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Abstract
Outbreaks of infectious viruses offer a formidable challenge to public healthcare
systems and early detection of viruses is essential for preventing virus propa-
gation. In this work, an ultrasensitive plasmon-enhanced fluorescence resonance
energy transfer (FRET) biosensor based on core-shell upconversion nanoparticle
(csUCNP) and gold nanoparticle (AuNP) for accurate detection of SARS-CoV-2
viral RNA is presented. In this biodetection assay, the Tm3+/Er3+ co-doped csUCNP
NaGdF4:Yb/Tm@NaYF4:Yb/Er acts as an energy donor and AuNP serves as an
energy acceptor. The upconversion emission of Tm3+ and the design of the core-shell
structure led to a simultaneous surface plasmon effect of AuNP. The localized sur-
face plasmon resonance (LSPR) arising from collective oscillations of free electrons
significantly enhanced FRET efficiency between Er3+ and AuNP. The as-prepared
biosensor obtained a limit of detection (LOD) as low as 750 aM, indicating that the
integration of FRET and surface plasmon into one biodetection assay significantly
boosted the sensitivity of the biosensor. In addition, samples extracted from clinical
samples are also utilized to validate the effectiveness of the biosensor. Therefore,
this innovative plasmon-enhanced FRET biosensor based on Tm3+/Er3+ co-doped
csUCNP may pave the way for rapid and accurate biodetection applications.

K E Y W O R D S
biosensor, fluorescence resonance energy transfer, localized surface plasmon resonance, upconversion
nanoparticles, virus detection

1 INTRODUCTION

Infectious viruses are one of the greatest hazards to pub-
lic health that human communities face. Since December
2019, the worldwide pandemic coronavirus disease 2019
(COVID-19) caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has claimed the lives
of more than 6 million people and caused 759 million total
cases all over the world, posing a significant negative impact
on the lives of individuals as well as the development of
the global economy.[1,2] In addition, other viruses, such as
Ebola virus, Human immunodeficiency virus, and Middle
East respiratory syndrome coronavirus, also spread widely
and cause debilitating illnesses.[3] However, current reliable
and accessible techniques for virus detection and analy-
sis, such as reverse transcription polymerase chain reaction
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(RT–PCR) and immunoassay methods (IA),[4] are time-
consuming, high-cost, and highly dependent on laboratory
equipment. As for the rapid antigen test (RAT), the alternative
virus detection method has the drawbacks of low sensitivity
and the potential for false negative results.[5] Detection and
diagnosis of viruses at an early stage are essential for mini-
mizing the threat caused by viruses. Therefore, it is crucial to
construct a rapid and sensitive virus detection method to cut
off the chain of viral transmission and minimize the infection.

Fluorescence resonance energy transfer (FRET) is a
distance-dependent (2–10 nm) nonradiative energy trans-
fer process between energy donor and energy acceptor
pairs.[6–8] FRET has been commonly used for biosensing
as the luminescent intensity of fluorophore varies with the
approach or separation of the energy pairs.[9–11] Lanthanide-
doped upconversion nanoparticles (UCNPs) are capable of
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converting low energy near-infrared (NIR) light to high
energy ultraviolet (UV) or visible light and exhibit unique
upconversion luminescence properties such as large anti-
Stokes shift, narrow emission band, high photostability and
long luminescence lifetime.[12,13] Additionally, UCNPs that
are triggered by low energy NIR irradiation cause mini-
mal damage to biomarkers and living organisms, making
UCNPs an extremely attractive nanomaterial for bioanalyti-
cal and biomedical applications.[14–16] Accordingly, UCNPs
have been extensively utilized as the energy donor in FRET
biosensors for the detection of biological samples.[17–19] The
Au-based nanomaterials, such as Au nanospheres and Au
nanorods, exhibit size/shape-controlled optical, electrical and
catalytic properties, high extinction coefficient, as well as
aggregation-dependent colour change.[20] The highly con-
trollable size range and optical characteristics of Au-based
nanoparticles have contributed to their widespread applica-
bility and endow them as excellent candidates of acceptors in
FRET biosensors.[21,22]

Increasing the efficiency of FRET is a viable strategy
for enhancing the sensitivity of FRET sensors. FRET effi-
ciency is highly influenced by spectral overlap between donor
emission and acceptor absorption, as well as the distance
between donor and acceptor. Major efforts have been made
to improve the limit of detection (LOD) of FRET biosen-
sors by optimizing the UCNP architecture, using appropriate
energy accepter, and improving the biosensor design.[18,23]

