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� Highly sensitive and rapid detection
of spike protein was constructed
based on FRET effect.

� The detection in the NIR region is
sensitive and specific and the
mechanism was illustrated.

� The detection system could satisfy S
protein and nucleocapsid protein
detection simultaneously.
g r a p h i c a l a b s t r a c t

We developed a novel nanosystem composed of UCNPs and Au nanorods for capturing and detecting S
protein based on the Förster resonance energy transfer fluorescence (FRET) effect.
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a b s t r a c t

Here, we firstly introduce a detection system consisting of upconversion nanoparticles (UCNPs) and Au
nanorods (AuNRs) for an ultrasensitive, rapid, quantitative and on-site detection of SARS-CoV-2 spike
(S) protein based on Förster resonance energy transfer (FRET) effect. Briefly, the UCNPs capture the S pro-
tein of lysed SARS-CoV-2 in the swabs and subsequently they are bound with the anti-S antibodies mod-
ified AuNRs, resulting in significant nonradiative transitions from UCNPs (donors) to AuNRs (acceptors) at
480 nm and 800 nm, respectively. Notably, the specific recognition and quantitation of S protein can be
realized in minutes at 800 nm because of the low autofluorescence and high Yb-Tm energy transfer in
upconversion process. Inspiringly, the limit of detection (LOD) of the S protein can reach down to
1.06 fg mL�1, while the recognition of nucleocapsid protein is also comparable with a commercial test
kit in a shorter time (only 5 min). The established strategy is technically superior to those reported
point-of-care biosensors in terms of detection time, cost, and sensitivity, which paves a new avenue
for future on-site rapid viral screening and point-of-care diagnostics.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), is the most sig-
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nificant pandemic around the world today and brought a terrific
threat to human beings [1]. Until now, COVID-19 has undergone
several variations, which infected more than 577 million people
and directly caused 6.40 million deaths globally. The pandemic
remains volatile and is challenging to prevent. Especially, asymp-
tomatic infected individuals of all ages can still transmit the virus
to others[2]. Containment measures including on-site and sensitive
detection of COVID-19 are an urgent key to protecting health and
preventing the spread of the pandemic. The official and gold stan-
dard for detecting SARS-CoV-2 approach is reverse transcription-
polymerase chain reaction (RT-PCR) [3]. However, it takes hours,
and needs expensive agents and equipment, as well as profession-
als. Thus, great attention and efforts have been paid to developing
rapid SARS-CoV-2 detection using various methods[4,5], such as
the enzyme-linked immunoassay method (ELISA), colloidal gold
method[6], optical biosensors[7], and microfluidic detection[8].
The specific proteins (spike protein[9], membrane protein, and
nucleocapsid protein[10]) and protease[11] expressed in SARS-
CoV-2 have emerged as candidate biomarkers, which provide alter-
native approaches for implementing preventive measures. Espe-
cially, the spike (S) proteins have gained considerable interest in
SARS-CoV-2 study owing to their distinct features, including that
they are highly expressed on the surface of SARS-CoV-2 and
responsible for binding as well as entering into the host cells[12].
S proteins are the primary antigens in infection and possess a more
stable protein structure [13]. Therefore, by virtue of the functional
effects and structural importance of S protein in SARS-CoV-2, it is
selected as the optimal target analyte for live COVID-19 detection
in this work.

On the other hand, upconversion nanoparticles (UCNPs) have
the merits of chemically stable, large anti-Stokes shifts, low back-
ground noises, tunable size, and resistance to photobleaching[14–
16], which confer them significant superiority in various biosystem
detection, such as protein, microRNA, DNA, metal ions and bacteria
[17–19]. A novel mechanism of UCNP-based bio-detection system
is the changes in Förster resonance energy transfer (FRET) effi-
ciency caused by the donor (UCNP) and energy acceptor after the
addition of the target analytes[20]. The energy transfer in FRET is
an intermolecular dipole–dipole coupling, i.e., a very close distance
(1–10 nm) from donor to acceptor[7]. And the donor emission
spectra should be overlapped with the absorption spectra of the
acceptor molecule to ensure the non-radiative transition. Thus,
the FRET-based detection is affected by two essential factors, i)
the overlap of absorption spectra of the acceptor and emission
spectra of the donor; ii) the size of the analyst corresponding to
the distance between the donor and acceptor. In particular, the bio-
molecules, polypeptides, and proteins match well with the dis-
tance and thus the UCNP-based luminescence platform has
gained great merits in the detection of biomolecules and live
organisms. Unfortunately, there are currently no reports on
UCNPs-based nanoprobe for the detection of S protein in SARS-
CoV-2.

