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Abstract: Förster resonance energy transfer (FRET)–based
sensing has been steadily gaining popularity in the areas
of biochemical analysis, environmental monitoring, and
disease diagnosis in the past 20 years. Two-dimensional
(2D) nanomaterials are extensively used as donors and
acceptors in the FRET sensing because of their attractive
optical and chemical properties. In this review, we first
present the FRET theory and calculations to give readers a
better understanding of the FRET phenomenon. Then, we
discuss the recent research advances in using 2D nanomaterials as donors and acceptor in FRET sensing. Finally, we
summarize the existing challenges and future directions
of 2D nanomaterials in the FRET sensing applications.
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1 Introduction
The Förster resonance energy transfer (FRET) theory, first
discovered by J. Perrin in the early 20th century and later
founded by Förster in the 1950s [1], has been widely used
in the spectral analysis for a variety of fluorescent applications. The FRET process would occur when a donor in the
excited state (normally a fluorophore) transfers energy to
a proximal acceptor in the ground state through a longdistance (10–100 Å) dipole–dipole interaction, which
is a nonradiative process [2]. Consequently, the emission of donors would be quenched by the acceptors. The
FRET phenomenon is extremely sensitive to the distance
between the donor and the acceptor, exhibiting great
capability in the sensing of molecular interactions [3].
Besides the distance, the rate and efficiency of the energy
transfer are dependent on several other factors, such as
the quantum yield of the donor and the quenching efficiency of the receptor. Thus, the optical properties of the
FRET pairs are of great importance to the performance of
FRET sensors.
The development of nanomaterials would be beneficial for the fabrication of FRET sensors to achieve better
performance. Compared with traditional dyes and fluorescent proteins, the fluorescent nanomaterials, for instance,
upconversion nanoparticles (UCNPs) [4, 5], semiconductor quantum dots (QDs) [6, 7], metal nanoclusters (NCs)
[8], polymer dots [9, 10], and carbon dots [11, 12], have
higher quantum yield, stronger photostability, and longer
fluorescence lifetime, so they have been extensively
utilized as donors in the FRET sensors. Moreover, some
nanomaterials, for instance, gold nanoparticles (AuNPs)
[13, 14], gold nanorods [15], and carbon nanotubes (CNTs)
[16, 17], have been widely employed as efficient fluorescence quenchers in the FRET sensors owing to their excellent optical quenching capabilities.
Recently, two-dimensional (2D) nanomaterials have
been steadily gaining popularity in the fields of FRET
sensing because of their excellent optical and chemical
properties. Compared with other nanomaterials being used
This work is licensed under the Creative Commons Attribution 4.0
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in the FRET sensors, 2D nanomaterials have some inherent advantages such as high chemical and photostability,
large specific surface area, high adsorption ability toward
chemicals or biomolecules, good biocompatibility, low toxicity, layer- and size-dependent optical property, and so on
[18–25]. The different luminescent and optical absorption
properties of various 2D nanomaterials enable them to act
as either donors or acceptors in the FRET sensors. Some 2D
nanomaterials, for instance, graphitic-phase C3N4 (g-C3N4)
[26], metal–organic frameworks (MOFs) [27], selenium [28],
perovskite [29], and 2D nanomaterial-derived QDs (2D-QDs)
[30], could emit strong photoluminescence (PL) and have
been frequently employed as donors in the FRET sensing.
On the other hand, the 2D nanomaterials with zero or
small bandgap could be utilized as acceptors or quenchers
in the FRET sensors. It was found that the acceptor could
directly quench the fluorescence of the donor without reradiating the transferred energy via a FRET mechanism if
the bandgap of the acceptor is small enough [31]. The 2D
nanomaterials exhibit better quenching capability than
normal nanoquenchers. Taking graphene as an example,
it was first found to be a super quencher that could quench
the fluorescence of donor molecule at a distance up to
approximately 300 Å, demonstrating its long-range energy
transfer properties [32, 33]. In addition, the graphene exhibits a broad absorption band from the UV region to the nearinfrared (NIR) region because of its heterostructure, for
which it could act as a broad-spectrum quencher for the fluorescent donor. Other 2D nanomaterials, such as transition
metal dichalcogenides (TMDs) [34]; black phosphorene
(BP) [35, 36]; transition metal carbides, nitrides, and carbonitrides (MXenes) [37]; and MnO2 [38], have also been
successfully employed as acceptors in the FRET sensors.
Many review articles about GQDs and 2D graphenebased FRET sensing have already been presented [39, 40].
In this article, we mainly review the recent applications
of 2D nanomaterials except graphene in FRET sensing.
The article is categorized in five sections as below. After
the Introduction part, in Section 2, we expound the FRET
theory and related calculations. In Sections 3 and 4, we
present the state of the art of applications of 2D nanomaterials as energy donors and acceptors for FRET sensing.
Finally, in Section 5, we conclude the challenges and
future directions of 2D nanomaterial-based FRET sensors.

2 FRET theory and calculations
During the FRET process, the energy donor (D) obtains
energy from the excitation source and transfers the energy
in a nonradioactive manner to the nearby energy acceptor

(A). The acceptor could either re-radiate the adsorbed
energy or not. This process can be represented as follows:
D + hv → D∗

(1)

D∗ + A → D + A∗

(2)

A∗ → A + hv

(3)

where h is the Planck’s constant, and v is the frequency of
the radiation.
The energy transfer is characterized by the fluorescence quenching of the donor and the decreased lifetime
of the excited state, along with the increased fluorescence intensity of the acceptor if the acceptor has the PL
capacity. In the presence of the acceptor, the donor would
directly transfer its excited energy to the acceptor rather
than emitting photons.
The occurrence of the FRET must meet several criteria:
(i) The absorption spectrum of the acceptor should overlap
with the fluorescence emission spectrum of the donor. (ii)
The donor should have an appropriate distance (typically
10–100 Å) to the receptor. (iii) The transition dipole orientation of the acceptor should be approximately parallel
to that of the donor. (iv) The fluorescence lifetime of the
donor should be long enough for generating the FRET.
J. Perrin found the FRET phenomenon in the fluorescence-quenching experiment and put forward that two
molecules that do not collide can interact with each other
within a distance greater than the molecular diameter
through the dipole–dipole interaction. About 20 years
later, Förster proposed an improved theory based on
the discovery of Perrin [41], which provided a quantitative interpretation of nonradiative energy transfer as
expressed by (4):
6

kT (r ) =

1  R0 

τ D  rDA 

(4)

where kT(r) is the rate of energy transfer from the donor to
the acceptor, τD is the lifetime of the donor in the absence
of the acceptor, rDA is the distance between the donor and
the acceptor, and R0 is the Förster radius referring to the
distance when the efficiency of energy transfer is 50%
defined by (5) and (6):
 9000(ln10)k 2∅d 
R06 = 
 J ( λ)
128 π5 Nn4


