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ABSTRACT: Biosensors have been flourishing in the field of drug
discovery with pronounced developments in the past few years. They
facilitate the screening and discovery of innovative drugs. However, there
is still a lack of critical reviews that compare the merits and shortcomings
of these biosensors from a pharmaceutical point of view. This contribution
presents a critical and up-to-date overview on the recent progress of
tailored biosensors, including surface plasmon resonance, fluorescent,
photoelectrochemical, and electrochemical systems with emphasis on their
mechanisms and applications in drug screening, efficacy assessment, and
toxicity evaluation. Multiple functional nanomaterials have also been
incorporated into the biosensors. Representative examples of each type of
biosensors are discussed in terms of design strategy, response mechanism,
and potential applications. In the end, we also compare the results and
summarize the major insights gained from the works, demonstrating the challenges and prospects of biosensors-assisted drug
discovery.

KEYWORDS: surface plasmon resonance biosensor, biolayer interferometry biosensor, grating coupled interferometry biosensor,
switchsense biosensor, fluorescent biosensor, electrochemical biosensor, photoelectrochemical biosensor, drug screening, efficacy assessment,
toxicity evaluation

The discovery of small-molecule drug can be regarded as a
challenging multidimensional problem, in which efficacy

and safety of potential candidates need to be optimized.1

Different enzymatic tests and biophysical assays have been
adapted for the needs of drug discovery.2 Despite great initial
success, bringing new drugs to the market is still a time-
consuming and costly process. Besides, existing computational
high-throughput methods suffer from a serious problem as
their experimental counterparts showed a high false-positive
rate.3 In this context, accurate and sensitive biosensors have
been considered as a potential solution.4

A biosensor is a device with a specific biorecognition
element that can interact with an agent in the sample and cause
changes in physicochemical properties, which can be converted
into a measurable signal.5 Nowadays, a plethora of tailored
biosensors have become an indispensable part of drug
discovery platforms. These tailored biosensors are designed
specifically for drug discovery and are constrained by a specific
drug target, which have accelerated the evaluation of efficacy
and toxicity of potential candidates and enabled drug screening
against challenging targets, such as protein−protein inter-
action.6 However, transduction mechanisms, detection mode,
strengths, and limitations of these biosensors are different.
Supporting Information Table S1 summarizes the character-
istics of the biosensors in drug discovery.

Although several excellent reviews7−9 have covered label-free
optical biosensors ten years ago, the current application of
state-of-the-art biosensors in the field of drug discovery has not
been summarized yet. Therefore, this review is to introduce the
recent progress of biosensors, including surface plasmon
resonance, fluorescent, electrochemical, and photoelectro-
chemical systems. The transducing options of these biosensors
function together with suitable nanomaterials, including
quantum dots, luminescent carbon dots, graphene oxide,
carbon nanotubes, magnetic nanoparticles, nanocrystals, and
up-converting nanoparticles fused together and provided
extreme variability of existing biosensor options. Applications
of these biosensors in drug discovery are critically discussed.

■ DESIGN OF BIOSENSORS FOR DRUG SCREENING
IN VITRO

Screening and locating an appropriate lead structure is the first
step in the pipeline of drug discovery. A full characterization of
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a lead compound requires two types of HTS-compatible
assays: one is functional assays to determine the effect of
compounds in terms of signaling, and the other is mechanistic
assays to detect the direct effects of compounds on their
targets. The interactions between potential candidate and drug
target are quantified in terms of binding parameters such as
dissociation constant (Kd). To achieve this goal, a variety of
biosensors have been developed.
Surface Plasmon Resonance Biosensors. Surface

plasmon resonance (SPR) biosensors become a golden
standard for studying drug−target interactions and provide a
huge stage for drug screening. There are two major challenges
for SPR. One is the way of immobilization. It must keep the
ligand-binding ability of the protein after covalent attachment
to the biosensor surface. The other is the expertise that is
required to set up a high-quality SPR bioassay. The number of
drug screenings with SPR biosensor is steadily increasing, and
these examples have been summarized in Table S2, covering a
wide range of drug targets, i.e., metallo-β-lactamase VIM-2,10

clostridial collagenases,11 tumor necrosis factor receptor,12

signal transducer and activator of transcription 3,13 C-X-C
chemokine receptor type 4,14 α-glucosidase,15 FK506-binding
protein,16 R15B-PP1c holoenzyme,17 PI3Kγ,18 xanthine
oxidase,19 DNA MTase,20 and so on. SPR technology has
been extended to difficult target types, such as membrane-
bound proteins. For the purpose of preserving the con-
formation and activity of the surface-bound proteins, novel
reconstitution and tethering methods are necessary.
Advantages of Surface Plasmon Resonance Biosen-

sors. The equilibrium constants of interactions between drug
targets and potential candidates play a pivotal role in
establishing the duration of clinical benefit of potential
candidates. SPR biosensor offers information not only on the
binding kinetics between drug targets and potential candidates

but also on the affinity as well as the drug interaction through
the use of reference compounds/substrates/binding partners
or binding site-directed mutations in the binding site. For
instance, one project11 selects collagenase H (ColH) domain
as the drug target and establishes an SPR-based screening
method against 1520 kinds of molecules. In order to validate
the integrity of the immobilized ColH structural domain,
FALGPA, a collagenase-specific peptidic substrate, has been
utilized. Meanwhile, compounds with a higher normalized
response than the substrate at 500 μM are considered as hit
compounds. In another project,21 it combines SPR biosensor
and site-directed mutagenesis of LANCL2 proteins (single
mutant R118I and triple mutants R118I/S41A/E46I and
R118I/R22I/K362I) for site-specific binder screening. Finally,
it obtains a high-affinity abscisic acid-binding site R118, with a
KD of 2.6 nM. In addition, the SPR biosensor is compatible
with drug screening mixed with complex herbs. As is known to
all, herbs contain tens of thousands of inactive components,
which may interfere with the detection of SPR. However, a
group utilized the SPR biosensor to screen for inhibitors
against multiple transcription factors in herbal mixtures,
including STAT3, CXCR4, and TNF.12−14 These works
validate that inactive component in herbal mixtures cannot
affect response signals in SPR, which do not interfere with the
detection of bioactive components.

Disadvantages of Surface Plasmon Resonance Bio-
sensors. The application of the SPR biosensors for drug
screening necessitates a far more suitable immobilization
strategy. One group10 adopts SPR biosensors as the primary
screening method and takes a biochemical assay as the
secondary screening method to select Verona integron-
encoded metallo-β-lactamase (VIM-2) inhibitors against a
library of 490 fragments. It is worth noting that such a
screening strategy is able to avoid false-positive hits caused by

Figure 1. SPR-based assay with reconstituted R15 holophosphatases that measures affinities of R15A inhibitors. (a) Overview of the screening
strategy. During the data analysis, compounds were rejected on the basis of sensorgram quality or no binding to either holophosphatase. (b)
Normalized steady-state binding curves from SPR showing binding of R15A (cyan) and R15B (magenta) to bio-GBZ immobilized on the
streptavidin sensor chip surface. Bio-GBZ (biotinylated GBZ) is an R15A inhibitor as potent as GBZ. (c) Normalized SPR steady-state binding
curves showing binding of GBZ to R15A-PP1c (cyan) and R15B-PP1c (magenta) reconstituted on the streptavidin sensor chip surface. Reprinted
with permission from ref 17. Copyright 2018 The Authors under Creative Commons International 4.0 license, published by Elsevier.
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pan assay interference compounds. Nevertheless, it is
estimated that 65% of the covalently immobilized VIM-2 is
inactive, revealing that positive controls must be utilized first to
ensure the ligand-binding competence of the protein on the
surface of the SPR biosensor. Isolated protein domains are
adequate for the ligand-binding experiment albeit with the loss
of full functionality. Another group17 reports an SPR-based
screening strategy for the identification of selective inhibitors
of allophosphatases from the synthesized compounds (Figure
1a). Compounds are ruled out due to the quality of the
sensorgram or the lack of binding to any of the
allophosphatases. Notably, there exists a huge difference
between the measured 11 μM affinity of R15A for biotinylated
GBZ (Figure 1b) and the sub-micromolar potency of GBZ in
cells. However, when both catalytic subunit PP1c and
regulatory subunit R15 are reconstituted on the SPR chip,
the measuring result of affinity of GBZ for R15A is 0.122 μM,
consistent with the results of the cellular assay (Figure 1c).
The limitation of some isolated regulatory subunits lies in the
fact that these regulatory subunits are intrinsically disordered.
Therefore, it is of great importance to select the correct
coupling method for SPR.
Standard immobilization techniques such as amine-coupling,

