymatic-sensitive inkjet pngtFRET biosensor for
high-throughput screening assay against MMP-9 uSiR@M as a fluorescent donor
and QXL520 as a quencher acceptor in Figure 4D @teal., 2018). This method
holds remarkable merits in extensive applicatioos the measurement of MMP
enzyme family and rapid evaluation of anticancenpounds. And Qian described
switchable FRET system based on telomerase-resgoMdEN to realize in situ
“off-on” imaging of intracellular telomerase actiyi(Figure 5A) (Qian et al., 2013).
After loading fluorescein into the mesopores, MSBswvrapped by DNA (O1) to
obtain a telomerase-responsive biosensor. In thgepce of telomerase, the biosensor
could generate fluorescence because of the detathwh€l on the surface of the

MSN.
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Figure 4. (A) Schematic illustration of FRET-based biosensdrased on a
fluorophore protein pairs for the detection of N&idty. Reprinted (adapted) with
permission from Faccio and Salentinig. (2017). ERET-based biosensor for the
detection of protein conformational change. Repdr{adapted) with permission from
Ghosh et al. (2018). (C) A highly selectively FRBibsensor for monitoring of the
activity of TrxR. Reprinted (adapted) with permasifrom Sidhu et al. (2017). (D)
Diagram of biosensor based on a quencher and fihore for the target of MMP-9
in anticancer screening assay. Reprinted (adaptét)permission from Lee et al.
(2018).

Several researches have also fabricated FRET Isoseror the detection of
proteases collagenase (MMP-9, MMP-2), thioredortiuctase, caspase-3 and others
zymoproteins in living cells (Shi et al., 2006; Renal., 2014; Kwon et al., 2017).
These enzymes in pathological state are over-es@tesn which case the biosensors

in the surrounding medium may respond adequately.d¥signed a dual-labeled
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FRET-based biosensor for the simultaneous imagidMP-2 and MMP-7 of living
cells under single wavelength excitation as shawfigure 5B (Wang et al., 2012).
MMP-sensitive biosensor was prepared by bio-cortjunga a double-labeled
fluorescent cleavable peptide spacer, where 7-adimethylcoumarin (AMC) and
1,10-bis(5’-chlorosulfo-thiophene-2’-yl)  -4,4,5,5667,7-octafluorodecane-1,3,8,10
-etraone (BCTOT-Ell) was respectively combined to the N terminus amel €
terminus of two substrate peptides (a MMP-2 substaad a MMP-7 substrate), onto
the surface of Au NPs through cysteine residugseptide substrate. At the presence
of the complexes of MMP-2 and MMP-7, the FRET psexcef biosensor was
destructed, and the fluorescence of dye was reedvar 449 nm and 613 nm. The
strategy exhibits high specificity against BSA andrmal-cell for simultaneous
imaging of dual components of MMP-2 and MMP-7 it@mplex system, and the
biosensor can effectively avoid negative outconmesancer cell diagnosis (Wang et
al., 2012). Li also designed a dual-FRET biosetsdarget MMP-2 and caspase-3 for
screening of cancer drug and therapeutic effeduatian as shown in Figure 5C (Li
et al., 2015). The FRET system is comprised of guoenfluorophore pairs, a
5(6)-carboxyfluorescein (FAM) (donor) and two Dabmolecules (accepter), and the
cleavable substrates containing MMP-2 specific ideptinit and caspase-3 sensitive

peptide sequence.

Oﬁ: * Fluorescein °BHQ | Oﬂ

Telomerase mediated O1 extension, detachment & fluorescein release
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Figure 5. (A) Schematic illustration of FRET nanocarrier lhss MSN for living
cell imaging. Reprinted (adapted) with permissioonf Qian et al. (2013). (B) A
dual-FRET biosensor for detecting MMP-2 and MMPREprinted (adapted) with
permission from Wang et al. (2012). (C) Structufedwal-FRET biosensor for two
targeted analytes, MMP-2 and caspase-3. Reprigtéapfed) with permission from
Li et al. (2015).

And the improvement of monitoring the enzymatia\amt at the surface of living
cells using a FRET-based biosensor was also aahigyd.imsakul (Limsakul et al.,
2018). They reported a hybrid biosensorifositu monitoring the mombrane type 1
matrix metalloproteinase (MT1 MMP) activity. The ceessfully integrating of
monobody variant (PEbody, a specific binding partiee R-phycoerythrin (R-PE))
into a FRET biosensor was capable to monitor adll-unction maturity for the

dynamic formation and dissociation of cell-cell tamts.