α

J ( λ) = ∫FD ( λ)εA ( λ) λ4d λ
0

(5)

(6)
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where J(λ) is the spectral overlap integral of the absorption spectrum of the acceptor and the emission spectrum
of the donor, Ød is the fluorescence quantum yield of the
donor in the absence of the acceptor, n is the refractive
index of the medium, k2 is the orientation factor of transition dipole moments between the donor and the acceptor,
and N is the Avogadro coefficient. J(λ) is determined by
the value of FD(λ) (the normalized fluorescence intensity
of the donor in the wavelength range from λ to d(λ) and
εA(λ) (M−1cm−1, the extinction coefficient of the acceptor in
the wavelength range from λ to d λ).
Equation (1) can also be abbreviated to (7), and the
unit of R0 is angstrom:
1

R0 = 0.2108{k 2n−4Φ D J ( λ)} 6 

(7)

The efficiency of energy transfer (E) can be expressed
as (8):
E=

kT (r )

kT (r ) + τ D −1

=

τ DkT (r )

1 + τ D kT

(8)

Combining (1) and (5), E can be expressed as (9):
E=

R06

R06 + r 6



(9)

E can also be expressed as (10):
E =1−

FDA

FD

(10)

where FDA refers to the relative fluorescence intensity of
the donor in the presence of the acceptor, and FD refers
to the fluorescence intensity of the donor in the absence
of the acceptor.
Finally, the donor–acceptor distance (rDA) can be
calculated by (11), in which rDA should be in the range of
10–100 Å to achieve high FRET efficiency:
rDA 6 =

R06 (1 − E )

E

(11)

3 2
 D nanomaterials as the donor in
FRET sensors
3.1 2D-QDs as the donor in FRET sensors
When the 2D nanomaterials are reduced to 0D nanomaterials with lateral sizes smaller than 20 nm, that is, 2D-QDs,
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it would start to emit fluorescence due to the quantum
confinement effects. Besides graphene QDs, TMD QDs
have also been well explored. In contrast to the zero-gap
graphene, the semiconductive TMDs possess narrow and
tunable bandgap that is appreciated in optoelectronic
and electronic applications [42–45]. The general chemical
formula of TMDs is MX2, in which M represents a transition metal atom, and X denotes a chalcogen atom. The
single-layered TMDs are formed with one intermediate
sublayer of transition metals sandwiched by two sublayers of chalcogen atoms. The atoms are arranged in a hexagonal shape in one plane. Two-dimensional MoS2 is the
most widely studied 2D nanomaterial in the TMD family
because of its excellent physical properties and the availability of bulk MoS2 in nature [46]. MoS2 QDs, one form of
2D MoS2 with a lateral size smaller than 10 nm, show superior optical properties because of the boundary effects and
quantum confinement effects. Moreover, MoS2 QDs exhibit
good chemical stability, low toxicity, and superior biocompatibility. Therefore, MoS2 QDs are considered to be
an ideal material for fluorescence detection. Table 1 lists
recent studies relevant to the 2D nanomaterials except
graphene as the donor in FRET sensing.
Ha et al. [63], for the first time, utilized the MoS2
QDs as a fluorescent tag in a FRET system. As shown in
Figure 1, the monolayer MoS2 QDs were synthesized by
the Li intercalation method, and they emitted a blue
luminescence at 415 nm under the UV excitation. The
product generated by the hybridization of ployG-labeled
ssDNA and Alexa Fluor 430 (AF430)–labeled ssDNA was
adsorbed on the MoS2 QDs through the van der Waals
(VdW) force between ployG and MoS2. As a result, the
distance of AF430 and MoS2 depended on the number of
base pairs, which further affected the FRET efficiency
between the MoS2 (donor) and AF430 (acceptor) upon the
irradiation of 300-nm UV light. At the optimal number
of base pairs (13) that corresponded to 4.42 nm of
donor–acceptor distance, the FRET efficiency reached a
maximum of 11.73%. In a shorter distance, the quenching mechanism would dominate rather than the FRET.
Also, the energy transfers between the MoS2 and AF430
would turn inefficient in a longer distance. In another
circumstance, when the conjugates were excited by a
light source with a wavelength of 430 nm, the emission
of AF430 at 530 nm would be quenched by the MoS2 as the
acceptor. The quenching efficiency was also determined
by the number of base pairs, and the quenching effect
became insignificant when the number was greater than
13. The results of this study indicated that the role of
2D nanomaterials in the FRET system depended on the
several important factors such as the wavelength of the
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Table 1: Summary of the FRET sensing applications of 2D nanomaterials as donors.
Target analyst

Donor: acceptor pairs

Dynamic range

Detection limit

Bilirubin
MicroRNA
EP
AA
6-MP
BSA
Dopamine

MoS2 QDs: bilirubin
MoS2 QDs: FAM-MBs
MoS2 QDs: PEP-PEI copolymers
MoS2 QDs: PEP-PEI copolymers
MoS2 QDs: DAP
MoS2 QDs: RGO
MoS2 QDs-aptamer: MoS2
nanosheets
MoS2 QDs: polyaniline
MoS2 QDs: R6G
MoS2 QDs: BSA-AuNCs
WS2 QDs: NFZ
BP QDs: Dabcyl-L probe
g-C3N4: MnO2
g-C3N4: MnO2
g-C3N4: MnO2
g-C3N4: MnO2
g-C3N4: riboflavi
g-C3N4: metronidazole
BSA-Au NCs/g-C3N4: dopamine
Perovskite: RBED

0.5–10.0 μm
5–150 nm
0.2–40 μm
0.5–40 μm
0.5–70 μm
5–50 nm
0.1–1000 nm

2.1 nm
0.38 nm
0.05 μm
0.2 μm
0.29 μm
NM
45 pm

[47]
[48]
[49]
[49]
[50]
[51]
[52]

10–70 nm
5–50 nm
0.5–20 mg/l
0.17–166 μm
4–4000 pm
NM
0–130 μm
0–150 μm
0.25–50 μg/ml
0.4–10 μm
0.01–0.10 μg/ml
0.05–8.0 μm
20–90 μm

9.86 nm
2.7 nm
0.67 nm
0.055 μm
5.9 pm
0.2 μm
1.5 μm
1.5 μm
190 ng/ml
170 nm
0.008 μg/ml
0.018 μm
2.36 μm

[53]
[54]
[55]
[56]
[57]
[26]
[58]
[58]
[59]
[60]
[61]
[62]
[29]

BSA
GSH
Nitrite
NFZ
DNA
GSH
H2O2
Glucose
Ricin
Riboflavi
Metronidazole
Dopamine
Hg(II)

Reference

Note: NM means “not mentioned”; the definitions of abbreviations are listed in the abbreviations.