Ni-NTA capture, and streptavidin−biotin capture are available
for SPR.7 Amine-coupling is considered as an extremely
convenient method for immobilizing proteins, which requires
activation of the chip surface by adding a mixture of N-
h yd ro x y su c c i n im id e (NHS) and 1 - e t h y l - 3 - ( 3 -
(dimethylamino)propyl)carbodiimide (EDC). The amine-
coupling method requires that the protein be dissolved in a
low-salt buffering liquid which is at least one pH unit lower
than the protein’s pI. Binding parameters of amine-coupled
proteins match well with those of proteins in completely free
states. However, the protein is susceptible to denaturing
conditions and the coupling buffers. The next most
straightforward coupling method is the streptavidin−biotin
capture method. In this method, a biotinylating agent such as
sulfosuccinimidyl 6′-(biotinamido)-6-(hydroxylamino)-
hexanoate reacts with primary amine groups in proteins.
Then, the biotinylated protein is desalted and recovered before
being captured on avidin prederivatized chips. The spacer arm
of the biotinylating agent gives the protein more opportunities
to rotate as if it were free in solution. Additionally, there is also
a wide range of other immobilization methods, such as
antitarget antibody−target-coupling method and metal ion−
polyhistidine sequences coordination coupling method. Anti-
target antibody−target-coupling may complicate ligand iden-
tification as the ligand may also bind to the antibodies. Besides,
some researchers have added several polyhistidine sequences
into the N- or C-terminus of protein which can be coupled to
Ni2+-NTA chips. The merit of this coordinated metal ion−
polyhistidine sequences coordination coupling approach is that
the protein can be readily removed from the surface by using
EDTA stripping. What’s more, the chip can be recharged by
injection of nickel ions, and new fresh protein can be captured.
Optical Waveguide Grafting Biosensors. Optical wave-

guide grating (OWG) biosensors takes advantage of resonant
waveguide gratings or nanostructured optical gratings to
identify binders of target proteins.22 Planar waveguide systems
and microplates increase the yield of drug screening and ensure
the data quality. The OWG biosensors have been applied to
drug targets (Table S3), including muscarinic M3 receptor,23

muscarinic acetylcholine M2 receptor,24 G-protein-activated

inwardly rectifying potassium channels25 and cannabinoid
receptors.26

Advantages of Optical Waveguide Grafting Biosen-
sors. In contrast to sequentially operating systems, OWG
biosensor provides much more throughput and is capable of
detecting weak interactions between small molecules and drug
targets. OWG biosensor can also enable one to monitor real-
time cellular responses when subjected to the influence of
compounds.

Disadvantages of Optical Waveguide Grafting Bio-
sensors. The modified sensor surface of OWG biosensor is
only used in one binding experiment. Compared with the SPR-
based method, the OWG biosensor consumes larger amounts
of target protein. Moreover, this plate-based platform is usually
operated in equilibrium, which only performs for Kd
determination.

Biolayer Interferometry Biosensors. Biolayer interfer-
ometry (BLI) biosensor is microfluidic-free. It analyzes the
interference pattern of white light reflected from a layer of
immobilized drug targets on the tip of a biosensor against an
internal reference.27 It can get real-time data of affinity, kinetic
parameters, and concentration. Table S4 shows several major
cases of the application of BLI biosensors for drug screening.
The drug targets cover glutamate carboxypeptidase II,28

glutaminase,29 double-stranded DNA,30 and protein−protein
interactions, such as tissue transglutaminase and fibronectin
interaction,31 and SARSCoV-2 RBD and hACE2 interaction.32

Advantages of Biolayer Interferometry Biosensors.
Biolayer interferometry biosensor is only minimally affected by
changes in the medium, since it does not measure refractive
index or dielectric constant of the solution. Meanwhile, a range
of biosensor tips can be dipped into an analyte solution, and
then the analyte is evaluated in parallel.

Disadvantages of Biolayer Interferometry Biosen-
sors. Compared with SPR-based methods, BLI biosensors
have less sensitivity and higher reagent consumption.

Grating Coupled Interferometry Biosensors. Similar to
SPR, grating coupled interferometry (GCI) biosensor detects
refractive index changes near the sensor surface, which is
ascribed to massive changes induced by the formation of
ligand−target complexes.27 This discovery assists in measuring
kinetic rates and determining affinity constants of interacting
ligands quickly and accurately. Table S5 summarizes the latest
applications of GCI biosensors in drug screening. The drug
targets include bovine serum albumin33 and carbonic
anhydrase II.34

Advantages of Grating Coupled Interferometry
Biosensors. The sensitivity of GCI biosensor is superior to
the greatest performance of surface plasmon resonance.33 The
capabilities of the GCI biosensor ranged from weak binding
molecule drugs to binding analysis at slow dissociation kinetics.

Disadvantages of Grating Coupled Interferometry
Biosensors. The GCI biosensor requires expertise to choose
suitable chips for interaction experiment as some ligands may
bind nonspecifically to the chip surface.

Switchsense Biosensors. Switchsense biosensor is based
on short DNA nanolevers in a microfluidic channel.35 On the
gold surface, the negatively charged DNA nanolevers can be
electrically actuated (“switched”) to oscillate at high
frequencies. In order to conduct the screening, the compounds
have to be cross-linked to the DNA strand. The binding of
compounds to drug targets affects the hydrodynamic friction of
the DNA nanolever, which can be detected by using time-
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resolved single-photon counting.36 Only 40 μL of 250 nM
ligand−DNA conjugate will be consumed for one experiment.
As a new technology, application of switchsense biosensor for
drug screening is still extremely rare. One successful case is
NAD+-dependent lysine deacetylase Sirt2.37

Advantages of Switchsense Biosensors. Switchsense
biosensor is suitable for high content analysis. Binding kinetics
and conformational changes of proteins, small molecules−drug
target interactions, and enzymatic activity can all be realized by
using the switchsense biosensor. Meanwhile, the biosensor
requires only a small quantity of sample volume (50 μL).
Disadvantages of Switchsense Biosensors. It is

possible that nonspecific binding to double-stranded DNA
on the surface will occur, especially for drug targets.
Application of the technology to drug discovery required
expertise to carry out the experiment and to interpret complex
interactions. In addition, the biosensor is not suitable for high-
throughput screening because the regeneration rate of chip is
relatively slow.
Fo ̈rster Resonance Energy Transfer Biosensors.

Fluorescence assay is widely applied for its high sensitivity
and economical benefits in the HTS test. However, the testing
results of fluorescence intensity are always influenced by the
environment. Meanwhile, fluorescence polarization requires a
tool to adjust the size of the fluorophore-containing moiety.
This tool usually has a narrow testing signal channel. Unlike
the former fluorescence-based biochemical assay, FRET-based
biosensors are only determined by the distance between donor
and acceptor fluorophores.38

Typical FRET fluorophore is covered with ultraviolet dyes
and near-infrared (NIR) dyes. The former one included
coumarin-, naphthalene-, and pyrene-based analogues, while
the latter consists of cyanine (e.g., Cy3, Cy5, Cy5.5, Cy7, and
Cy7.5), and rhodamine.39 As for FRET biosensors, an ideal
target may be the drug target that can cut the linkage between
the donor or acceptor fluorophores. The applications of FRET
biosensors for drug discovery have increased annually (see
Table S6). A multitude of drug targets have been targeted,
including acetylcholinesterase,40 tyrosinase,41,42 HIV-1 reverse
transcriptase,43 α-glucosidase,44 cereblon,45 DNA MTase,46−48

RNase H,49 RNase A,50 β-secretase,51 protein kinase A
(PKA),52 amyloid-β,53 CBP BrD,54 and hNTH1-YB1 com-
plex.55 Moreover, protein−protein interactions have also been
targeted, such as SERCA2a-PLB interaction.56

Advantages of Förster Resonance Energy Transfer
Biosensors. FRET is a process of nonradioactive energy
transfer between the donor−acceptor pairs. Compared with

radioactive assays, FRET is a reliable method, and waste
handling cannot be a tricky issue anymore. At the same time,
FRET-based small-molecule probes can be quickly absorbed
by cells and have the potential for in situ detection. Therefore,
the application of FRET biosensors provides the investigator
with plenty of scope.