Surface plasmon resonance (SPR) describes the collective
oscillations of the conduction electrons in metallic structures
at resonant conditions. Localized surface plasmon resonance
(LSPR) is one type of SPR which is localized to a metallic
nanostructure with dimensions less than the wavelength of
incident light.[24,25] LSPR can concentrate the incident elec-
tromagnetic (EM) field around the metallic nanostructure and
influence the optical process, resulting in plasmon enhanced
fluorescence (PEF), surface enhanced Raman scattering
(SERS), as well as plasmon enhanced FRET (PE-FRET). PE-
FRET provides the potential to enhance the FRET efficiency
and thereby improve the sensitivity of biosensing. Hou et al.
reported a novel self-assembled plasmonic substrate that can
enhance FRET efficiency, enabling ultrasensitive detection of
DNA hybridization and imaging in live cells with improved
temporal and spatial resolution.[26] However, there has been
a relatively small amount of research conducted on PE-FRET
biosensors based on UCNPs for the detection of viruses.

Here, a highly sensitive PE-FRET biosensor for the
detection of SARS-CoV-2 viral Ribose Nucleic Acid
(RNA) is constructed by using core-shell UCNP (csUCNP)
NaGdF4:Yb/Tm@NaYF4:Yb/Er as energy donor and gold
nanoparticle (AuNP) as energy acceptor. The design of core-
shell structure of UCNP and employing AuNP as the energy
acceptor possess multiple attributes that are essential for
improving the sensitivity of the biosensor. Er3+ was designed
in the shell of UCNP, ensuring the distance between the
energy donor and energy acceptor was suitable for FRET pro-
cess. While the inner core UCNP NaGdF4:Yb/Tm coupled
with AuNP was intended to enable plasmon modulated FRET
and improve the energy transfer efficiency between energy
pairs.[26,27] With the increase of target oligonucleotide con-
centration, the quenching efficiency of the biosensor based
on Tm3+/Er3+ co-doped csUCNP exceeded 90%, which was
much higher than that of FRET biosensors without plasmon

enhancement. Consequently, the LOD of the biosensor was
improved to 750 aM. Moreover, clinical sample containing
SARS-CoV-2 viral RNA was also tested to further verify the
sensitivity of the biosensor.

2 RESULTS AND DISCUSSION

2.1 Detection scheme

The detection scheme of this work is depicted in Scheme 1.
An FRET and LSPR dual-effected PE-FRET biosensing sys-
tem was fabricated for the sensitive detection of SARS-CoV-
2 RNA, with the csUCNP NaGdF4:Yb/Tm@NaYF4:Yb/Er
and AuNP as the probes. The oligonucleotide modified
csUCNP and AuNP could be conjugated by target oligo to
form csUCNP–AuNP composite, resulting in a shorter dis-
tance between csUCNP and AuNP. The Er3+ in the shell
of the UCNP acted as the energy donor and AuNP served
as the energy acceptor, leading to the FRET process occur-
ring between csUCNP and AuNP. Hence, the upconversion
emission could be quenched with the increase of the tar-
get sequence concentration. Furthermore, the energy transfer
efficiency could be further enhanced through the coupling
between the inner core of csUCNP and the LSPR of AuNP.
As a result, the increased FRET efficiency significantly
improved the LOD of the biosensor, which is an essential
performance metric for biosensors.

2.2 Synthesis and characterization of the
nanoparticles

The core-shell UCNP was synthesized using co-precipitation
method and transmission electron microscope (TEM) was
utilized to characterize the morphology of the as-synthesized
UCNP. The core UCNPs NaGdF4:Yb/Tm exhibit a uni-
form hexagonal structure (Figure 1A) with an average
dimension of 15.7 nm (Figure S1a). The corresponding
high-resolution transmission electron microscope (HRTEM)
image in Figure 1B demonstrates that the UCNP is highly
crystalline, with a lattice space of 0.29 nm, corresponding to
the (101) lattice plane of NaGdF4:Yb/Tm. The subsequently
synthesized csUCNPs NaGdF4:Yb/Tm@NaYF4:Yb/Er also
exhibit a hexagonal structure with an average size of 28.8 nm,
as shown in Figure 1C. The thickness of the shell is calculated
to be ≈6.5 nm based on the size distribution results (Figure
S1). Under the trigger of near-infrared (NIR) 980 nm laser,
the emission peaks of the synthesized Tm3+/Er3+ co-doped
csUCNP were located at 451 nm (Tm3+, 1D2 →

3F4), 542 nm
(Er3+,2H11/2 → 4I15/2) and 654 nm (Er3+, 4F9/2 → 4I15/2),
respectively (Figure 1F, blue curve).