Figure 1: Schematic illustration and experimental results of the MoS2 QDs-based FRET sensor.
(A) Schematic illustration of the MoS2 QDs-based FRET sensor. (B) (a) Normalized spectra of the emission of the MoS2 QDs (excitation:
300 nm) and the absorption and emission of the AF430 (excitation: 430 nm). (b) The emission spectra of the MoS2-dsDNA-AF430 conjugates
with increasing base pairs of dsDNA (excitation: 300 nm). (c) The emission spectra of the AF430 in the MoS2-dsDNA-AF430 conjugates with
increasing base pairs of dsDNA (excitation: 430 nm). Reprinted with permission from Ha et al. [63]. Copyright (2014) John Wiley & Sons.
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excitation source, the absorption spectrum of the FRET
pairs, and the emission spectrum of the FRET pairs.
Since then, the MoS2 QDs have been extensively
employed as the donor in the fabrication of FRET sensors.
The detection targets acted as either the energy acceptors
[47] or the substance that would affect the FRET process
[31–38]. Shanmugaraj and John [47] have reported that the
bilirubin, as a vital biomarker for hepatic diseases, could
directly quench the fluorescence of MoS2 QDs through the
FRET process as the absorption of bilirubin strongly overlapped with the emission spectrum of MoS2 QDs, and the
distance between MoS2 QDs and bilirubin was calculated
to be 4.19 nm [47]. The level of fluorescence quenching
was linearly related to the concentration of bilirubin in
the range of 0.5–25 μm. The sensor exhibited acceptable
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specificity toward bilirubin and was successfully applied
in the real sample analysis.
In cases that the target affects the FRET process, the
target could either enhance the efficiency of energy transfer [48, 49] or inhibit the FRET process [49–55]. Yu et al.
[48] found that when the distance between the donor (MoS2
QDs) and the acceptor (FAM) was excessively short because
of the adsorption of FAM-labeled molecular beacons (MBs)
on MoS2 QDs, the FRET efficiency was relatively low.
However, after the addition of target miRNA, which could
trigger the opening of hairpins, the distance between MoS2
QDs and FAM was enlarged and more suitable for the
occurrence of FRET, leading to the enhanced fluorescence
emission of FAM (Figure 2A). The fluorescence ratio of MoS2
QDs and FAM was inversely related to the concentration of
520 nm
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Figure 2: Schematic illustration of FRET sensors using MoS2 QDs as the donor.
(A) Schematic of the MoS2 QD@MB nanoprobe-based FRET sensor for miRNA detection. Reprinted with permission from Yu et al. [48].
Copyright (2018) Springer. (B) Schematic representation of the MoS2 QD-based FRET sensor for the detection of EP and AA. Reprinted with
permission from Zhang et al. [49]. Copyright (2019) Elsevier.
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miRNA in the range of 5–150 nm. Then, sensor could detect
as low as 0.38 nm miRNA. The MoS2 QDs@FAM-MB nanoprobe could also be used to determine whether the cells
express the target miRNA. Ascorbic acid (AA) and epinephrine (EP) are both important biomarkers for some diseases.
Zhang et al. [49] developed a FRET system for simultaneous detection of EP and AA. In the system, the effects of
EP and AA were opposite. As shown in Figure 2B, the EP
underwent the polymerization process in the polyethyleneimine (PEI) solution and formed a fluorescent copolymer of PEP-PEI. As the absorption band of PEP-PEI effectively
overlapped with the emission band of MoS2 QDs, the fluorescence of MoS2 QDs was quenched. At the same time, the
fluorescence of PEP-PEI was enhanced because of the energy
transfer. However, the AA, which inhibited the oxidative
polymerization of EP, would suppress the formation of PEPand the FRET effect. As a result, the fluorescence of MoS2
PEI
QDs recovered, and the fluorescence of PEP-PEI reduced. By
measuring the fluorescence ratio of MoS2 QDs and PEP-PEI,
the limit of detection (LOD) of EP and AA was achieved as
low as 0.05 and 0.2 μm, respectively.
WS2 QDs, another kind of TMDs QDs, were also
employed as the donor in FRET sensors [56]. The WS2
dots synthesized by hydrothermal method showed a high
quantum yield of 0.066 at the excitation of 324 nm. Nitrofurazone (NFZ), a threatening chemical to human health,
was found to have an absorption band that largely overlapped with the emission band of WS2 QDs. Thus, the
authors utilized the WS2 QDs: NFZ as the donor–acceptor
pair for NFZ detection. After the addition of NFZ to the
WS2 QDs solution, the fluorescence emission of WS2 QDs
at 405 nm gradually decreased with the increment of
NFZ concentration in the solution. The developed sensor
exhibited a dynamic range of 0.17–166 μm with a detection
limit of 0.055 μm.
Two-dimensional BP, the first and mostly explored
group VA 2D nanomaterial, was first synthesized by the
mechanical exfoliation from bulk black phosphorus in
α-phase [64]. Similar to graphene, each layer of BP is in
hexagonal structure and possesses two in-plane directions, that is, zigzag and armchair direction. However,
BP exhibits high anisotropy in electrical, optical, and
thermal properties along the two directions because of
its low in-plane symmetry [65]. Black phosphorene QDs
were first prepared by Zhang et al. [66] in 2015 by liquidphase ultrasonic exfoliation. Black phosphorene QDs
could emit strong blue or green fluorescence that depends
on the excitation wavelength and have been utilized in
the fluorescence sensing by researchers [57, 67, 68]. Ying
et al. employed the BP QDs as nanofluorophores for the
FRET sensing of DNA [57]. The BP QDs were prepared
by the sonication exfoliation method. The resultant BP

QDs emitted fluorescence at 527 nm with the irradiation
of 200-nm light. Similar to our research [69], the authors
utilized the different affinities of ssDNA and dsDNA to BP
QDs. In the absence of target DNA, the quencher, dabcyl,
would quench the fluorescence of the BP QDs because
of the adsorption of dabcyl-labeled ssDNA on BP QDs.
However, after the addition of target DNA, the DNA would
be released from the BP QDs after the formation of dsDNA
complex. As a result, the fluorescence of BP QDs could
recover. The sensor exhibited an extremely low LOD of
5.9 p pm and an appreciable linearity in the range of
4–4000 pm for the target DNA.