Disadvantages of Fo ̈rster Resonance Energy Transfer
Biosensors. Most of the typical small-molecule fluorophores,
such as rhodamine, derivatives of fluorescein, proprietary dyes,
and fluorescent proteins, have low Stokes shifts and wide
spectra which lead to high background values. For instance,
fluorescence spectra and quantum yields of cyanine dyes are
affected by nonspecific protein binding, excess aggregation, and
photobleaching.57 The properties of high hydrophobicity and
Stokes shifts of BODIPY dyes greatly limit their applications in
FRET assay.58 In addition, several FRET biosensors have been
fabricated by employing the strategy of conjugating organic
dyes to enzymes or receptors. The preparation procedure is
tedious and time-consuming. One example is the reverse
transcriptase (RT) of human immunodeficiency virus-1 (HIV-
1).59 The production of this FRET biosensor needs to produce
a RT mutant with a single accessible cysteine, labels it with
Alexa 488, and purifies it in an enzymatically active state.

Integration of Nanomaterials into Förster Resonance
Energy Transfer Biosensors. Due to the drawbacks
mentioned above, a growing amount of attention has been
drawn to the application of quantum dots (QDs), carbon dots
(CDs), polymer dots, up-conversion nanomaterials, and AIE
dots as FRET acceptor. FRET biosensor is also known as
quenching resonance energy transfer (QRET). It takes these
nanomaterials as a kind of quenching molecule instead of an
acceptor fluorophore, which can achieve more S/B values than
that of standard FRET assays.
Compared with conventional organic dyes and fluorescent

proteins, semiconductor QDs features outstanding optical
properties, such as good photostability, broad excitation, high
rate of quantum yield, and narrow emission. The QDs are able
to serve as efficient FRET donors instead of conventional
organic dyes. The altered spectrum and fluorescence lifetime
can serve as an “on/off” switch for detecting the biomolecules.
Taking DNA MTase as an instance, aberrant DNA MTase
active component is closely associated with a great variety of
human malignancies. A single QD-based biosensor is designed
for the turn-on detection of DNA MTase46 and its inhibitors in
order to apply for a hairpin DNA probe, which contained a
fluorescence quencher (i.e., BHQ2) at the 5′ end and a
fluorophore (Cy5) at the opposite strand of the stem. 605QD

Figure 2. DNA tetrahedron based FRET biosensors for screening DNA MTase inhibitors. (a) Schematic representation of “off−on” fluorescence
sensing system with DNA tetrahedron. (b) Fluorescence signals of different probes (500 nM) in the mixture of buffer before and after addition of
DNA MTase. S/B indicates the signal-to background ratio. Reprinted with permission from ref 47. Copyright 2017 American Chemical Society.
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is selected as the FRET donor. In comparison to the QD-free
assay, a 5-fold increase in S/B ratio is observed for the single
QD-based biosensor (34.17 versus 7.59). Another group
researches different DNA substrates reacting to DNA MTase
sensors.47 In this process, it can be found that the S/B ratio of
DNA tetrahedron nanostructures increases three times more
than that of DNA hairpin (see Figure 2a,b). Additionally, Y-
shaped DNA substrate tandem concatenated hybridization
chain reaction is also utilized for DNA MTase sensing.
However, both biosensing mechanisms have two enzymes, i.e.,
DNA MTase and DpnI. It is worth noting that the compounds
working on DpnI may also be counted as the DNA MTase
inhibitors. The specificity of the biosensor needs to be studied
in-depth.
Except for semiconductor QDs, CDs also show outstanding

performances, such as excellent photostability, favorable
biocompatibility, environmental friendliness, and favorable
price. A FRET biosensor utilized a nitrogen-doped CDs and
cobalt oxyhydroxide nanoflakes as the quencher.44 The
fluorescence intensity of CDs decreases significantly when
the concentration of CoOOH is increased from 0 to 0.6 mM.
The FRET biosensor was described for screening of α-
glucosidase inhibitors from natural product. Two kinds of α-
glucosidase inhibitors are identified, i.e., maslinic acid and
oleanolic acid. However, IC50 values of the two compounds are
above 10 mM, which are much too high for hit compounds. Its
positive control acarbose is 55.7 μM. In our opinion, the IC50
value of hit compounds should be observed at micromolar or
even lower concentrations.
Besides nanoflakes, other nanomaterials, such as gold

nanoclusters (AuNCs), polymer nanoparticles, and graphene
oxide, have been gathered into FRET for drug screening.
AuNCs@11-mercaptoundecanoic acid−Cu2+ ensemble-based
fluorescent biosensor is designed for screening inhibitors
against acetylcholinesterase (AChE).40 The titration of Cu2+

into the solution of AuNCs resulted in a gradual fluorescence
quenching as the concentration of Cu2+ is increased from 0 to
5000 nM. Meanwhile, it adds AChE and ATCh. After that,
TCh comes out. Subsequently, TCh captures Cu2+ ions and
turns on fluorescence of AuNCs@11-MUA. It is obvious that
the specificity of the AuNCs@11-MUA−Cu2+ ensemble-based
sensing mechanism works well. On the basis of this FRET
biosensor, the IC50 value of the positive control tacrine is
determined to be 2.8 nM.
Transformation into Time-Resolved Fo ̈rster Reso-

nance Energy Transfer Biosensors. In order to achieve
superior sensitivity and assay robustness, shifting the form of
FRET assay into a TR-FRET format is a practical way. For G-
protein-coupled receptors (GPCRs) and receptor tyrosine
kinases (RTKs), FRET biosensors are hampered by the low
signal-to-noise ratio due to the small conformational changes
of receptors that occur upon activation. To work it out, TR-
FRET mechanism, possessing rare earth lanthanides cations
such as terbium and europium, has become the cutting-edge
technique for sensing receptors.60

Advantages of Time-Resolved Fo ̈rster Resonance
Energy Transfer Biosensors. TR-FRET shows distinct
advantages over other HTS screening technologies and over
other fluorescent techniques. First, a delay of 50−150 μs
between the excitation and measurement of the emission signal
ensures that background fluorescence is greatly decayed.
Second, lanthanide’s narrow peaks in fluorescence emission
spectra lay a strong foundation for S/B. Third, its combination

of high sensitivity and robustness achieves miniaturization,
even up to a 1536-well plate format. A reduced quantity of
lanthanide-labeled entities saves a lot of energy in an HTS
procedure. Taking the homodimeric mGlu2 receptor as an
example,60 a SNAP-tag is conjugated to the N-terminus of each
subunit of the receptor in order to detect conformational
changes upon agonist or antagonist activation. A typical FRET
pair (Atto 488 and red) leads minor changes in FRET
activation, while TR-FRET-compatible fluorophores (terbium)
bring in huge changes in signal upon receptor activation. The
greatest change in TR-FRET efficiency of SNAP−mGlu2 is
made by using SNAP−green as acceptor. Moreover, the ratio
of sensitized acceptor emissions integrated in time channel 2
(50−100 μs) and channel 3(1200−1600 μs) leads to the
biggest variations. This TR-FRET biosensor enables one to
measure easily the potency of hit compounds over homodi-
meric mGlu2 receptor and could be extended to a wide range
of cell surface receptors, including γ-aminobutyric acid
receptor (GABAB), luteinizing hormone receptor (LH), class
B parathyroid hormone receptor-1 (PTH), epidermal growth
factor receptor (EGF), and insulin receptors (IRs). Most
significantly, the potencies of a series of agonists obtained by
using this TR-FRET biosensor have a close relation with the
data of functional assay. This work not only provides a versatile
strategy for developing conformational biosensors of receptors
for high-throughput screening but also illuminates the
versatility of the TR-FRET biosensors.