Citrate-stabilized AuNPs with precisely regulated size
were prepared and served as the energy acceptor probe in
the PE-FRET detection system. As depicted in Figure 1D,
the TEM image indicated that the uniform sphere AuNPs
with an average size of 5 nm was successfully synthesized.
The HRTEM of AuNP in Figure 1E revealed a lattice space
of 0.23 nm, corresponding to the (111) lattice plane of
AuNP. The resultant AuNPs processed a broad absorption
in the visible region, with the absorption peak centred at
518 nm (Figure 1F, red curve). The absorption of AuNPs
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S C H E M E 1 Schematic of the plasmon-enhanced FRET biodetection assay.

F I G U R E 1 (A) TEM image of core UCNP NaGdF4:Yb/Tm; (B) HRTEM image of core UCNP NaGdF4:Yb/Tm; (C) TEM image of core-shell UCNP
NaGdF4:Yb/Tm@NaYF4:Yb/Er; (D) TEM image of AuNP; (E) HRTEM image of AuNP; (F) upconversion emission spectrum of csUCNP (blue) and UV–vis
absorption spectrum of AuNP (red).

matched well with the upconversion emission of Er3+, assur-
ing efficient energy transfer between csUCNP and AuNPs.
Additionally, the upconversion emission of Tm3+ might oper-
ate as the incident light and trigger the LSPR of AuNPs. This
would concentrate the electromagnetic (EM) field, which in
turn increases the efficiency of FRET between the energy
pairs.

2.3 Sandwich biodetection assay

The N gene of SARS-CoV-2 was chosen as the tar-
get sequence for detection since the N gene sequence is
conserved and less prone to mutation.[28] A 41-base oligonu-
cleotide sequence was selected from the N gene sequence
of SARS-CoV-2 based on a reported methodology.[29] Two
oligonucleotides complementary to the target sequence are
selected according to their banding energies, termed as P1
and P2, respectively. In order to modify the complementary
oligonucleotides on the surface of csUCNP and AuNP, P1 is
functionalized with amino groups at the 3′ end while P2 is

with the sulphhydryl group, collectively called P1-NH2 and
P2-SH. P1-NH2 will be further attached with csUCNP, and
P2-SH will connect with AuNP to fabricate the sandwich
biodetection assay. The target and complementary sequences
with detailed base order information are displayed in Table
S1.

Before constructing the sandwich biodetection assay, the
oleate capped csUCNP (OA-csUCNP) will undergo several
surface modification procedures, including acid treatment,
surface carboxylation and conjugating with P1-NH2, as illus-
trated in Figure 2A. The specific treatment procedures are
described in supporting information. Zeta potential was uti-
lized to verify the successful surface modification of csUCNP
at each step, as displayed in Figure 2E. In addition, the
UV–vis absorption spectrum of the oligonucleotide modified
csUCNP exhibited an absorption peak at 260 nm (Figure 2B),
which is the characteristic absorption peak of the oligonu-
cleotide, also indicating that P1-NH2 has been successfully
attached on the surface of csUCNP. As for the construction
of AuNP probe, the oligonucleotide P2-SH was connected on
the surface of AuNP via forming solid gold–sulphur bonds.
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F I G U R E 2 (A) Schematics of attaching amino-modified oligonucleotide to csUCNP-PAA; (B) UV–vis spectra of P1-NH2, csUCNP, and csUCNP-P2;
(C) schematics of attaching thiol-modified oligonucleotide to AuNP; (D) UV–vis spectra of P2-SH, AuNP and AuNP-P2 (inset are the photo of AuNP and
AuNP-P2); (E) Zeta potential for the relative nanoparticles.

The simplified bonding procedure can be completed within
30 min using a pH-assisted method,[30] which involved the
addition of a citrate–HCl buffer (pH = 3). The process
diagram is depicted in Figure 2C. Figure 2D shows the
normalized UV–vis absorption spectra of AuNP before and
after the P2-SH modification (AuNP-P2). The presence of an
oligonucleotide absorption peak at 260 nm in the absorption
spectrum of AuNP-P2 indicates the successful attachment of
oligo on the surface of AuNP. In addition, the absorption peak
of AuNP at 518 nm is slightly red shifted to 526 nm after
the connection. Correspondingly, the aggregation of AuNPs
also causes a change in the colour of the solution from pink
to light purple (inset of Figure 2D, left: AuNPs, right: AuNP-
P2). The mismatch of the absorption spectra and the observed
alteration in the colour of the solution can be attributed to
the slight aggregation of AuNPs. Since the intense aggrega-
tion of AuNPs will affect the detection result, the aggregation
of AuNPs has been minimized by adjusting the AuNP-to-
oligonucleotide ratio and the concentration of citrate buffer.
Moreover, the zeta potential of AuNP changed from −33.1 to
−36.5 mV after connected with the oligonucleotide P2-SH,
which can be attributed to the replacement of citrate ligands
on the surface of AuNP by P2-SH, as displayed in Figure 2E.
The surface potentials of csUCNP-P1 and AuNP-P2 are both
negative, thus there was no electronic attraction among the
probes.