3.2 O
 ther 2D nanomaterials as the donor in
FRET sensors
As mentioned in the introduction, some 2D nanomaterials
have intrinsic fluorescence owing to their unique molecule structure. For instance, 2D g-C3N4 nanosheets exhibit
strong PL due to the existence of condensed tri-s-triazine
units, which can act as the donor in FRET sensors. Zhang
et al. [26] developed a FRET system, in which the g-C3N4
nanosheets acted as the donor, and the MnO2 nanosheets
acted as the quencher for intracellular GHS imaging.
The MnO2 nanosheets were able to grow in situ on both
sides of g-C3N4 nanosheets to form a sandwich composite as the manganese ions could be readily adsorbed on
the g-C3N4 nanosheets with abundant functional groups.
As a result, the fluorescence of g-C3N4 nanosheets was
quenched by MnO2 through the FRET. After the addition
of glutathione (GSH), the MnO2 would be reduced to Mn2+
and released from the g-C3N4 nanosheets, leading to the
fluorescence recovery of g-C3N4 nanosheets (Figure 3A).
The authors incubated the nanocomposite with HeLa
cells. As shown in Figure 3B, the nanocomposite exhibited blue fluorescence inside the cells after 2 h of incubation, indicating the successful delivery of nanocomposite
into the cytoplasm and the expression of GSH in the HeLa
cells. However, when the cells were pretreated with
N-methylmaleimide (NMM), the GSH expressed by the
cells would be reduced by NMM, resulting in a decrease
of the GSH level. Thus, despite that the fluorescence of
g-C3N4 nanosheets was still quenched by the MnO2, the
cells could not show obvious fluorescence. Other groups
have also utilized the g-C3N4 nanosheet − MnO2 sandwich
nanocomposite for the detection of ricin [59], H2O2, and
glucose [58]. Men et al. [59] innovatively constructed a
sandwich nanocomposite-based FRET system for ultrasensitive detection of ricin, in which the liposome was
used for amplification. As shown in Figure 3C, in the presence of ricin, the liposome would be released from the
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Figure 3: Schematic illustration and experimental results of FRET sensors using g-C3N4–MnO2 nanocomposite as the donor-acceptor pair.
(A) GSH sensing mechanism of g-C3N4–MnO2 nanocomposite-based FRET sensor. (B) Fluorescence microscopy images (top row) and
the overlapping images (bottom row) of HeLa cells: (a) control cells, (b) cells incubated with the g-C3N4–MnO2 nanocomposite, (c) cells
pretreated with NMM for 20 min, followed by g-C3N4–MnO2 nanocomposite. Scale bar = 50 μm. Reprinted with permission from Zhang et al.
[26]. Copyright (2014) American Chemical Society. (C) RTB detection mechanism of g-C3N4–MnO2 nanocomposite and liposome-based FRET
sensor. Reprinted with permission from Men et al. [59]. Copyright (2018) The Royal Society of Chemistry.

magnetic beads due to the hybridization of ricin and its
aptamer. After the separation of magnetic beads, the free
liposome was broken by Triton X-100, and the encapsulated glucose oxidase leaked out from the liposome. The
glucose oxidase then catalyzed the oxidation of glucose
and generated H2O2, which subsequently reduced the
MnO2 to Mn2+ and blocked the FRET process of the sandwich nanocomposite. As a liposome could load a large
amount of glucose oxidase, the fluorescence recovery of
g-C3N4 nanosheets could be amplified. Under optimal conditions, the sensor could detect as low as 190 ng/ml ricin.
The authors also verified the capability of the sensor to
detect the ricin concentration in real samples.
Like 2D-QDs, the g-C3N4 nanosheets have also been
employed in a FRET system as the donor for direct
sensing of quenchers [60–62]. Similarly, the absorption
spectrum of quenchers should overlap with the emission
spectrum of g-C3N4 nanosheets. The g-C3N4 nanosheets
could also provide abundant functional groups (e.g. carboxyl and amino groups) for the adsorption of quenchers or acceptors. Guo et al. prepared the g-C3N4–gold
NCs (AuNCs) nanocomposite by the covalent binding