Disadvantages of Time-Resolved Förster Resonance
Energy Transfer Biosensors. Unfortunately, a few draw-
backs still exist in TR-FRET biosensor. It is still less sensitive
than radioactive assays, and it can be cumbersome to develop
TR-FRET-compatible fluorescent ligands that retain a good
affinity for the target. In the same way, the labeling of the
target with TR-FRET fluorophores is not always easy to be
achieved. In the case of GPCRs, it is often necessary to modify
the receptor, which could affect its properties. There is still a
tricky challenge because of the occurrence of technology
hitters and the change in probe properties due to incorporation
of labels. Finally, the range of linearity for some quantitative
assays is limited, and assays are often more expensive than
those based on genetically encoded fluorescent proteins or
classical fluorophores.

Aggregation-Induced Emission Based Biosensors.
Common fluorophores have the aggregation-caused quenching
(ACQ) effect. In contrast, aggregation-induced emission (AIE)
biosensors are non-emissive when molecularly dissolved in
solution but are induced to emit efficiently by aggregation.61 A
plethora of AIE biosensors have been fabricated for sensitive
detection of metal ions, sugars, proteins, or anions.62 They
depended on weakly fluorescent AIE fluorogens in solutions to
interact with protein substrates or oppositely charged chemical
to the formation of fluorescent complexes. Upon enzyme
digestion, the complexes released the AIE fluorogens back to
the solutions, which resulted in aggregation and fluorescence
turn-on. The fluorescence turn-on of AIE biosensors was
ascribed to the restriction of the intramolecular rotations
(RIRs) and restriction of intramolecular vibration (RIV).62

AIE materials cover TPE, cyano-substituted stilbene,63

hexaphenylsilole (HPS),64 triphenylamine (TPA) derivatives,65

10,10′,11,11′-tetrahydro-5,5′-bidibenzo[a,d][7]annulenylidene
(THBA),66 and tetraphenylsilole.67 Remarkably, these AIE
biosensors have been used for screening inhibitors against
various drug targets (Table S7), such as caspase-3,68,69 caspase-
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7,68 histone deacetylase (HDAC),70 angiotensin converting
enzyme (ACE),71 telomerase,72 SIRT1,73 monoamine oxidase-
A,74 dipeptidyl peptidase-4 (DPP-4),75 caspase-1,76 and
sialidases.77

Advantages of Aggregation-Induced Emission Bio-
sensors. AIE biosensor was superior to the conventional 7-
amino-4-methylcoumarin (AMC)-based fluorescent biosensor,
because it could rule out false positives derived from
coumarins. Natural products exhibited various biological
effects.78 However, coumarin-originated natural products
shared a similar excitation and emission with AMC of
conventional fluorescent biosensor (Ac-YVAD-AMC), which
could generate false-positive results. To overcome this hurdle,
a new tetraphenylethylene−thiophene (TPETH)-based AIE
biosensor was fabricated (Figure 3a). Three kinds of
hydrophilic peptides were attempted to conjugate to the
TPETH on the basis of a thiol−ene reaction.76 C1−P3 with
two sequences of DDYVAD was selected because it was almost
nonfluorescent in the buffer (Figure 3b). Meanwhile, the
specificity of C1−P3 was good. Although C1−P3 exhibited
high affinity for caspase-8 and caspase-7, it could not be
degraded by these enzymes (Figure 3c). The established AIE
biosensor was employed for screening caspase-1 inhibitors
from coumarin-originated natural products. The conventional
screening assay based on Ac-YVAD-AMC revealed that 30
compounds may be potential candidates for caspase-1.
However, only three compounds were identified by using the
new biosensor (Figure 3d). Twenty-seven of the “hits”

belonged to false positives, which could not inhibit caspase-
1’s function. This work highlights the superior advantage of
AIE biosensor for drug screening from natural products.

Disadvantages of Aggregation-Induced Emission
Biosensors. Plenty of specific peptide sequences linking to a
AIE fluorogens as a recognition unit had been synthesized.
However, not all of the peptide linked AIE fluorogen
functioned well. For instance, TPE-KFPG, TPE-KFPE, and
TPE-GPD were synthesized and attempted as biosensors for
DPP-4 inhibitor screening.75 Interestingly, only TPE-KFPE
probe demonstrated significant fluorescence turn-on effect in
the presence of DPP-4. Thus, construction of peptide substrate
should be considered carefully in order to achieve significant
AIE effect. Meanwhile, peptides conjugated AIE biosensors
were prone to degradation, which may require special storage
conditions. In addition, the AIE biosensors mainly utilized
short-wavelength emission at 450−630 nm, which limited its
further applications in vivo that demand deep penetration.

Other Fluorescent Biosensors. Several groups have
developed other fluorescent biosensors for drug discovery
against multiple drug targets (see Table S8), including
estrogen receptor (ER),79 γ-glutamyl transpeptidase
(GGT),80 β-glucuronidase,81 matrix metalloproteinases
(MMPs),82 histone acetyltransferases (HATs),83 aldehyde
dehydrogenases (ALDH),84 Hsp 90,85 fibroblast activation
protein (FAPα),86 tyrosinase (TYR),87,88 glutaminase
(GLS1),89 ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1),90 sirtuin defatty-acylase,91 histone deacetylases

Figure 3. Aggregation-induced emission biosensors for screening caspase-1 inhibitors. (a) Schematic illustration of the aggregation-induced
emission biosensors. (b) Emission spectra of three probes in DMSO/HEPES buffer (ex, 420 nm). The insets are the fluorescent photographs of
probes in DMSO/HEPES buffer (1:99): (1) for TPETH-2OMe, (2) for C1−P2, (3) for C1−P1, and (4) for C1−P3. (c) Fluorescence intensity of
C1−P3 upon incubation with caspase-1, caspase-7, and caspase-8, which was then measured by microplate reader (ex, 420 nm; em, 630 nm). (d)
Screening results by C1−P3. Compounds from 1 to 56 are coumarin-originated natural products. Compound 57 (green color) is AcYVAD-CMK, a
reference inhibitor to caspase-1. C1 and C2 are the controls (pink color) with probes and caspase-1 only. E0 is the first acquisition of fluorescence
intensity after the addition of C1−P3. E is the fluorescence intensity of the mixture at 10 min after addition of C1−P3. The value of E − E0 below
the blue dashed line indicates the corresponding compound possessed potential inhibition toward caspase-1. Reprinted with permission from ref
76. Copyright 2018 American Chemical Society.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.1c01600
ACS Sens. 2021, 6, 3146−3162

3151

https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01600/suppl_file/se1c01600_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig3&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(HDACs),92 protein tyrosine phosphatase 1B (PTP1B),92 and
penicillin G acylase (PGA).93

Electrochemical Biosensors. Electrochemical biosensors
are portable, self-contained, and low cost. The convergence of
functional nanomaterials and microfabrication of electrodes
serves as an efficient strategy for creation of electrochemical
biosensors for screening inhibitors against multiple drug targets
with the detection limits of nano- or femtomolar or even lower
concentrations, including DNA MTase,94−96 PKA,97−99 α-
glucosidase,100 poly(ADP-ribose) polymerase,101 thrombin,102

and histone acetyltransferases (HATs)103 (see Table S9).
Advantages of Electrochemical Biosensors. The

required hardware of electrochemical biosensors is cost-
effective, uncomplicated, and easy to miniaturize. Electrode
materials including noble metals, carbon, and conductive
polymers provide various choices for fabrication of the
electrochemical biosensors that enable specific applications.5