2.4 SARS-CoV-2 RNA detection

Figure 3A shows the schematic of the biodetection procedure
in this work. The csUCNP-P1 and AuNP-P2 probes were
first added in a centrifuge tube and AuNP-P2 could partially
suppress the upconversion emission of the UCNPs. With an
increase in the amount of AuNPs, the emission of csUCNPs
could be reduced to a greater extent. The quenching effect
may be caused by the broad peak absorption of AuNPs, which
can absorb a portion of the 980 nm excitation light, thus
leading to the reduction of upconversion emission intensity.
Therefore, the amount of csUCNPs and AuNPs were fixed
while detecting the variation of N target sequence concentra-
tion. It is worth noting that during the detection procedure, it

is possible to disregard the variation in upconversion emission
intensity caused by the varying target concentration or solu-
tion volume (Figure S2). As P1 and P2 are complementary to
the target N sequence, csUNCP-P1 and AuNP-P2 can be con-
jugated by the N target sequence. After the conjugation, the
distance between csUNCPs and AuNPs became shorter (as
shown in the inset of Figure 3B), thus leading to an efficient
FRET process and resulting in a significant quenching effect
of upconversion emission. The insets of Figure 3A depicted
the corresponding confocal microscopy images of csUCNP
before and after the hybridization upon the 980 nm exci-
tation (scale bar = 50 µm). The upconversion emission of
Er3+ (green) and Tm3+ (blue) are apparently weaker after the
hybridization with the N target sequences.

The amount of AuNP attached to the surface of csUCNP
increased with the increasing concentration of N target
sequence in the biodetection system, leading to an enhanced
quenching effect with reference to the concentrations of target
sequence. As shown in Figure 3B, the upconversion emission
of csUCNP decreased significantly as the concentration of the
N target sequence increased from 0 to 1 nM during the detec-
tion process. The inset of Figure 3B depicts the TEM image
of the detection sample, in which csUCNP is surrounded by
several AuNPs, indicating the conjugation between AuNPs
and csUCNP. Figure 3C–E shows the quenching efficiency of
the upconversion emission peaks at 451, 542, and 654 nm,
respectively. Apparently, the quenching efficiency signifi-
cantly increased with the increase of the N target sequence. In
addition, the quenching efficiency of csUCNP exceeds 90%
with 1 nM target oligo, which is much higher than that of the
FRET biosensor based solely on Er3+ doped UCNP, as shown
in Table 1.

To evaluate the optimal incubation condition, the biosen-
sor based on Tm3+/Er3+ co-doped csUCNP was evaluated
at the N target sequence concentration of 1 pM with vary-
ing incubation temperatures. The incubation time was varied
from 10 to 40 min with a 10-min interval, and three incuba-
tion temperature at room temperature (20◦C), 40 and 55◦C
was selected for comparison. As shown in Figure S3–S5,
the quenching efficiency of csUCNP reached a maximum of
nearly 90% after 40 min incubation at 55◦C. For compar-
ison, NaYF4:Yb/Er probe and NaGdF4:Yb/Tm probe were
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F I G U R E 3 (A) Schematic of the biodetection procedure; (B) upconversion spectra of csUCNP probe with various concentrations of SARS-CoV-2 target
sequence in the sandwich detection assay, the inset was the TEM image of the detection sample (scale bar = 50 nm); quenching efficiency of three major
upconversion emission peaks at (C) 451 nm, (D) 542 nm and (E) 654 nm with various concentration of SARS-CoV-2 target sequence.

TA B L E 1 Comparison of common FRET biosensors based on UCNPs.

Type of UCNPs Accepter
Surface
functionalized Target LOD

Detection
range Ref.

NaYF4:Yb,Er Quantum dots Streptavidin biotin 5 nM 1–1 µM [31]

NaYF4:Yb,Tm SYBR Green I ssDNA1 ssDNA2 3.2 nM 10–200 nM [32]

NaYF4:Yb,Er AuNPs Oligonucleotides long-chain
DNA
sequence

3 nM 0–60 nM [33]

NaYF4:Yb,Er@NaYF4 Cy3 dye ssDNA miR20a 30 pM 0.1–100 nM [34]

NaYF4:Yb,Er Gold nanorods ssDNA DNA 7 pM 0–100 nM [35]

BaGdF5:Yb/Er AuNPs Oligonucleotides Ebola Virus
RNA

300 fM 3–50 pM [36]