3.4. Nucleic acid-based FRET biosensor

DNA or RNA molecules, such as aptamers, could $patly combine with the
complementary targets by typical Watson-Crick bgsa&dng, or bind with the targets
including small molecules, proteins and larger scelby specific folding
three-dimensional conformations (Famulok et al.Q7220Ma et al., 2015). Specific
combination exhibited huge merits such as highiyti selectivity, stability, low cost
and high thermal stability as shown in Table 3 (Cbkeal., 2014; Yuan et al., 2014).
Most hybridization assays of nucleic acid-sensiRfEF biosensors were achieved by
the sandwich, displacement and non-specific assesf@uer et al., 2017; Tian et al.,

20



1 2017; Wu et al., 2018; Climent et al., 2010).
2 Alexander Auer reported a fast, background-free FRBsensor for DNA point
3 accumulation in nanoscale topography (DNA-PAINTaging by the predictable and
4  transient hybridization between short “imager” laoeby dyes and complementary
5 target-bound “docking” strands (Figure 6A) (Aueragt 2017). This biosensor could
6 achieve high-quality and super-resolution imagifigdDdlA for dynamic process in
7 cellular environmenin few tens of seconds. Jepsen developed a FRESEsor, in
8 which using fluorescent RNA aptamers to produceymaachic and reversible RNA
9 nanodevice for tracking RNA moleculeskncoli (Jepsen et al., 2018)

A DNA-PAINT FRET-based DNA-PAINT
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13  Figure 6. (A) Comparison diagram of FRET-based and conveatigrobe for

14 DNA-PAINT imaging by hybridization. Reprinted (aded) with permission from
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Auer et al. (2017). (B) A ratiometric aptasensartfee detection of OTA in feed and
food. Reprinted (adapted) with permission from Tearal. (2017). (C) Schematics of
near-infrared responsive FRET-based DNA biosensged on UCNPs and SG for
exploring the optimal nanoparticle size. Reprinf@adapted) with permission from Wu
et al. (2018).

A FRET ratiometric aptasensor was designed fordisection of ochratoxin A
(OTA) in feed and food chains by using colloidatigoe oxide nanoparticles (the
donor) and graphene quantum dots (GQDs, the aagdian et al., 2017). In this
biosensor, DNA@nanoceria and DNA@GQD was desigo@bmplement with OTA
aptamer by the electrostatic force as shown inrei@B. The aptasensor exhibited a
satisfying linear range (0.01-20 mmL™), a low limit of detection (2.5 pgmL™), and
high selectivity towards OTA. Wu et al designedighly efficient FRET biosensor
for DNA hybridization detection by using small upe@rsion nanoparticles (UCNPS)
and nucleic acid stain SYBR Green | (SG, a spedaifiercalator of double-stranded
DNA) as shown in Figure 6C (Wu et al., 2018). TH&nin-UCNP-based DNA
biosensor could reach a lower detection limit ahptementary ssDNA at 3.2 nM and
three-base mismatched ssDNA2-M3 at 7.6 nM. Xu alsmonstrated a FRET
biosensor based on miRNA-directed intracellulaf-assembly of chiral nanorod

dimers (Xu et al., 2018).
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Figure 7. Integrity of lipid nanocarriers in bloodstream anhdnor quantified by
near-infrared ratiometric FRET imaging in living cei Reprinted (adapted) with

permission from Bouchaala et al. (2016).

3.5.Tissue-based biosensor

FRET has also been successfully used for tissuedda@ssensor (Bouchaala et al.,
2016; Mei et al., 2007; Campas et al., 2008; Gub Ban, 2010; Chen et al., 2011;
Guo et al., 2018Bouchala fabricated a fluorescent nano-emulsiopldts (NDs) of
100 nm size by encapsulating lipophilic near-iréchicyanine 5.5 and 7.5 dye into
nano-emulsion droplets with the help of hydrophdaunterion tetraphenylborate for
vivo imaging as shown in Figure 7 (Bouchaala et al620This biosensor indicated
that the integrity of the FRET NCs in the bloodcaiation of healthy mice is
preserved at 93% at 6 h of post-administration,levhi drops to 66% in the liver
(half-life is 8.2 h). Chen et al fabricated an aadive tumor targeting nanoplatform
2,3-dimethylmaleic anhydride (DA)-trans-activatitrgnscriptional activator (TAT)-
poly(e-caprolactone) (PEG-PCL, PECL) to inhibit the nawfic interactions of TAT
in the bloodstream. The FRET signal between carnptit (CPT) and maleimide
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thioether bond is monitored to visualize the dreigase process (Guo et al., 2018).

3.6.0ther FRET sensors

Although the distance from the donor to the acaedhe main effect in the
FRET system, a multi-FRET biosensor with indepehdistance was also reported.
Saha reported a multi-step FRET system for theystidmolecular level by using
three dyes, pyrene (Py), Acriflavine (Acf) and Raodne B (RhB) as shown in
Figure 8A (Saha et al.,, 2016). As an energy trangfatform, Acf could receive
energy from Py and then transfer energy to RhBs Thilti-step FRET process has
advantageous merits for the studying molecularlleteraction beyond conventional
FRET distance (1-10 nm) and multi-branched macremdés. And the incorporation
of nanoclay laponite could enhance the transfécieffcy of FRET.