of g-C3N4 and BSA-capped AuNCs [62]. The nanocomposite emitted a strong fluorescence at 420 nm under
the 320-nm excitation. When the dopamine was added
to the nanocomposite, the reduction product of dopamine, dopamine quinine, would adsorb on the surface
of the nanocomposite and quench the fluorescence of
nanocomposite as the absorption spectrum of dopamine quinine overlapped with the emission spectrum
of nanocomposite. Compared with the g-C3N4, the nanocomposite-based FRET sensor exhibited a better sensitivity toward dopamine detection.
The 2D organic–inorganic perovskite features a
typical structure on which the inorganic and organic
layers alternatively grow on each other [70, 71]. The
organic constituents enable the perovskite good plasticity, structural flexibility, and high fluorescence
quantum yield, and the inorganic components ensure
the perovskite more stable mechanical strength and
thermal stability. The exceptional optical properties of
perovskite have been employed in the optical sensing
applications [29, 72]. Huang et al. [29] developed a novel
FRET-based sensor for Hg2+ detection by using the 2D
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Transition metal dichalcogenide nanosheets are generally employed as fluorescence quenchers in FRET sensors
for biomedical analysis because of their fast electron
transfer rate and strong optical absorption. The fluorescence-quenching property of MoS2 is the most commonly
exploited in the FRET sensors compared with other TMDs.
In 2013, for the first time, Zhu et al. [73] developed a FRET
sensor for the detection of DNA and small molecules by
using monolayer MoS2 as the fluorescence quencher
(Figure 4A). It was found that 98% of fluorescence emission was quenched within 5 min after the mixing of dyelabeled ssDNA and MoS2, verifying the strong biomolecule
adsorption and fluorescence-quenching capability of
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adenosine (Figure 4C). The interaction of adenosine and
aptamer could induce structural transformation of the
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sensors for the detection of various targets, such as the
nucleic acids [74–85], proteins [86–95], metal ions [96, 97],
small molecules [52, 86, 98–104], enzyme activity [105],
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organic–inorganic perovskite as the energy donor. Initially, the fluorescence emission of synthetic 2D perovskite, C10PbBrPE, at 550 nm was not quenched by the
nonfluorescent rhodamine B ethylenediamine (RBEA).
Upon the addition of Hg2+, the RBEA coordinated with
Hg2+ and underwent the ring-open process, resulting in
a fluorescent complex, of which the absorption band
overlapped with the emission band of perovskite. As the
RBEA was strongly attached to the perovskite through
hydrogen bonding, the FRET process would happen
between the RBEA-Hg2+ and perovskite. Consequently,
the fluorescence emission intensity of perovskite gradually decreased, and the fluorescence emission intensity
of RBEA-Hg2+ increased with the increasing concentration of Hg2+. The sensor could detect as low as 2.36 μm
Hg2+ with acceptable specificity.
As a summary, both the 2Q-QDs and the 2D nanomaterials that own inherent PL have been successfully
employed as donors in the FRET sensors. In the development of FRET sensors, the detection targets could act as
either the energy acceptor or the substance affecting the
FRET process. When the target acts as the energy acceptor,
the absorption spectrum of target should strongly overlap
with the emission spectrum of the donor. And the target
should be adsorbed on the surface of the 2D nanomaterials
so that the distance between the acceptor and the donor
could be short enough for the FRET to occur. In cases that
the target affects the FRET process, the interaction of the
targets and probe molecules could either enhance the
efficiency of energy transfer or inhibit the FRET process.
Compared with traditional fluorescent nanomaterials, the
2D nanomaterials exhibit much better adsorption ability
toward molecules owing to the π-π stacking interaction
and the abundant chemical groups on the surface of 2D
nanomaterials. As a result, the FRET sensor is more easily
to be fabricated.

150
120
90
60
30
0
500

1000 µM
500 µM
250 µM
100 µM
50 µM
25 µM
10 µM
5 µM
0
550
600
Wavelength (nm)

650

Figure 4: Schematic representation and experimental results of MoS2-based FRET sensor for DNA detection.
(A) Schematic representation of the MoS2-based FRET sensor for DNA detection. (B) Fluorescence spectra of ssDNA and DNA duplex mixed
with and without MoS2. Inset, Real-time fluorescence response of ssDNA and DNA duplex reacted with MoS2. (C) Fluorescence spectra of the
FAM-labeled aptamer reacted with different concentrations of adenosine and then mixed with MoS2. Reprinted with permission from Zhu
et al. [73]. Copyright (2013) American Chemical Society.
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and others [106]. These sensors mainly take advantage of
the fluorescence-quenching capability and different affinity of MoS2 to ssDNA and ssDNA–target combination, enabling easy preparation, single-step, and rapid detection.
The fluorescent donor in a MoS2-based FRET sensor
could be dyes [73, 75–91, 95, 96, 98, 102, 104–107], carbon
dots [97, 100, 101, 108], UCNPs [109], silver NCs [99, 103],
QDs [52, 82, 92, 94], and AuNCs [93]. The fluorescence
emission wavelength of these donors ranges from 360
to 680 nm, which validates the broad-spectrum quenching property of MoS2. However, the MoS2-DNA–based
direct sensing suffers from low sensitivity, normally in
the nanomolar range. Moreover, the specificity of these
sensors is dissatisfactory due to the nonspecific adsorption. For instance, the single-base mismatch DNA would
induce half-response of the complementary target DNA
at the same concentration [76]. To overcome these issues,
various methods for signal amplification [74, 78, 80, 81,
83] and the sensor specificity enhancement [80, 81, 91]
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have been adopted. Kenry et al. [91] put forward a means
to enhance the specificity of MoS2-based FRET aptasensor
by blocking the MoS2 surface with bovine serum albumin.
They found that the fluorescence recovery after the addition of nonspecific protein was greatly suppressed under
blocking treatment. They hypothesized that the nonspecific fluorescence recovery was primarily caused by
nonspecific protein adsorption, which displaced the
binding sites of labeled aptamer. Xiao et al. [80, 81] utilized MBs probe and duplex-specific nuclease (DSN) to
achieve highly sensitive and selective detection of microRNAs. As shown in Figure 5A, the polyC-MBs were first
adsorbed on MoS2 via the VdW forces between MoS2 and
polyC, leading to the fluorescence quenching. The MB
block was arranged on the MoS2 surface to recognize its
complementary target. After polyC-MB hybridized to its
microRNA target, a DNA/RNA heteroduplex was formed
and then became the digested target for DSN. As a result,
the MBs were cleaved into short oligonucleotides, and

Figure 5: Schematic illustration of FRET sensors using signal amplification strategy.
(A) Schematic diagram of an ultrasensitive microRNA assay based on MBs probe and DSN. Reprinted with permission from Xiao et al. [80].
Copyright (2018) American Chemical Society. (B) Detection principle of the HCRs-amplified FRET DNA assay. Reprinted with permission from
Huang et al. [74]. Copyright (2015) The Royal Society of Chemistry.
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the fluorescence was recovered owing to the weak affinity between short oligonucleotides and MoS2. However,
the target microRNAs were released from the heteroduplex and then hybridized to another PolyC-MB, initiating
the next cycle of reactions. Thanks to the DSN-mediated
signal amplification, the sensor exhibited an ultrahigh
sensitivity toward microRNA (LOD = 3.4 fM). Additionally,
the remarkable selectivity of MBs and DSN enabled the
sensor to precisely distinguish microRNAs with one-base
mismatch. Huang et al. [74] reported a signal amplification
method using target-triggered hybridization chain reactions (HCRs). As shown in Figure 5B, HP1 and HP2, two
complementary hairpin DNA probes, were first adsorbed
on the MoS2 surface, and the fluorescence of HP1 was
quenched by MoS2. Subsequently, the hairpin of H1 was
opened by the hybridization with target DNA, thus inducing the HCRs between H1 and H2. Consequently, the fluorescence of HP1 recovered. The sensor could detect as low
as 15 pm target DNA. Other researchers have exploited the
exonuclease-assisted amplification for sensitive detection
of nucleic acid [78, 83].
Besides the MoS2-DNA-based FRET sensors that utilize
the strong affinity of MoS2 to ssDNA, the MoS2 could also be