NaGdF4:Yb/Er@
NaGdF4

AuNPs Oligonucleotides SARS-CoV-2
RNA

11.46 fM 200 fM–10 nM [37]

NaGdF4:Yb/Tm@
NaYF4:Yb/Tm

AuNPs Oligonucleotides SARS-CoV-2
RNA

750 aM 1 fM–1 nM This work

also constructed and applied for detection under the same
incubation condition. In contrast, the quenching efficiency
of NaYF4:Yb/Er UCNP reached only 48% at the incubation
temperature of 55◦C (Figure S6), whereas the upconversion
emission intensity of NaGdF4:Yb/Tm probe exhibits only a
slight decrease (Figure S7). The enhanced quenching effi-
ciency against the target sequence concentration leads to
an enhanced sensitivity for biosensor. Consequently, such
a comparative study indicated that the design of core-
shell structure and the co-doping of Tm3+ and Er3+ can
significantly improve the sensitivity of biosensor based
on UCNP probes, hence a lower LOD can be further
obtained.

A possible causation of such high quenching efficiency
is that the localized surface plasmons enhanced the energy
transfer efficiency between energy pairs. The schematic of
the mechanic in the PE-FRET biosensor based on oligo con-

jugated csUCNP-AuNP is displayed in Figure 4A, and the
energy migration processes of Yb3+ → Er3+ and Yb3+ →

Tm3+ in the csUCNP under the excitation of 980 nm are
exhibited in Figure 4B. Specifically, Yb3+ is an ideal sen-
sitizer for 980 nm excitation owing to the 2F7/2 → 2F5/2
transition, which well matches the electronic transitions of
Er3+ and Tm3+. The upconversion emission of Er3+ in
the shell observed at 542 and 654 nm are ascribed to the
2H11/2 →4I15/2 and 4F9/2 → 4I15/2 transitions. While the
inner core upconversion emission of Tm3+ at 451 nm is
attributed to 1D2 → 3F4 transition. Furthermore, the core-
shell structure enabled different doping concentrations for
Yb3+/Tm3+ and Yb3+/Er3+, respectively. Plenty of research
have proved that metal nanostructures could induce plasmon-
enhanced upconversion emission, as the local electric field
around metal nanostructures can promote the excitation
rate of lanthanide sensitizer ions, leading to enhanced
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F I G U R E 4 (A) Schematic of the mechanics in the PE-FRET biosensor based on csUCNP and AuNP; (B) corresponding energy transfer routes of the
csUCNP; (C) TEM image of oligo conjugated csUCNP-AuNP (scale bar = 20 nm); Simulated local electromagnetic field distribution of AuNPs by FDTD
method (D) without the core emission; (E) with the core emission of Tm3+ at 451 nm. Luminescence decay curves of csUCNP and conjugated csUCNP-AuNP
at (F) 451 nm; (G) 542 nm; (H) 654 nm.

upconversion emission.[38–41] While there are additional
studies demonstrating that surface plasmon could enhance
FRET efficiency as well.[42,43] Specifically, the energy
transfer efficiency could be calculated by the following
equation[44]:

E = 1 −
F
F0

=
R6

0

R6
0 + r6

(1)

where F and F0 are the upconversion emission intensities
of UCNP before and after quenched by AuNP, r is the dis-
tance between the energy donor and the energy accepter,
and R0 is the Förster distance at which the 50% of energy
is transferred. R0 depends on a variety of factors, includ-
ing the overlap of donor emission and acceptor absorption,
donor quantum yield, and the orientation of transition dipole
moments. Since LSPR will contribute to an increase in the
Förster distance, the energy transfer efficiency would con-
sequently increase.[43,45] Therefore, the LSPR of AuNPs
induced by Tm3+ upconversion emission improved the per-
formance of the biosensor by enhancing the FRET efficiency,
resulting in a higher detection sensitivity.

The electromagnetic field distribution of AuNPs under
different situations were simulated by the Finite-Difference

Time-Domain (FDTD) method and compared for illustra-
tion. The simulation model was established according to
TEM image of oligo conjugated csUCNP-AuNP composite
in Figure 4C. E∕E0 is utilized for demonstrating the variation
of electromagnetic field intensity around gold nanoparticles
with and without the core upconversion emission, where E is
the value of local electromagnetic field and E0 is the value
of incident electric field. Figure 4D,E present the electro-
magnetic field intensities of AuNP around UCNP without
and with the core upconversion emission of Tm3+, respec-
tively. The electromagnetic field intensities around AuNPs
are obviously increased when Tm3+ upconversion emission
in the core of csUCNP is present. According to the previ-
ous research, the local electromagnetic field can influence
the orientation of these dipoles, and thus influence the FRET
efficiency.[46] Hence, the sensitivity of the presented PE-
FRET biosensor was significantly enhanced by the design
of core-shell structure and doping with Tm3+ in the inner
core.