Moreover, a molecularly imprinted fluorescent biosar based on FRET was
developed for the detection of doxorubicin. Thisteyn was utilized doxorubicin as
the template to fabricate a molecularly imprintedymer thin layer onto the surface
of modified silica nanosphere modified by CD thrbugpl-gel polymerization. The
FRET biosensor showed high sensitivity and selégtifor doxorubicin with the
detection limit of 13.8 nM (Xu et al., 2017).

FRET has also been used for thermal biosensor (iégaat al., 2013; Conde et al.,
2016; Kim et al., 2012; Zhou et al., 2015), whelasbnsors were assimilated into a
physical transducer. Huang fabricated a FRET ndatgom for monitoring
thermos-sensitive nanoscale assembly of polymeigelhas into hydrogel and release
process of micelles (Huang et al.,, 2017). The tloesensitive “micellar hydrogel”
was prepared based on pahgaprolactone-co-1,4,8-trioxa [4.6]
spiro-9-undecanone)-b-poly(ethyleneglycol)-b-pelgéprolactone-o-1,4,8-trioxal4.6
]spiro-9-undecanone) (PECT) triblock copolymer igufe 8C. In this system, FITC
as a donor and rhodamine B (RB) as an acceptor segarately conjugated to PECT
polymers to obtain the PECT-FITC and PECT-RB nanape. The micelles
co-assembled by PECT-FITC and PECT-RB polymersimwitie range of 10 nm will

generate strong emission at 590 nm at excitatiod&® nm. This hydrogel was
24



1 injected into rat to tract the local delivery anejchdation of micelles through FRET
2 imaging. The thermos-sensitive biosensor facilgatee hydrogel formation and the
3 sustained shedding of cognate micelles (Huang et 2017). By using the
4  multiple-tags based FRET-imaging technology, th& faf macro biodegradable
5 materials in vitro and in vivo can be followed gtracise nano even molecular level.
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from Pyrene (Py) to Rhodamine B (RhB) via Acrifla®i(Acf). Reprinted (adapted)
with permission from Saha et al. (2016). (B) Molecly imprinted FRET biosensor
for selective and sensitive detection of doxorubicReprinted (adapted) with
permission from Xu et al. (2017). (C) FRET biosengwr the monitoring of the

thermosensitive nanoscale assembly of polymerieihe into macroscale hydrogel
and sequential cognate micelles release. Reprif@édpted) with permission from

Huang et al. (2017).

4. Conclusions

FRET-based biosensors have been exploited for tatwe analysis of small
molecularin vitro, real-time monitoring the dynamics of the compountbn the
surface of living cells anth vivo for biological applications. And their applicaten
have also been extended to the medical diagnodimsomaterial-based biosensors
possess great attractive prospects in clinical mdisig, food analysis, process and
environmental monitoring. The successful immobti@a of the fluorophore into
nanomaterial could present an advantage of stabilitthe FRET system. FRET
biosensors, as the advantageous non-invasive pmagecre valuable imaging
methods for visualization of specific moleculariaty during significant cellular
process. The development of novel FRET system, sschulti-FRET system, and
the specific receptor for the analysis would be éfieral for the fabrication of
biosensors. The applications of FRET-based biogsriso cellular processes, disease

diagnostics, and medical drug therapy, will undedhyt be of great significance.

5. Future Perspectives

Extensive researches have been demonstrated tHai-l&sed biosensors are
promising and non-invasive tools for monitoring tlgynamic change of the
small-molecular, proteins and living cell in labtmny environments. Despite of the
various applications, FRET-based biosensors haveynsgynificant challenges in
high-fluorescent resolution, improved specificitytioe reaction, and the affordability

of FRET reagents. For example, the strategy fomeaing the ratio of signal/noise is
26
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major challenge. Governing the surface propertyhef nanoscale composites by a
novel functional group is also great challenge tfo presently existing techniques.
Moreover, dynamic monitoring for physiological caiiwhs in real time reversibly is
also major impediments. Future work should focustenfabrication of new FRET
system such as multi-FRET biosensor. And more @ipbores in multi-step FRET
system should be chosen for the detection of sarged molecular. Besides, the
development of FRET has appeared many of variatimeiuding bioluminescence
and chemiluminescence resonance energy transtérvhich would be beneficial for

the biological research.
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This paper reviews the biosensors based on FRET for the drug testing, cell imaging,
molecular biology and medical diagnosis.

The dual-FRET systems and multi-FRET systems for biological application are aso
introduced
We present the prominent roles of nanomaterials in the development of more sensitive and

specific FRET biosensors

We also emphasized on the challenges and outlooks of FRET biosensors.