A

modified with functional molecules to achieve the affinity toward other probe molecules. Xuan and N
 eethirajan
exploited the poly(l-lysine) (PLL)–functionalized MoS2
(PLL-MoS2) to implement the binding of infectious bronchitis virus (IBV) antibody (Ab) on MoS2 [110]. In the presence of IBV, the dyed-IBV-Ab, IBV, and the MoS2-IBV-Ab
formed a sandwich structure due to the immune reaction
(Figure 6A). Consequently, the fluorescence of the dyedIBV-Ab probe was quenched because of the FRET between
the closely connected dyes and MoS2. The LOD for IBV was
4.6 × 102 EID50/ml in phosphate-buffered saline, and the
sensor exhibited good recovery and consistency toward
the spiked IBV. Yang et al. [94] developed a 4-mercaptophenylboronic acid–functionalized MoS2 (PBA-MoS2)
nanosheets–based FRET sensor for simultaneous detection of multiple lectins. Initially, the saccharide-functionalized CdSe/ZnS QDs (s-QDs) were adsorbed on the
nanosheets through the chemical interaction between
PBA and saccharide, and the fluorescence of s-QDs was
quenched by MoS2. The competitive binding of lectins
to s-QDs induced the dissociation of s-QDs from MoS2,
and then the fluorescence of s-QDs was restored (Figure
6B). As the affinity of lectin to different saccharides was
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Figure 6: Detection principle and experimental results of MoS2-based FRET biosensors for virus and bacteria detection.
(A) Detection principle of a FRET platform for IBV detection. Reprinted with permission from Xuan and Neethirajan [110]. Copyright (2018)
IEEE. (B) Experimental design of a PBA-MoS2-based FRET biosensor for lectin detection. (C) Canonical score plot of lectins via linear
discriminant analysis signal patterns. (D) Canonical score plots of bacteria via LDA signal patterns. Reprinted with permission from Yang
et al. [94]. Copyright (2018) Springer.
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Figure 7: Experimental design and results of a FRET sensor for microRNA detection using WS2 nanosheets as the fluorescence quencher and
DSN for signal amplification.
(A) Experimental design of a microRNA assay by using WS2 nanosheets as the fluorescence quencher and DSN for signal amplification.
(B) Fluorescence spectra of DNA probe mixed with WS2 nanosheets (a), DNA probe mixed with WS2 nanosheets and DSN (b), DNA probe
mixed with mismatched microRNA and WS2 nanosheets (c), DNA probe mixed with mismatched microRNA, WS2 nanosheets and DSN (d), DNA
probe mixed with target microRNA and WS2 nanosheets (e), and DNA probe mixed target microRNA, WS2 nanosheets and DSN (f). Reprinted
with permission from Xi et al. [111]. Copyright (2014) American Chemical Society.

diverse, the fluorescence recovery degree of three s-QDs
would be different as the lectins coexisted. Accordingly,
multiple lectins and bacteria were accurately identified
with 100% accuracy by recognizing the distinct fluorescence response patterns (Figure 6C, D).

4.2 W
 S2 nanosheets as the acceptor in FRET
sensors
Apart from MoS2, WS2 could also act as an efficient
quencher for fluorescence donors [85, 111–120]. Xi et al.
[111] reported for the first time that the WS2 nanosheets
were utilized to develop a FRET sensor for the detection of
microRNA. Figure 7A shows that the formed heteroduplex
by the hybridization of probe ssDNA and target microRNA became the target of DSN cleavage, implementing
the cleavage of probe DNA into short fragments and the
releasing of target microRNA for new cycle of reactions.
Upon the mixing of WS2, the product from the DSNSA
reaction and the uncut probe DNA could be easily distinguished by the recorded fluorescence signal owing to the
differential affinity of WS2 for short oligonucleotide fragment (<10 bases) and probe ssDNA (>10 bases) (Figure
7B). Both the effective fluorescence-quenching capacity
of WS2 and DNS-assisted signal amplification ensured the
ultrasensitivity and high specificity of the biosensor.
In several studies, the performance of MoS2 and WS2
in FRET biosensors was compared [77, 85, 118]. Loo et al.
[77] investigated the performance of MoS2 and WS2 for the
fluorescent detection of nucleic acids. The results showed
that the fluorescence-quenching efficiency of MoS2 and
WS2 was similar at the optimal amount of MoS2 and WS2.
However, WS2 led to more fluorescence retention than
MoS2 after the addition of the same amount of complementary DNA target, indicating the weaker interactions

between WS2 and DNA. As a result, MoS2 presented wider
dynamic range and higher selectivity than WS2. However,
in two other reports, the MoS2 and WS2 nanosheets showed
similar performance in the detection of collagen sequence
[118] and the progress monitoring of polymerase chain
reactions [85].

4.3 MnO2 nanosheets as the acceptor in
FRET sensors
As discussed above, most TMD-based FRET sensors
exploit the differential affinity of TMDs toward probes
and the probe–target combination. Unlike other TMDs,
the MnO2 nanosheets are chemically active and could
be reduced into Mn2+, which makes them good candidates in constructing novel FRET sensors for the detection of reductants, especially GSH, the most abundant
thiolated tripeptide in living cells [38, 121–136]. The first
study was carried out by Deng et al [38]. Initially, the MnO2
nanosheets were growing on the surface of NaYF4:Yb/Tm@
NaYF4 UCNPs by the reduction of KMnO4 in the presence
of 2-(N-morpholino) ethanesulfonic acid buffer. Upon
NIR excitation, the fluorescence emission of the UCNPs
was quenched by the MnO2 nanosheets due to the FRET
between closely spaced UCNPs and MnO2 nanosheets.
After the GSH was added, the MnO2 was reduced to Mn2+
and dissociated from the UCNPs, resulting in the recovery of fluorescence emission (Figure 8A, B). The LOD of
GSH was calculated to be 0.9 μm. The authors have also
demonstrated the capability of the MnO2-modified UCNPs
for monitoring intracellular GSH levels in HepG2 and
HeLa cells. It should be noted that the distance between
FRET donors and MnO2 was shortened by the direct electrostatic interaction of positively charged donors and
negatively charged MnO2, rather than the mediation of the
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Figure 8: Experimental design and results of FRET sensors using MnO2 nanosheets as the fluorescence quencher.
(A) Experimental design of an MnO2-based FRET sensor for GSH detection. (B) Fluorescence response of MnO2-modified upconversion
nanoparticles with the increased GSH concentration from 0 to 10 mM. Reprinted with permission from Deng et al. [38]. Copyright (2011)
American Chemical Society. (C) Design principle of a FRET glucose assay based on copper nanoclusters-modified MnO2 nanosheets.
Reprinted with permission from Wang et al. [137]. Copyright (2016) The Royal Society of Chemistry. (D) Schematic diagram of a FRET ALP
bioassay based on fluorescent polydopamine-modified MnO2 probe. Reprinted with permission from reference [138]. Copyright (2018)
American Chemical Society.