The decay times of the three main upconversion emis-
sion peaks (451, 542, 654 nm) were measured to further
illustrate the energy transfer process between csUCNP and
AuNP, as displayed in Figure 4F–H. The decay curves
could be well fitted by the following biexponential function
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F I G U R E 5 (A) Linear relationship of the sandwich assay based on csUCNP against different concentration of target sequence from 1 fM to 1 nM; (B)
specificity of the sandwich assay with the non-target oligonucleotide sequence concentration of 1 pM.

(Equation (2)) and the fitted decay curves are displayed in
Figure S8.

I (t) = A1 exp

(
−

t
𝜏1

)
+ A2 exp

(
−

t
𝜏2

)
(2)

𝜏∗ =
A1𝜏

2
1 + A2𝜏

2
2

A1𝜏1 + A2𝜏2
(3)

where I(t) is the photoluminescence intensity, A1 and A2
are corresponding fitting constants, 𝜏1 and 𝜏2 are rapid and
slow lifetimes of different exponential components. Then the
average lifetime 𝜏∗ could be calculated by Equation (3).[47]

The average lifetimes of the upconversion emission peak of
Er3+ at 542 and 654 nm decreased from 191 to 108 µs and
from 376 to 184 µs, respectively. The significant decrease
in lifetime of Er3+ indicates the high efficiency FRET pro-
cess between the upconversion emission of Er3+ and AuNPs.
However, the average lifetime of upconversion emission peak
of Tm3+ at 451 nm exhibits negligible changes, indicating
that FRET between the inner core of csUCNP and AuNP is
either non-existent or feeble. The slight decrease of lifetime
of Tm3+ at 451 nm from 139 to 173 µs probably caused by
coupling with LSPR of AuNP.

2.5 Figure of merit

The linear response, LOD, and specificity are three typ-
ical characteristics of biosensors. Therefore, to illustrate
the excellent performance of co-doped csUCNP biosensor,
the three typical characteristics of the biosensor based on
Tm3+/Er3+ co-doped csUCNP were discussed in this section.

As shown in Figure 3B, the quenching efficiency of upcon-
version emission of csUCNP increased with the increase of
N target sequence concentration. Therefore, a linear response
could be found between the quenching efficiency and the con-
centration of target sequence. The linear fitting curve was
displayed in Figure 5A, with the linear equation of y = 10.3x
+ 37, indicating that the csUCNP was suitable to serve as the
probe for constructing the FRET biosensor. The LOD of the
biosensor could be estimated by the following equation:

LOD =
3𝛿
b

(4)

where 𝛿 is the standard deviation and b is the slope of the lin-
ear fitting curve. Thereby, the LOD of csUCNP biosensor was
calculated to be 750 aM, which was equivalent to 4.65× 107 N
target copies in 500 µL detection system volume. Compared
to the reported biosensors based on Er-UCNPs, the doping of
Tm3+ ions and the design of core-shell probes result in lower
LODs of biological probes based on UCNPs.

The ability of the biosensor to recognize a particular tar-
get sequence is defined as specificity, and it is an essential
component to consider when assessing the performance of
the biodetection system. To examine the specificity of the
biosensor based on csUCNP, a concentration of 1 pM of
the N target sequence was selected for evaluation within
the detection linear range. Two non-target gene sequences
from the SARS and BAT viruses were subjected to com-
parative testing at the same concentration. According to the
results of the specificity test in Figure 5B, the non-target
gene sequence has a significantly lower quenching efficiency
than the SARS-CoV-2 virus oligo. This indicates that the
constructed bioprobes based on csUCNP has high level of
specificity for SARS-CoV-2 virus.

Based on the above demonstration, csUCNP-based biosen-
sors in this work exhibit low LOD as well as high sensitivity
and specificity for the detection of SARS-CoV-2. The design
of core-shell structure of UCNP significantly enhanced the
performance for the application of biodetection.