Inspired by the exclusive optical features of UCNPs and AuNRs.
Here, we developed an ultrarapid, sensitive, and on-site detection
of SARS-CoV-2 S protein based on the FRET effect between UCNPs
and AuNRs. The main advantages of this work include (i) the high
positive UCNPs are capable of capturing the free S protein effi-
ciently, ensuring that the linker between energy excitation donor
and acceptor is short enough to afford resonance between their
excited states. Subsequently they are combined with the anti-
spike antibody functionalized AuNRs (Au-ab), thus resulting in a
high energy transfer efficiency between UCNPs and AuNRs; (ii)
Since conventional UCNPs-based FRET biosensors are potentially
susceptible to interference with the auto-fluorescence and irrele-
vant protein pollutants in the samples in visible region resulting
in false-positive results, the detection peak in the near-infrared
2

(NIR) region (800 nm) in this work illustrates a high and specific
luminescence response with negligible background interference
from the sample because of the low autofluorescence and high
Yb-Tm energy transfer at 800 nm. In particular, the established
assay needs fewer reagents, and it could be completed in minutes
with the limit of detection (LOD) of S protein as low as 1.06 fg mL�1

and normal recognition of nucleocapsid protein (comparable with
commercial test kit). It is promising that the established nanop-
robes could realize the ultrarapid, high sensitivity, and on-site
detection of SARS-CoV-2 surface antigens. More importantly, this
design provides a new way of UCNP-based protein assay, which
can be potentially expanded to the detection of related antigens,
antibodies and proteins.
2. Materials of methods

2.1. Materials

SARS-CoV-2 Spike protein (RBD, His & Avi tag), SARS-CoV-2
Spike S1 antibody were purchased from GeneScript (USA). Ethy-
lene glycol (EG, 99 %), Branched polyethyleneimine (PEI, 25 kDa),
NaCl (99 %), Y(NO3)3�6H2O, Yb(NO3)3�5H2O, Tm(NO3)3�6H2O were
purchased from Aladdin (China) and used as agents without fur-
ther purification.

2.2. Synthesis of NaYF4:Yb/Tm

The UCNPs were fabricated via a typical hydrothermal method
with slightly modification[21]. Briefly, NaCl (1.2 mmol) was firstly
added to 9 mL EG and agitated until a transparent solution formed,
Y(NO3)3�6H2O (0.48 mmol), Yb(NO3)3�5H2O (0.119 mmol), Tm
(NO3)3�6H2O (0.001 mmol), and PEI (0.2 g) was added to the above
solution with fierce stirring for 30 min. NH4F (3.3 mmol) dissolved
in 6 mL EG was added to the mixture and agitated for another
15 min. Then the resulting mixture was transferred to a 20 mL
Teflon-lined autoclave and heated at 190 �C for 2 h. The obtained
UCNPs were separated using acetone as precipitator and collected
by centrifugation, washed with ethanol and DI water for several
times.

2.3. Fabrication of Ligand-free UCNPs

To remove the abundant PEI on the surface of UCNPs, 60 mg
UCNPs were dissolved in 15 mL ethanol with 112 lL HCl (36 wt
%) under sonication for 30 min, then the solution was centrifuged
at 7000 rpm for 5 min to remove the supernatant. The UCNPs were
purified using ethanol and dried for further use[22].

2.4. Preparation of AuNRs

The AuNRs were synthesized using a previous method[23]. Typ-
ically, seed solution and growth solution were fabricated as below,

Seed solution. 1 mL CTAB solution (0.2 M) and 1 mL HAuCl4
solution (0.5 mM), after vigorously stirring, 0.2 mL NaBH4

(0.006 M) was added to the solution and agitated at 1400 rpm
for 2 min, a brownish yellow solution was formed and aged for
30 min for further use.

Growth solution. 0.7 g CTAB (3.7 mM) and 0.1234 g NaOL
(4.7 mM) were dissolved in 25 mL distilled water with vigorously
stirring at 50 �C, the solution was kept at 25 �C after totally disso-
lution. Subsequently, 2.4 mL AgNO3 (4 mM) was added to the
above solution and kept undisturbed for another 15 min. 25 mL
HAuCl4 (1 mM) was added to the mixture, and the solution chan-
ged from golden to colorless at 90 min. Then 0.15 mL concentrated
HCl was added to the solution and agitated slowly for another
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15 min. 0.125 mL ascorbic acid (64 mM) added to the solution and
stirring at 1500 rpm for 30 s. Finally, 40 lL seed solution was
added to the growth solution, and the mixture was stirring vigor-
ously for 30 s and kept still for 12 h at 30 �C. The AuNRs were sep-
arated by centrifuging at 7000 rpm for 30 min.