probe molecules. Since then, dozens of MnO2-based FRET
sensors have been developed for GSH sensing in the past
5 years using various fluorescent donors such as persistent luminescence nanoparticles [121], g-C3N4 nanosheets
[58], QDs [125, 128–132, 135, 136, 139], carbon dots [123, 124,
140], gold/copper clusters [126, 133, 137, 141], and two-photon silica nanoparticles [122]. The experimental design of
these sensing platforms is the same as that of Deng et al.
[38]. The MnO2/donor composites were first formed by
electrostatic interaction or other noncovalent interactions
(π-π stacking, hydrophobic interaction, etc.), which led
to the quenching of fluorescence through FRET. Upon the
introduction of GSH, MnO2 nanosheets were reduced to
Mn2+, and thus, the fluorescence of donors recovered. The
degree of fluorescence recovery was directly proportional
to the GSH concentration. Apart from GSH detection, the
MnO2-based FRET sensors have also been applied in the
detections of other substances, for instance, AA [139, 142],
enzyme activity [138, 139, 141, 143–146], drugs [147], H2O2
[58, 133], pesticides [140], and glucose [58, 137]. Similar
to GSH, AA and H2O2 also present strong reduction capability that could reduce the MnO2 nanosheets into Mn2+.

Moreover, the detection of glucose was achieved by H2O2mediated sensing as H2O2 is one of the oxidation products
of the glucose under the catalysis of glucose oxidase [137]
(Figure 8C). However, for the detection of enzyme activity,
the enzyme could catalyze the hydrolysis of substrate into
the product that can reduce MnO2 nanosheets into Mn2+
[138] (Figure 8D). Unlike the studies mentioned above,
Garg et al. [147] reported a novel FRET sensor for the detection of anticancer drugs, 6-thioguanine (6-TG) and 6-mercaptopurine (6-MP) based on the fluorescence recovery of
carbon dots due to the formation of Mn-S bond.

4.4 O
 ther 2D nanomaterials as the acceptor
in FRET sensors
The 2D MOF nanosheets have been widely used in the construction of FRET sensors in nanomedicine as they exhibit
several advantages over other 2D nanomaterials such as
high structural tunability and degradability [148–153]. In
the study of Wang et al. [149], the two-color intracellular
adenosine imaging in living cells was achieved by using
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the lanthanide-based MOF nanosheets. Two dye (FAM
and TAMRA)–labeled ATP aptamers were exploited in the
detection. Unexpectedly, the “turn-down” response of fluorescence occurred when FAM-aptamer bound on ATP. The
authors hypothesized that the turn-down response may
be due to the reattachment of FAM-aptamer on the edge
of the MOFs by the electrostatic interaction between negatively charged FAM and Ln3+. However, the fluorescence of
positively charged TAMRA recovered after the binding of
TAMRA-aptamer on ATP. Thus, the ATP concentration could
be determined by the ratio of F′TAMRA /F′FAM. When cells were

A a

Green
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incubated with the FAM-aptamer, TAMRA-aptamer, and
MOF, the fluorescence color in cells changed from green to
red in the progress of the incubation because the generation of ATP led to the turn-down response of FAM and the
“turn-on” response of TAMRA (Figure 9). Consequently, the
concentration of adenosines in living cells could be monitored in real time. In a later work, the authors further investigated the interaction mechanism of the surface properties
of MOFs to the fluorescence quenching of FAM [150]. It was
found that the grafted PEI layer on the positively charged
MOF surface can block the interaction between FAM and
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Figure 9: Schematic illustration and experimental results of intracellular adenosine imaging using MOF nanosheets as the fluorescence
quencher.
(A) Schematic illustration of intracellular adenosine imaging using FAM-aptamer, TAMRA-aptamer, and MOF nanosheets. Scale bars: 25 μm;
(B) confocal images of intracellular adenosines and quantification of adenosines concentration at increasing incubation time (2–6 h). Scale
bars: a, 30 μm; b, c, 10 μm. Reprinted with permission from Wang et al. [149]. Copyright (2017) Springer Nature.
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Cr3+. Thus, the FAM-dsDNA would not be readsorbed on the
PEI-MOFs. However, the negatively charged MOFs exhibited similar behaviors toward the FAM-dsDNA compared
with the prior study. Gold NPs, graphene, and CNTs, which
are normally used as nanoquenchers, exhibited similar fluorescence-quenching properties regardless of the surface
charge properties of the nanomaterials. The authors attributed the results to the metal ions on the MOFs that contributed to the unique fluorescence-quenching property
toward FAM labeled DNA.
Black phosphorene nanosheets have also been utilized as the quencher in the FRET sensors [69, 154]. Our
group developed a BP nanosheet (BPNSs)–based FRET
sensor for microRNA detection [69]. In this study, the
molecular dynamics (MD) simulation was employed to
prove the differential affinity of BPNSs to ssDNA and
DNA/RNA duplex. As shown in Figure 10A, the nucleobases of ssDNA lay flat at the basal plane, whereas
the DNA/RNA duplex maintained its helical structure
and floated on the surface of the BPNS. The distance
between the BPNS and the DNA bases in the duplex
exceeded the cutoff of the VdW interactions, demonstrating that the releasing of duplex could be due to
the reduced strength of VdW interactions. Under the
optimum conditions, the biosensor showed an LOD of
9.37 nm and a dynamic range of 10–1000 nm. In another
study, Hu et al. developed a BPNS-based FRET sensor to
detect protease [154]. Different from the direct fluorescence recovery induced by targets, the protease sensing
was mediated by the histone triggered fluorescence
recovery (Figure 10B). The histone could competitively
bind to BPNSs through the electrostatic interaction,
which released the donor from BPNSs and then led to
the recovery of fluorescence. However, upon the addition of protease, the histone was dissociated into mini