2.6 Detection of PCR-validated deactivated
clinical sample

To further verify the feasibility of the csUCNP-based biosen-
sor in clinical application, the performance of the biosensor
on clinical sample detection was further tested. The RNA
from inactivated SARS-CoV-2 virus sample used for clinical
detection was obtained from the University of Hong Kong,
Faculty of Medicine. Prior to the detection by csUCNP-based
biosensor, RT-PCR was utilized to determine the concentra-
tion of the inactivated SARS-CoV-2 virus sample. A series
of standard samples with different concentrations were run-
ning in the same RT-PCR procedure to generate the standard
curve. The Ct value of the clinical sample was 23 (Figure 6A)
and the concentration was determined to be 180 fM accord-
ing to the standard curve. The clinical sample was diluted
tenfold for detection by csUCNP-based biosensor. Figure 6B
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F I G U R E 6 (A) Diagnostic testing through RT-PCR and the test results; (B) upconversion emission spectra and (C) quenching efficiency of the detection
of deactivated clinical SRAS-CoV-2 sample based on csUCNP FRET biodetection assay.

is the time varying luminescence spectrum of the csUCNP
at the SARS-CoV-2 RNA concentration of 18 fM. After
incubation for 10 min, the fluorescence intensity decreased
significantly and the relative quenching efficiency of the
four upconversion emission peaks with respect to time was
displayed in Figure 6B. The quenching efficiency of the
upconversion emission peaks reached up to 30% at such a low
target sequence concentration. The results demonstrate that
the csUCNP-based biosensor constructed for the detection of
SARS-CoV-2 clinical samples performs admirably.

3 CONCLUSION

In summary, a plasmon-enhanced FRET biosensor based on
UCNP with core-shell structure was proposed for ultrasensi-
tive detection of SARS-CoV-2 viral RNA. After conjugation
with the target sequence, the distance between csUCNPs and
AuNPs was reduced, which activated the FRET process and
effectively quenched upconversion emission. Simultaneously,
the upconversion emission of Tm3+ in the inner core of
csUCNP induced LSPR of AuNPs, leading to a significant
increase of FRET efficiency. Consequently, the dual effect
of LSPR and FRET results in higher sensitivity of biosen-
sor based on csUCNP. The LOD of the PE-FRET biosensor
was improved to 750 aM with decent linear response and
good selectivity, which is much lower than that of biosen-
sors based on Er-doped UCNP. In addition, the detection of
RNA extracted from deactivated clinical sample using this
biosensor was also performed with the LOD approaching
femtomolar level, indicating the potential clinical application
of the as-prepared biosensor. Overall, the results in this work

illustrate that this plasmon-enhanced FRET biosensor based
on csUCNP could be potential sensing platforms for instant
and sensitive virus RNA detection.

4 EXPERIMENTAL SECTION

4.1 Materials

Lanthanide acetates including Y(Ac)3⋅4H2O, Gd(Ac)3
⋅4H2O, Yb(Ac)3⋅4H2O, Tm(Ac)3⋅4H2O, Er(Ac)3⋅4H2O,
NH4F, 1-octacene (ODE), oleic acid (OA), cyclohex-
ane, hydrochloric acid (HCl, 37%) and Poly(acrylic
acid) (PAA, Mw = 1800) were purchased from Sigma
Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), N-hydroxysulphosuccinimide sodium
salt (sulpho-NHS) and tetrachloroauric acid (HAuCl4) were
obtained from TCI. Sodium citrate, potassium carbonate
(K2CO3), tannic acid, NaOH, dithiothreitol (DTT), 2-(N-
morpholino)ethanesulphonic acid (MES) were purchased
from Aladdin. DNA oligos were purchased from the Uni-
versity of Hong Kong, Faculty of Medicine, LKS Center for
PanorOmic Sciences. All the above chemicals were used
without further purification. DEPC water was used for all the
procedures involving oligonucleotides (oligos).

4.2 Synthesis of the core NaGdF4:Yb/Tm
nanocrystals

The core UCNP NaGdF4:Yb/Tm were synthesized by the
coprecipitation method according to a previously reported
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article.[48] Lanthanide3+ (Ln3+) acetates, including yttrium
(Y), gadolinium (Gd), ytterbium (Yb), terbium (Tm), and
erbium (Er) were dissolved in de-ionized (DI) water to form
0.2 M aqueous solution for further usage. In a typical syn-
thesis procedure, 1 mL of 0.2 M Gd(CH3COO)3, 0.98 mL
of 0.2 M Yb(CH3COO)3, 0.02 mL of 0.2 M Tm(CH3COO)3,
4 mL of OA and 6 mL of ODE were added into a 50-mL flask.
Under magnetic stirring (1500 rpm), the solution was slowly
heated from room temperature to 150◦C and maintained for
40 min. Then the reaction mixture was allowed to cool to
room temperature after removing the heating mantle. At room
temperature, a mixture of 1 mL of 1 M NaOH-methanol
solution and 3.3 mL of 0.4 M NH4F-methanol solution was
quickly injected into the reaction flask after 10 s of vortex.
The mixture was then heated to 50◦C and maintained for
30 min with vigorous stirring to evaporate methanol. After
that, the mixture was heated to 100◦C, followed by a 10-
min vacuum degassing to evaporate the residual moisture and
methanol. The flask was then heated to 290◦C at a rate of
10◦C/min under the protection of argon gas and maintained
for 1.5 h before cooling to room temperature. The synthe-
sized UCNPs were precipitate by adding 5 mL of ethanol and
collected by centrifugation. The UCNPs were further puri-
fied with cyclohexane and ethanol three times and dispersed
in cyclohexane for the synthesis of core-shell UCNPs.