2.5. Thiolated of anti-SARS-COV19 IgM[24]

0.1 mL of anti-SARS-COV19 Immunoglobulin M (IgM,
0.1 mg mL�1) was dissolved in Buph PBS (0.1 M PBS containing
10 mM EDTA). Subsequently, 5 lL DTT (1 M) in Buph PBS were
added to the above solution and stirring at 37 �C for 2 h. To remove
the abundant DTT, the solution was flushed the Nap-5 column[25].

2.6. Functionalization of AuNRs with thiolated antibodies

Briefly, 10, 50, and 100 lL of thiolated anti-SARS-COV19 IgM
(100 lg/mL) was added dropwise to 1 mL of AuNR solution, respec-
tively. In detail, there was � 1.2 � 10 11 antibodies in every 10 lL
antibody, and the concentration of AuNRs is calculated to
be � 1 � 10 11 in the reaction solution. After stirring for 30 min,
150 lL Methoxy-PEG-SH (PEG-SH) (1 M) was added by drop to
the above solution and kept stirring for 2 h at room temperature,
the excess PEG-SH was removed by centrifugation colloidal solu-
tion after 5 min of GNRs and anti-IgG incubation at room temper-
ature with stirring, which was then kept for 2 h. The optimal
concentration of IgM modified Au-IgG NPs were selected by the
sensitivity.

2.7. The UCL quenching

B-UCNPs were firstly incubated with S protein of different con-
centrations (0, 2, 4, 8, 16, 32, 100, 1000 fg mL�1), and Au-ab NRs
were added to the solutions and incubated for different time inter-
vals (5, 30, 60, 90 min), the photoluminescence spectra were
recorded using Edinburgh analytical instrument under 980 nm
laser excitation. The photoluminescence intensity was repeated
for 3 individual experiments at each concentration.

The UCL quenching efficiency was calculated as below,

Qe% ¼ 100� Qs

Qc
� 100 ð1Þ

where Qs and Qc are the upconversion luminescence of sam-
ples + UCNP and UCNP.

2.8. Sample detection

Different concentrations of S protein (1, 2, 4, 8, 16 fg mL�1) were
added to simulant saliva and swab, respectively. After lysis for
2 min, the samples were tested using the fabricated UCNP-Au
nanoprobes. The results were compared with the standard curve.
The Qe was calculated as equation (1).

The detection of limit (LOD) was calculated as below:

LOD ¼3Sa
b

ð2Þ

Where Sa is the standard deviation of the response and b is the
slope of the calibration curve.[26].

2.9. The effect of interferants in detection

PBS, lysis buffer, ddH2O and swabs added to the nanosystem to
evaluate their effect on the detection system, their emission wave-
length from 450 to 850 nm was measured using FLSP920 Edin-
burgh analytical instrument. In addition, gradient concentrations
of human serum albumin (HSA) (0.1, 0.2, 0.4, 0.8, 1.6 mg mL�1)
3

and sialic acid (SA) (0.1, 0.2, 0.4, 0.8, 1.6 mg mL�1) were also added
to the detection system, respectively, and their emission wave-
length were recorded. The photoluminescence intensity at
480 nm and 800 nm was averaged by the data repeated for five
times.

2.10. Detection of S protein in swab

Different concentrations (1, 2, 4, 8, 16 fg mL�1) of S protein were
added to swabs, their emission wavelength were recorded and the
Qe at 480 nm and 800 nm were calculated respectively. In blind
samples, 2.5, 3.0, 4.5, 5.0, 6.0, 7.5, 8.0, 10.5, and12 fg S protein were
added randomly to the swabs, and the samples were detected at
800 nm to calculate their contents.

2.11. Detection of nucleocapsid protein

Gradient concentrations (6.25, 12.5, 25, 50, 100 pg mL�1) of
nucleocapsid protein were tested in the nanosystems, their Qe at
480 nm and 800 nm were calculated. In addition, 200 lL 25, 50,
100 pg mL�1 and 1 ng mL�1 nucleocapsid protein were also tested
using the commercial kits (COVID-19 Ag Test Kit), which work as
reference.
3. Results and discussions