Glassy carbon, as a routine carbon material, shows wide
application in electrodes. In order to enlarge the superficial
area and conductivity, the surface of the cleaned glassy carbon
electrode was functionalized with AuNPs/ERGO hybrids
membrane.95 Meanwhile, the hybridization of DNA1 and
DNA2 triggered the HCR process, leading to the formation of
dsDNA superstructures. Then, the cytosine-rich sequences
served as an effective template for AgNCs synthesis, which
amplified the electrochemical signal. Two model inhibitors,
gentamycin and 5-fluorouracil were found to inhibit 50% DNA
MTase at a concentration between 1 and 100 μM. This work
revealed multiple amplification strategies could guarantee the
high sensitivity of electrochemical detection.
Disadvantages of Electrochemical Biosensors. Elec-

trode fouling is one of the main disadvantages, leading to a loss
of sensitivity and selectivity of the electrochemical biosensor.
Meanwhile, molecules of the sample matrix that undergo
electrochemical reactions with the electrode will lead to false-
positive signals. As a typical example, carbon electrode works
best with organic redox molecules, but their inherent reactivity
may be prone to nonspecific reactions in complex sample
matrixes.104,105 Moreover, ITO electrode remains unstable in
acidic environments. Besides, none of the above electro-
chemical biosensors were compatible with high-throughput
screening.
To overcome this hurdle, a new high-throughput electro-

chemical assay was created by the oxidative trapping of the
transketolases−thiamine pyrophosphate intermediate.106 Of
note, 96 electrochemical assays were accomplished in parallel
in only 7 min. It was applied to screen against an in-house
chemical library of 1360 molecules. One potential hit
compound was picked out with an IC50 value of 63 μM. In
contrast to other enzymatic methods, this work not only
required one donor substrate and a low amount of enzyme but
also was nonsensitive to optical interferences.
Photoelectrochemical Biosensors. Photoelectrochemi-

cal biosensors (PECs) own the merits of electrochemical and
optical assay.107 A PEC biosensor consists of an excitation
source, a cell, and an electrochemical workstation with a three-
electrode system. The applications of PEC in drug discovery
cover drug targets (see Table S10) that include DNA
methyltransferase,108,109 protein kinase,110 thrombin,111 and
T4 polynucleotide kinase.112

Advantages of Photoelectrochemical Biosensors.
PEC biosensor inherits the advantages of electrochemical
biosensor but possesses higher sensitivity due to its unique

PEC setup consisting of total separated energy forms of light
and electricity as excitation source and detection signal,
respectively. Semiconductor materials such as indium tin oxide
(ITO) are cheap, transparent, and easy to process. Compared
with gold, they show a larger potential window. One group
designed a signal-on photoelectrochemical biosensor for
sensing DNA MTase.108 The ITO electrode surface was
coated with anti-5-methylcytosine antibody to capture double-
stranded DNA which was methylated by the DNA MTase. Its
photocurrent increased gradually as the concentration of
M.SssI MTase ramped from 1 to 50 units/mL. Moreover, the
IC50 value of a positive inhibitor RG108 was determined to be
152.54 nM. In the same manner, bare ITO electrode was
covered with graphite-like carbon nitride (g-C3N4)−AuNPs
nanohybrids for sensing of PKA.110 The peptide substrate and
Phos-tag were immobilized onto the electrode successively.
When the PKA concentration was increased from 0.05 to 100
units/mL, the photocurrent was enhanced gradually. This
photoelectrochemical biosensor showed a detection limit of 15
U·L−1 for PKA. The IC50 value of the model inhibitor HA-
1077 was determined to be 1.18 μM.

Disadvantages of Photoelectrochemical Biosensors.
In fact, limitation is also associated with PEC biosensor. For
instance, the common photoactive species are subject to
susceptibilities to photobleaching and low photo-to-current
conversion efficiencies. Meanwhile, the established signaling
mechanisms are still highly restricted. Implementing these
protocols in real-world applications is still a challenge.

■ DESIGN OF BIOSENSORS FOR DRUG EFFICACY
ASSESSMENT AND TOXICITY EVALUATION

Efficacy assessment plays a prerequisite role in discovering
sophisticated drugs. Numerous cell models or animal models
can be used for it, such as small transgenic rodents and large
animals with multiple diseases.113 The purpose of efficacy
evaluation for potential candidates in animal models is to
confirm the anticipated mechanism of action through the
defined biomarkers and to lay a foundation for commencing
studies in patients with related diseases.
The evaluation of drug-induced toxicity also represents a

tricky challenge in drug development. For instance, hepatotox-
icity is considered as the major cause for the FDA refusing to
pass the drugs or withdrawing them from the market after
approval.114 Toxicology evaluation has been relocated into the
drug discovery phase. Innovative biosensors can reduce toxicity
in the process of drug development. Biosensors can be tailored
to respond to specific biomarkers or molecular events and then
change their signals.

Förster Resonance Energy Transfer Biosensors. FRET
biosensors have been designed for the evaluation of drug
efficacy or toxicity in living cells and in vivo. For example, in
order to evaluate the efficacy of an anticancer drug in a
transgenic p53 mutant mouse model of pancreatic cancer,
Nobis and co-workers115 developed a fluorescence lifetime
imaging microscopy−fluorescence resonance energy transfer
(FLIM-FRET) Src biosensor, which is comprised of ECFP and
YPet as FRET donor and acceptor. Observed by the FRET
biosensor, Src activity turns back immediately to a manageable
level when applying post-dasatinib within 4−6 h. This research
indicates the partially ineffective drug targeting against
pancreatic tumors. This project highlights the potential
application of FLIM-FRET for evaluating the efficacy of an
anticancer drug.
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Evaluating a drugs candidate in preclinical animal models is
an expensive and time-consuming process. Research on the
relationship between cell models and animal models has gained
increasing attention. For instance, Goḿez-Soler and co-
workers116 developed a kind of FRET biosensor in cells for
predicting the anti-nociceptive efficacy of σ1 receptor ligands
in mouse. CFP and YFP are genetically fused to the N- and C-
terminal domains of the receptor, serving as the donor and
acceptor of FRET. The result of the FRET biosensor in cells
was consistent with that of the traditional formalin test in
mouse, showing the ability of the biosensor for predicting the
intrinsic analgesic nature of σ1 receptor ligands. Moreover,
Kondo and co-workers117−119 made an improved FRET-based
biosensor. It can efficiently quantify the kinase activity of BCR-
ABL from patients’ bone marrow cells and evaluate the
inhibitory activity of tyrosine kinase inhibitors (TKIs) against
BCR-ABL. Fluorescent proteins CFP and YFP function as the
FRET donor and acceptor, respectively. This FRET-based
biosensor shows the capability to predict the efficacy of
dasatinib and nilotinib for treating patients with chronic
myeloid leukemia (CML).
Mitochondrial toxicity is regarded as the main source of

preclinical drug attrition, black box warning, and postmarket
drug withdrawal. Contreras-Baeza and co-workers120 have
developed a genetically encoded FRET biosensor, i.e. Laconic,
for mitochondrial toxicity assessment. The accumulation of
cytosolic lactate induced by mitochondrial damage could be

measured by using the biosensor. A cancer cell line MDA-MB-
231 that stably expresse Laconic is generated for the detection
of mentioned toxic drugs in a 96-well format.

Advantages of Fo ̈rster Resonance Energy Transfer
Biosensors. FRET biosensors own the merits of high
sensitivity, specificity, and fast responsibility. The light and
homogeneous FRET biosensor will facilitate accurate quanti-
tative measurement in vitro and in living cells.

Disadvantages of Fo ̈rster Resonance Energy Transfer
Biosensors. Despite the wide range of applications, FRET
biosensors are still facing severe challenges such as high-
resolution of fluorescent signals, the affordability of FRET
reagents, and the specificity of the reaction.