4.3 Synthesis of the core–shell
NaGdF4:Yb/Tm@NaYF4:Yb/Er UCNPs

The core-shell NaGdF4:Yb/Tm@NaYF4:Yb/Er UCNPs were
synthesized approximately the same as the procedure of core
UCNPs. Briefly, 1.6 mL of 0.2 M Y(CH3COO)3, 0.36 mL
of 0.2 M Yb(CH3COO)3, 0.04 mL of 0.2 M Er(CH3COO)3,
4 mL of OA and 6 mL of ODE were added into a 50-mL flask.
Under magnetic stirring (1500 rpm), the solution was slowly
heated from room temperature to 150◦C and maintained for
40 min. Then the reaction mixture was allowed to cool to
room temperature after removing the heating mantle. At room
temperature, the as-prepared core UCNPs NaGdF4:Yb/Tm
were injected into the flask. Then, a mixture of 1 mL of
1 M NaOH-methanol solution and 3.3 mL of 0.4 M NH4F-
methanol solution was quickly injected into the reaction flask
after 10 s of vortex. The mixture was heated to 50◦C and
maintained for 30 min with vigorous stirring and then heated
to 100◦C followed by a 10-min vacuum degassing. The flask
was then heated to 290◦C at a rate of 10◦C/min under the
protection of argon gas and maintained for 1.5 h before cool-
ing down to room temperature. The synthesized csUCNPs
were precipitate by adding 5 mL of ethanol and collected
by centrifugation. The csUCNPs were further purified with
cyclohexane and ethanol three times for surface modification.

4.4 Synthesis of citrate-stabilized AuNPs

The citrate-stabilized AuNPs were synthesized according to
the previous report.[49] Briefly, tannic acid (20 µL, 2.5 mM),
potassium carbonate (200 µL, 150 mM) and sodium citrate
solution (30 mL, 2.2 mM) were added to a 50 mL flask under
vigorous stirring. The mixture was heated to 70◦C and 100 µL
HAuCl4 (25 mM) was added two times every 10 min inter-

val. The solution then turns pink and naturally cools to room
temperature for continued use.

4.5 Surface modification of csUCNP

The as-synthesized csUCNP was precipitated in 15 mL
ethanol with addition of 112 µL HCl (2 M). After sonication
for 30 min, the csUCNPs were precipitated by centrifuga-
tion and redispersed in 15 mL ethanol. After that, 11.2 µL
HCl (2 M) was added and sonicated for 30 min. Then the
ligand-free csUCNP were collected by high-speed centrifu-
gation. After that, PAA (20 mg) dissolved in NaOH (0.2 M)
was added to the ligand-free csUCNPs. The colloidal solu-
tion was stirred overnight and PAA-csUCNPs were collected
by high-speed centrifugation, followed by three successive
purifications with water. The PAA-csUCNPs were dispersed
in water (1 mL) for storage.

4.6 Conjugation of csUCNP with amino
modified oligos

PAA-csUCNPs (200 µL) was buffer-exchanged in MES
buffer (pH 5, 500 µL). After that, EDC (3 mg) and NHS
(6 mg) were added to the csUCNPs under stirring for 30 min.
Then, 1 nmol of P2 was added to the tube and stirred for
another 2.5 h to ensure complete coupling reaction. The
csUCNPs-P2 was collected by high-speed centrifugation and
washed with water for three times. The csUCNPs-P2 was
then dispersed in water for further use.

4.7 Conjugation of AuNPs with
sulphhydryl oligos

DTT solution (10 µL, 0.1 M) was added to P1 (10 nmol)
for S─S bond cleavage reaction for 1 h. The cleaved P1
was purified and recovered by illustra microspin G-25 col-
umn (GE Healthcare). Then, the AuNPs were modified with
a previously reported instantaneous oligo modification.[30]

The DTT-treated P1 (10 µL) was added to citrate-stabilized
AuNPs (200 µL) with PB buffer (4 µL, 50 mM) and citrate
buffer (pH 3, 10 µL). The mixture was incubated for 5 min
and the AuNPs-P1 was recovered by high-speed centrifu-
gation. The washing step was repeated for three times. The
AuNPs-P1 was dispersed in water (200 µL) for further use.
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