fragments and lost its affinity to BPNSs. As a result, the
donor was reattached to BPNSs, and the fluorescence
was quenched.
MXenes are regarded as a competent candidate in
the development of FRET biosensing platforms owing
to their intrinsic fluorescence-quenching ability and
oxygen or hydroxyl terminated active surface. Zhang
et al. [37] proposed a Ti3C2 MXene-based FRET sensor
for quantitative detection of exosomes. The sensor was
designed by using the Cy3-labeled CD63 aptamer/Ti3C2
as the FRET pair. The fluorescence of Cy3 greatly recovered because of the binding of aptamer to CD63 protein
that was abundant on the exosomes surface. The LOD
of exosomes was found to be 1.4 × 103 particles/ml. The
authors emphasized that the developed sensor exhibited much better sensitivity than other reported studies
and conventional enzyme-linked immunosorbent assay
method.
As a summary, we mainly highlight the utilization
of TMDs, MnO2, BP, 2D-MOFs, and MXenes as the nanoquencher for the development of FRET sensors. Typically,
the probe molecules are first adsorbed on the surface of
the 2D nanomaterials, resulting in the quenching of fluorescence of probe molecules. Then the target molecules
interact with the probe molecules, leading to the release
of probe molecules from the 2D nanomaterials and the
recovery of fluorescence. There is one exception that most
MnO2-based FRET sensors are relying on the reduction
of MnO2 nanosheets by the targets. Owing to the broad-
spectrum quenching capability of these 2D nanomaterials, the emission wavelength of the donors could locate
from the near-ultraviolet region to the NIR region. Moreover, the quenching efficiency of 2D nanomaterials is
better than traditional nanoquenchers for their long range
of quenching effect.

Figure 10: FRET sensors using BP nanosheets as the fluorescence quencher.
(A) Final snapshots of the MD simulation of ssDNA (a) and DNA/RNA duplex (b) mixing with the monolayer BP. (c) The real-time average
distance between the nucleobases and the BP plane, the FAM and the BP plane under different circumstances. Reprinted with permission
from Zhou et al. [69]. Copyright (2018) The Royal Society of Chemistry. (B) Schematic representation of a protease assay based on BP
nanosheets. Reprinted with permission from Hu et al. [154]. Copyright (2018) Elsevier.
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5 Conclusion
In this review, we have discussed the recent advances in
the application of 2D nanomaterials toward FRET sensing.
Two-dimensional nanomaterials have been extensively
studied and used as donors and acceptors in the development of FRET sensors due to their inherent advantages
over traditional nanomaterials such as large specific
surface area, high thermal and chemical stability, good
optical properties, and biocompatibility. Nevertheless,
the study on 2D nanomaterials for FRET sensing application is still at early stage, and many challenges still exist
to be overcome. Herein, we present the difficulties and
challenges that this field is facing, and based on this, we
propose several research directions for the 2D nanomaterial-based FRET sensing applications.
In the first place, although the synthetic technology
of 2D nanomaterials is growing rapidly, it is still difficult
to obtain high-quality and highly uniform 2D nanomaterials, which is not beneficial to construct FRET sensors
with good repeatability. Sonication exfoliation is the
most common preparation method for 2D nanomaterials
used in the FRET sensors. The main advantage of sonication exfoliation is its relatively low cost, simple process,
high production yield, and high dispersity. However, the
2D nanomaterials exfoliated by this method are not satisfied in the size and thickness uniformity. Controlled centrifugation is a promising method to obtain dispersions
of 2D nanomaterials with different size distributions [155,
156]. As the quality and size of 2D nanomaterials strongly
depend on the sonication time, solvent, additive, ultrasonic power, and temperature during the sonication procedure, figuring out the underlying relationship would
definitely benefit to the controllable preparation of highquality 2D nanomaterials [157].
Second, the fluorescent 2D nanomaterials are
restricted by low quantum yield and broad emission
band in comparison with semiconductive QDs, which
would affect the efficiency of energy transfer [158]. Typically, there are four important factors that determine the
quantum yield of 2D nanomaterials: molecule structure,
size, surface structure, and external environment. Many
efforts have been done to improve the quantum yield of 2D
nanomaterials through modulating the above four factors.
Taking graphene QDs, the most widely studied fluorescent 2D nanomaterial, as an example, various methods
have been proposed by the researchers to enhance the
quantum yield including size modification [159, 160],
chemical doping [161–165], surface functionalization
[166], and changing the solvent [167]. The quantum yield
of graphene QDs could be increased to as high as 74.5%
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by codoping with nitrogen and sulfur [164]. However, the
methods to improve the quantum yield of other 2D-QDs
are rarely studied. Even the origin of PL of most 2D-QDs is
not completely understood [168]. Taking TMD QDs as an
example, the quantum yield of most reported TMD QDs
was less than 5%. Only in one study, the MoS2 QDs, which
were synthetized through normal hydrothermal method,
exhibited a high quantum yield of 13.4% [55]. Thus, the
PL properties of 2D-QDs should be further explored, and
more work on strategies for precise regulation of the PL
behavior of 2D-QDs should be done.
Last but not the least, although 2D nanomaterials are
known to possess abundant active sites for molecules
binding, they also have the limitation of low specificity,
which is not beneficial for the selective sensing. The issue is
severe for FRET sensing as many targets are detected merely
based on the overlapping of their absorption spectrum
and the emission spectrum of donors rather than specific
recognition. Surface modification or functionalization is
a promising way to solve this problem as the accompanying rich chemical groups could provide more opportunities
for enhancing the selectivity of 2D nanomaterials toward
sensing elements. In addition, the elaborate design of
the FRET sensors, including the choice of 2D nanomaterials, probe molecules, and experimental conditions, could
greatly improve the selectivity of FRET sensors. For instance,
with the assistance of first-principles calculations, the interactions of DNA with 2D nanomaterials could be predicted,
which helps the researchers to choose appropriate 2D nanomaterial for the detection of target analysts [23].
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