Time-Resolved Förster Resonance Energy Transfer
Biosensors. TR-FRET biosensor has been designed for drug
efficacy assessment in cells. For instance, human epidermal
growth factor receptor (HER) heterodimers are implicated in
cancer cell resistance to various anticancer drugs. In order to
detect efficacy of drug targeting EGFR/HER2 heterodimers in
ovarian carcinoma cell line (SKOV-3) and compare with their
efficacy in xenografted nude mice, Gaborit and co-workers121

fabricated an antibody-based TR-FRET biosensor. Terbium
cryptate was selected as long-lived fluorescence donor, and the
d2 dye was selected as an acceptor. Besides, the effect of
different targeted therapies including trastuzumab, pertuzu-
mab, and cetuximab on EGFR/HER2 dimers was assessed in
SKOV-3 cells and SKOV-3 xenografted mice. The result

Figure 4. In vivo evaluation of the efficacy of MMP-13 inhibitor A4727 in the OA model. (a) Chemical structure of MMP-13 inhibitor A4727. (b)
Activation of the PGA-P-18 probe after the DMM surgery in the knees of mice receiving no inhibitor (DMM and DMM contralateral) and a
suboptimal dose (0.3 mg·kg−1) and an optimal dose of MMP-13 inhibitor A4727 (30 mg·kg−1). (c) Representative histology of the damage
observed in the mouse knee joints at 12 weeks after the DMM surgery: DMM, surgery only; DMM + inhibit, DMM surgery treated with daily dose
of MMP-13 inhibitor A4727; contralateral, contralateral knee of the mice treated with 30 mg·kg−1 inhibitor. Black arrows indicate areas of aggrecan
degradation. (d) Summed disease scores as determined by histology at 12 weeks after DMM surgery. Reprinted with permission from ref 123.
Copyright 2018 John Wiley and Sons.
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showed that the monoclonal antibody (mAb) therapeutic
effect in SKOV-3 xenografted mice was correlated well with
their efficiency in decreasing the concentration of EGFR/
HER2 heterodimers in SKOV-3 cells. This work provides an
antibody-based TR-FRET biosensor, which serves as a useful
method for predicting the efficacy of mAbs targeting EGFR/
HER2 heterodimers.
Advantages of Time-Resolved Fo ̈rster Resonance

Energy Transfer Biosensors. TR-FRET biosensors owned
various advantages. First, TR-FRET biosensor has a high
sensitivity and wide linear range (pg/mL to μg/mL). Second,
the operation procedure of TR-FRET biosensor is simple,
time-saving, and labor-saving. There is no need to coat or wash
the plate. Third, there is no significant decrease in fluorescence
signal >48 h, and no photobleaching phenomenon.
Disadvantages of Time-Resolved Förster Resonance

Energy Transfer Biosensors. The shortcomings of TR-
FRET have been described before in the drug screening
section.
Aggregation-Induced Emission Biosensors. AIE bio-

sensors are currently used for drug efficacy assessment or
toxicity evaluation in cells. For instance, the clinical use of
platinum drug is still limited due to the severe side effects. In
order to non-invasively early evaluate platinum drug’s
therapeutic responses in situ and reduce its side effects, Yuan
and co-workers69 designed a Pt(IV) prodrug which was
composed of an apoptosis biosensor (TPS-DEVD) with AIE
characteristics and a cyclic (RGD) peptide. The Pt(IV)
prodrug was reduced to the active Pt(II) in cells, which
further triggered the apoptosis of the cancer cell and activated
the caspase-3. The cleavage of the DEVD sequence of the

apoptosis biosensor led to the AIE effect of TPS residue. The
AIE biosensor allowed one to evaluate the drug therapeutic
response in cells quickly.

Advantages of Aggregation-Induced Emission Bio-
sensors. The advantages of AIE biosensors are apparent. First,
they exhibit strong stability to ultraviolet excitation light (no
photobleaching). Second, they have strong luminescence
characteristics in solid state (powder or high concentration).
Third, they can be utilized in cell imaging and related
biological imaging, which produces high-resolution images.
Fourth, the higher the concentration, the stronger the
luminescence of AIE biosensor. Last but not the least
important, flexible chemical modification of AIE biosensor
can be used to achieve different wavelengths of luminescence
control.

Disadvantages of Aggregation-Induced Emission
Biosensors. In vivo applications require low autofluorescence
and deep penetration. Nevertheless, most AIE biosensors
utilized shorter wavelength emissive AIE probes such as blue
or green, which have limited the further practical applications
in vivo. In order to expand the scope of their applications in
vivo, one alternative strategy is to create far-red/near-infrared
fluorescent AIE biosensors with multiple functionalities.

Near-Infrared Fluorescence Biosensors. Near-infrared
fluorescence biosensor in the first near-infrared window (NIR-
I, 650−900 nm) owns the merits of little biological
autofluorescence and low photodamage, which are desirable
for practical applications in drug efficacy assessment in live
animals.122 An enzyme activatable NIR-based peptide bio-
sensor called PGA-P-18, which comprised a biphenyl triazole, a
NIR group Cy5.5, and a quencher group QSY21, was

Figure 5. NIR biosensor for evaluation drug-induced hepatotoxicity. (a) Rational design of chromophore-assembled UCNPs for the detection of
nitrosative hepatotoxicity in vivo. (b) Proposed reaction mechanism for the “turn-on” luminescence by which the energy acceptor Cy7 (marked
with green star) degrades after oxidation by ONOO− or ClO−. (c) UV/vis spectra of chromophore measured in the absence (green line, 28 mm)
and presence (red line, 18 mm) of ONOO− and up-conversion emission spectrum of UCNPs under excitation at 980 nm (purple line). (d)
Mechanism of APAP-induced hepatotoxicity. Reprinted with permission from ref 125. Copyright 2017 John Wiley and Sons.
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synthesized and employed for evaluating the efficacy of a
matrix metalloproteinase 13 (MMP-13) inhibitor, i.e., A4727
(see Figure 4a) in a mouse model of osteoarthritis.123 It is
worth noting that the biosensor shows high specificity toward
MMP-13 and can distinguish between osteoarthritic knees and
sham-operated knees. As is shown in Figure 4b, MMP-13
activity was completely blocked by oral administration of
A4727 at routine dosage (30 mg/kg). Histological analysis of
the knees at 12 weeks revealed that the degree of cartilage
protection was consistent with the blockade of the MMP-13
activity (see Figure 4c,d). This work provided a useful NIR
biosensor for evaluation the anti-osteoarthritis efficacy of
potential candidates.
Oxidative stress and cellular apoptosis are observed to be

increased at the early stage of hepatotoxicity and nephrotox-
icity. Thus, a series of NIR biosensors have been developed for
monitoring biomarkers of oxidative stress and cellular
apoptosis, providing evidence for drug-induced hepatotox-
icity124−129 and nephrotoxicity.130−132 As a typical example,
lanthanide-doped UCNPs were successively functionalized
with PEI and Cy7 chromophore (see Figure 5a). The core−
shell UCNPs served as an energy donor, while the Cy7
chromophore acted as an energy acceptor. Upon reacting with
ONOO−, the Cy7 chromophore was degraded (see Figure 5b)
and the biosensor generated NIR emission at 800 nm (see
Figure 5c). ONOO− was produced in the liver tissue after
administration of overdose paracetamol to rats (see Figure 5d).
When the time increased from 30 to 70 min, a remarkable

enhancement of luminescent signals was observed in the liver
region (see Figure 6a). Meanwhile, the intensity of the signals
was dose-dependent (see Figure 6b). Compared with heart,
spleen, lung, and kidney, the biosensor showed high specificity
for the liver tissue (see Figure 6c). This work provided a useful
biosensor for evaluation of hepatotoxicity of synthetic drugs.
However, the luminescence signal was also observed for the
gastrointestinal tract (see Figure 6d). The potential of NIR
biosensor for evaluating the intestinal epithelial toxicity needs
to be clarified.

Advantages of Near-Infrared Fluorescence Biosen-
sors. Traditional methods always sacrificed the model animals
at various time points. The evaluation of the potential
candidates was carried out on different animals, which would
introduce individual variations. In contrast, NIR biosensors
provided an in vivo and real-time approach to acquire the
spatiotemporal distribution and pharmacodynamics informa-
tion on potential candidates. No sacrifice of the animals was
required. Therefore, individual differences were eliminated.
Imaging at the NIR-I window in live animals is regarded as the
gold standard in the past few years. Moreover, NIR biosensor
at the second near-infrared window (NIR-II, 1000−1700 nm)
owns superior sensitivity and resolution over NIR-I in vivo,133

which will pave the way for highly efficient potential candidates
assessment at the model-animal level and will facilitate the
translation of potential candidates to clinical practices.

Disadvantages of Near-Infrared Fluorescence Bio-
sensors. NIR-I fluorescence biosensors suffered from the light

Figure 6. Representative images of mice receiving NIR nanoprobes after drug treatment. (a) Mice receiving nanoprobes pretreated with 500 and
250 mg·kg−1 paracetamol or PBS buffer (control) at different time points. The images were collected at 790 ± 40 nm upon irradiation at 980 nm.
(b) The luminescence intensity over time. Data were obtained from the liver area of the images after the background was subtracted (n = 3 mice
per group). Reprinted with permission from ref 125. Copyright 2017 John Wiley and Sons.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.1c01600
ACS Sens. 2021, 6, 3146−3162

3155

https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01600?fig=fig6&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


absorption and scattering of tissues, leading to significant
attenuation of excitation light, poor signal-to-background ratio,
and low sensitivity.134 Thus, NIR-I fluorescence biosensors is
not amenable to deep-tissue imaging. Meanwhile, most NIR-II
imaging agents are inorganic nanoparticles which can be easily
adjusted to the NIR-II window. However, optical properties,
biodistribution, and kinetics of inorganic nanoparticles are
difficult to control to fulfill the requirements of efficacy
assessment. Therefore, the development of more effective NIR-
II nanoparticles135 or organic semiconducting agents136 for
NIR-II imaging will increase their potential for clinical
translation.

■ DESIGN OF HYBRID BIOSENSORS
FRET and CRET Hybrid Biosensors. Hybrid biosensors

have attracted a growing amount of attention, since they can
detect more than one biomarker or target simultaneously (see
Table S11). For instance, the aforementioned NIR biosensors
can only monitor one biomarker of hepatotoxicity such as
ONOO−. However, ROS always occurs before the formation
of ONOO− in the process of hepatotoxicity. Subsequently,
hybrid FRET and CRET biosensors called CF-SPNs are
created.124 The hybrid biosensors comprise four functional
parts, including a NIR semiconducting polymer PFODBT, a
galactosylated graft copolymer, a cyanine dye (IR775S), and a
hydrophobic peroxyoxalate (CPPO). The hybrid biosensors
are applied to the imaging of both ROS and RNS. PFODBT
and IR775S served as energy donor and energy acceptor,
respectively. In the presence of H2O2, peroxyoxalate is
decomposed to 1, 2-dioxatanedione, which is able to induce
the chemiluminescence. If ONOO− or −OCl is generated in
the liver, the degradation of IR775S causes a shutdown of the
FRET signal. The average diameters of the spherical CF-SPNs
particles are around 50 nm. Hybrid biosensors are employed to
detect isoniazid (INH)-induced hepatotoxicity in vivo. The
most intensive level of luminescence is observed at 10 min
after INH administration, while the largest fluorescence index
is reached at 70 min. The degree of hepatocyte vacuolization
was closely correlated with the dose of INH. The trend of NIR
imaging is remarkably consistent with that of H&E staining.
This project confirms the effects of hybrid biosensors in
monitoring drug-induced hepatotoxicity in vivo.
Chemo-fluoroluminescent Hybrid Biosensors. An

unimolecular chemo-fluoroluminescent hybrid biosensor,
called chemo-fluoroluminescent reporter (CFR), is created
for duplex imaging of drug-induced hepatotoxicity.128 The
hybrid biosensor can detect the activity of O2

•− and caspase-3
at the same time through chemiluminescence and NIR
channels. Strikingly, CFR can observe hepatotoxicity induced
by anti-epileptic drug valproic acid in the first 17.5 h of
histological changes. Such a molecular design of CFR can be
adapted for duplex imaging of other biomarkers by making
some tweaks of the caging groups on both chemiluminescence
and NIR signaling moieties.
The main barrier of monitoring nephrotoxicity is the

development of biosensors with strong signal-to-background
ratio and high rate of renal clearance. One group works on
developing chemo-fluoroluminescent hybrid biosensors for
evaluation of drug-induced nephrotoxicity.130 There are three
biomarkers that include O2

•−, NAG, and caspase-3. They can
represent different stages of acute kidney injury. MRP1−3
biosensors switch on their fluorescence as their respective
biomarkers were available. After reaction with O2

•−, MRPD

biosensor becomes chemiluminescent. What is interesting is
that both MRP1 and MRPD biosensors are designed for
sensing O2

•−. The fluorescence results of MRP1, MRP2, and
MRP3 are shown respectively in kidney at 12, 16, and 48 h
after treatment with cisplatin. Confocal fluorescence micros-
copy images of slices in an entire kidney from mice suggest that
the deterioration of the kidney spreads from the renal cortex to
the medullin, which matched well with the trend of NIR
imaging data. Compared with traditional clinical indicators of
nephrotoxicity (i.e., creatinine and blood urea nitrogen), this
MRP chemo-fluoroluminescent hybrid biosensor shows over-
whelming advantages and can detect nephrotoxicity more than
30 hours earlier than using conventional methods.

FRET and AIE Hybrid Biosensors. In addition to
evaluating toxicity, hybrid biosensors can also be used for
drug efficacy assessment. For instance, Wang and co-work-
ers137 develop a doxorubicin-loaded biosensor, where the AIE
luminogen TPE-CHO works as a FRET donor for antitumor
drug doxorubicin. They succeed in assessing the efficacy of
doxorubicin in A549 cells by using the AIE and FRET hybrid
biosensor. Furthermore, by taking the hyperbranched poly-
amide amine (H-PAMAM) with intrinsic AIE effects as the
core and taking advantage of FRET effects between H-
PAMAM and doxorubicin (DOX), the hybrid biosensor is
fabricated in another project.138 The study of vitro cytotoxicity
in MCF-7 cells shows that the DOX-loaded biosensor had a
promising therapeutic effect on cancer.

■ CONCLUSION AND PERSPECTIVE
From the perspective of biosensors, the detection limit and
dynamic range of a biosensor are critical parameters to be
taken into consideration. To lower the detection limit and
increase the dynamic range are generally the purpose of
biosensor optimization. The dynamic range of the biosensors
can be extended by switching fluorophores, improving linkers,
and enhancing targets binding to the biosensor. The majority
of biosensors, including surface plasmon resonance, fluores-
cent, photoelectrochemical, and electrochemical systems, have
been developed for the procedure in the lead generation step
of the drug discovery pipeline. As to drug discovery, ease of
automation, high precision, and high-throughput are of great
importance. Fluorescent biosensor still dominated the
preliminary lead generation step due to its excellent perform-
ance in the field. Meanwhile, surface plasmon resonance
biosensor maintains the most authoritative standard on
studying drug−target interaction, which may be suitable for
secondary screening against a small library of compounds due
to its high cost. Besides, photoelectrochemical and electro-
chemical biosensors could be an effective supplement to
fluorescent methods for preliminary screening if the biosensors
are adjusted and tuned to fit for the screening paradigm. It is
encouraging that great endeavors have been made in
establishing NIR biosensors to evaluate potential candidate-
induced toxicity. Nevertheless, the biosensors for evaluating
the efficacy of potential candidate are still very rare, which
points to the need for further exploration and efficient efforts.

Fusion of Biosensors Based on Different Mechanism.
The specificity of a potential candidate toward a target is
crucial to drug discovery. In other words, the “off-target” effect
needs to be prudently evaluated at the onset of drug discovery.
A single-mechanism-based biosensor only accomplishes drug
screening against one target, which is apparently insufficient.
Multifunctional biosensors such as FRET with AIE or
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fluorescence with chemiluminescence will make the biosensor
more versatile and even suitable for realization of multiple
targets evaluation in only one test, which will speed up the
drug discovery process and cut the cost.
Drug Target Selection of Higher Validity. As indicated

in an investigation, successful drug discovery projects
concentrated on a limited set of well-validated therapeutic
mechanisms−indications pair, while failure rates of drug
discovery in phase II or III trials interrupted by efficacy issues
were around ∼50−60% between 2008 and 2015,139 which
revealed that effective target selection plays a pivotal role in
drug R&D. Improved efficacy or low price bring about a bright
prospect for drugs of the second generation or the congeneric.
However, current drug discovery pipelines are more interested
in innovative mechanisms, the rigorous validation of which
takes time.
Efficacy Evaluation on 3D Organoids. It is necessary to

re-evaluate the predictive power of such animal models as drug
failures in clinical trials are primarily due to the lack of
translatability from strong therapeutic evidence in animal
models into human disease therapeutics. In this context,
human-derived organoids have emerged as stable preclinical
models for efficacy assessment. A representative example is the
human pluripotent stem cells (hPSCs) lung-derived organoid
model. Three SARS-CoV-2 inhibitors, including imatinib,
mycophenolic acid, and quinacrine dihydrochloride,140 were
successfully identified under this organoid model. These
inhibitors could significantly inhibit SARS-CoV-2 infection.
In addition, patient-derived cancer organoids can recapitulate
patient responses in the clinic.141 Integrating these human
organoid models with microfluidic chips is superior for in vitro
cell culture models and animal models.142 The organ-on-a-chip
technology will realize its full potential when applied into
commercial drug discovery in the future.
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■ ABBREVIATIONS
ACE, angiotensin converting enzyme; AChE, acetylcholines-
terase; ACQ, aggregation-caused quenching; AgNCs, silver
nanoclusters; AIE, aggregation-induced emission; ALDH,
aldehyde dehydrogenases; AMC, 7-amino-4-methylcoumarin;
APAP, acetaminophen; AuNCs, gold nanocluster; AuNPs, gold
nanoparticles; BLI, biolayer interferometry; BODIPY, 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene; CBP BrD, cAMP-re-
sponsive element binding protein binding protein bromodo-
main; CDs, carbon dots; CFP, cyan fluorescent protein; CFR,
chemo-fluoroluminescent reporter; CML, chronic myeloid
leukemia; ColH, collagenase H; CPPO, hydrophobic perox-
yoxalate; CRET, chemiluminescence resonance energy trans-
fer; CXCR4, C-X-C motif chemokine receptor 4; Cy7,
cyanine7; DNA MTases, DNA methyltransferase; DOX,
doxorubicin; DPP-4, dipeptidyl peptidase-4; DV RdRp,
Dengue virus RNA-dependent RNA polymerase; ECFP, cyan
fluorescence protein; EDC, 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide; EGFR, epidermal growth factor receptor;
ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1;
ER, estrogen receptor; FALGPA, FA-LEU-GLY-PRO-ALA−
OH; FAPα, fibroblast activation protein; FDA, U.S. Food and
Drug Administration; FLIM-FRET, fluorescence lifetime
imaging microscopy−fluorescence resonance energy transfer;
FRET, Förster resonance energy transfer; GABAA receptor, γ-
aminobutyric acid A receptor; GABAB receptor, γ-amino-
butyric acid B receptor; GBZ, guanabenz; GGT, γ-glutamyl
transpeptidase; GLS1, glutaminase; GPCRs, G-protein-
coupled receptors; hACE2, human angiotensin converting
enzyme 2; HAT, histone acetyltransferases; HDACs, histone
deacetylases; HER, human epidermal growth factor receptor;
HIV-1 RT, reverse transcriptase of human immunodeficiency
virus 1; hNTH1-YB1, human endonuclease-Y-box binding
protein 1; H-PAMAM, hyperbranched polyamide amine; HPS,
hexaphenylsilole; hPSC, human pluripotent stem cells; HTS,
high-throughput screening; INH, isoniazid; IR, insulin
receptors; ITO, indium tin oxide; KD, dissociation constants;
LANCL2, LanC lantibiotic synthetase component C-like 2;
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LH, luteinizing hormone receptor; mAb, monoclonal antibody;
MCH, 6-mercapto-1-hexanol; mGlu, metabotropic glutamate
receptors; mGlu 2, metabotropic glutamate receptor 2; MMPs,
matrix metalloproteinases; MMP-13, matrix metalloproteinase
13; MRP, molecular renal probes; 11-MUA, 11-mercaptoun-
decanoic acid; NHS, N-hydroxysuccinimide; Ni-NTA, nickel
agarose; NIR, near-infrared; NIRF, near-infrared fluorescence
biosensor; OWG, optical waveguide grating; PARP, poly(ADP-
ribose) polymerase; PEC, photoelectrochemical biosensors;
PEI, polyethylenimine; PET, photoinduced electron transfer;
PGA, penicillin G acylase; PI3Kγ, PI-3 kinase gamma; PKA,
protein kinase A; PP1c, protein phosphatase 1 catalytic
subunit; PTH, class B parathyroid hormone receptor 1;
PTP1B, protein tyrosine phosphatase 1B; QDs, quantum dots;
QRET, quenching resonance energy transfer; R15A, protein
phosphatase 1 regulatory subunit 15A; RIR, intramolecular
rotations; RIV, intramolecular vibration; RNase H, ribonu-
clease H; ROS, reactive oxygen species; RT, reverse tran-
scriptase; RTKs, receptor tyrosine kinases; SARSCoV-2 RBD,
SARS-CoV-2 spike receptor binding domain; S/B, signal/
background; SERCA2a-PLB, sarco/endoplasmic reticulum
Ca2+-ATPase-phospholamban; SPR, surface plasmon reso-
nance; Src, sarcoma gene; STAT3, signal transducer and
activator of transcription 3; TCh, thiocholine; THBA,
10 ,10 ′ , 11 ,11 ′ - t e t r ahydro -5 ,5 ′ - b id ibenzo[a ,d ] [7] -
annulenylidene; TKI, tyrosine kinase inhibitors; TNF, tumor
necrosis factor; TPA, triphenylamine; TPE, tetraphenyl-
ethylene; TPETH, tetraphenylethylene−thiophene; TPS,
tetraphenylsilole; TR-FRET, time-resolved Förster resonance
energy transfer; TYR, tyrosinase; T4 PNK, T4 polynucleotide
kinase; UCNPs, up-conversion nanoparticles; VIM-2, Verona
integron-encoded metallo-β-lactamase; YFP, yellow fluorescent
protein; YPet, yellow fluorescent protein for energy transfer

■ VOCABULARY

Surface plasmon resonance biosensor, Surface plasmon
resonance biosensor is a golden standard for studying drug−
target interactions and providing a huge stage for drug
screening; Optical waveguide grating biosensor, Optical
waveguide grating biosensor takes advantage of resonant
waveguide gratings or nanostructured optical gratings to
identify binders of target proteins; Biolayer interferometry
biosensor, Biolayer interferometry biosensor analyzes the
interference pattern of white light reflected from a layer of
immobilized drug targets on the tip of a biosensor against an
internal reference; Switchsense biosensor, Switchsense bio-
sensor monitors the changes in hydrodynamic friction of the
DNA nanolever on the gold surface, which can be affected by
the binding of compounds to drug targets; Förster resonance
energy transfer biosensor, Förster resonance energy transfer
biosensor is a process of nonradioactive energy transfer
between the donor−acceptor pairs; Aggregation-induced
emission biosensor, Aggregation-induced emission biosensor
is non-emissive when molecularly dissolved in solution but
induced to emit efficiently by aggregation; Photoelectrochem-
ical biosensor, A photoelectrochemical biosensor consists of an
excitation source, a cell, and an electrochemical workstation
with a three-electrode system.
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