3.1. Design of FRET-based S protein detection nanoprobe

The design and scheme of the detection is illustrated in
Scheme 1, in which AuNR-UCNP assemblies are designed to detect
S protein with ultralow LOD (1.06 fg mL�1). The formed core-
satellite geometric structure of AuNR-UCNP assemblies makes
the ultrasensitive detection possible because of the quick combina-
tion of UCNPs and AuNRs and the strong resonance between the
excited states of UCNPs and AuNRs. Briefly, the swabs containing
SARS-CoV-2 are lysed in lysis buffer, the mixture containing nega-
tive S protein is firstly co-cultured with the bare UCNPs (B-UCNP,
with high positive potential), and a protein ‘‘corona” is formed
on the surface of B-UCNPs due to the electrostatic attraction. Sub-
sequently, the B-UCNPs with S protein are specifically attached to
the Au-ab NRs, forming an orderly rearrangement of B-UNCPs
around Au-ab NRs. Thus, an enhanced and concentration-
dependent FRET process between UCNPs and AuNRs occurs, which
induces a significant fluorescence quenching of UCNPs. Moreover,
the acid-treated UCNPs may cause a redistribution of Tm on the
surface of UCNPs[27] and exhibit high FRET efficiency, leading to
ultra-sensitive detection of S protein.

3.2. Characterizations of UCNPs and AuNRs

The monodisperse NaYF4:Yb/Tm NPs were synthesized by a
one-step hydrothermal method. Branched PEI was employed as
ligand and surfactant to control the size, growth, and photolumi-
nescence (PL) of the UCNPs[18]. As could be seen in Fig. 1, the
PEI-NaYF4:Yb/Tm NPs exhibit excellent water dispersity, with an
average size of 30 ± 2 nm. X-ray diffraction (XRD) spectrum in
Fig. S1 illustrates that the peaks in PEI-NaYF4:Yb/Tm correspond
well with the standard cubic NaYF4 NPs (JCPDS 77-2042). More-
over, the high-resolution STEM image (Fig. 1b) is in accordance
with the (111) main plane of XRD results, confirming the cubic
structure of PEI-NaYF4:Yb/Tm. Elemental mapping (Fig. 1c) further
illustrates the elemental compositions of Y, Yb, and Tm in UCNPs.
The PEI on the surface endows the UCNPs with high dispersity
and zeta potential (+37 mV, Fig. S2). On the other hand, the pre-
pared UCNPs with PEI coatings may reduce those emitting ions



Scheme 1. Schematic illustration of ultrarapid S protein detection using UCNP and AuNR system. The S protein is firstly attached to the surface of UCNPs due to high
electrostatic attraction and then captured by the Au-ab NRs. Thus, an energy transfer from donor to acceptor will be occurred, and this FRET effect induces a significant
decrease in upconversion luminescence.

Fig. 1. Characterization of NaYF4:Yb/Tm and AuNRs. a. TEM image of NaYF4:Yb/Tm NPs. b. HRTEM image of NaYF4:Yb/Tm. c. STEM image and Na, F, Y, Yb and Tm mapping
of the NPs. d. Fluorescence spectrum of UCNP and absorption spectrum of AuNRs. The emission spectrum of UCNP overlaps well with the absorption spectrum of AuNRs,
illustrating a promising FRET effect. The absorption spectrum was normalized at 850 nm. The upconversion luminescence spectrum was normalized at 480 nm. e. TEM image
of AuNRs. f. TEM image of core-satellite structure of AuNRs and UCNPs after addition of target (S protein).
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near the surface of NPs and enlarge the distance between donors
and acceptors, thus finally limiting the FRET efficiency. Typically,
PEI on the surface of UCNPs efficiently enhance their hydrophilic
radius[28]. PEI is estimated to be above 100 nm in its free state
[29]. Here, we treated PEI-UCNPs with HCl to remove PEI ligand
on the surface and the bare UCNPs were prepared, termed as B-
UCNPs. Notably, the average sizes measured by dynamic light scat-
tering (DLS) decrease from 45 nm to 30 nm (Fig. S2). The dispersity
and crystal form (XRD pattern) of the B-UCNPs remains the same
as the original PEI-UCNPs (Fig. S1). Meanwhile, the zeta potential
increases to 60 mV (Fig. S3) after acid treatment and a more stable
solution is formed. Fourier transform infrared spectroscopy (FTIR)
results further confirms the successful removal of PEI on the sur-
face of B-UCNPs (Fig. S4). Thus, most emitting ions are inclined
to appear near the surface of the UCNPs and the donors are close
to the acceptors. In addition, there is no extra modification on
the surface of B-UCNPs, i.e., the donor-to-acceptor distance is min-
imum (Fig. S2)[30]. Upon the excitation under 980 nm laser, the B-
UCNPs exhibited typical Tm3+ emission peaks (Fig. 1 d), the emis-
sions at 480 nm and 650 nm are attributed to the energy transi-
tions from 1G4 to 3H6 and 1G4 to 3F4, respectively. And the
emission at 800 nm is arisen from the energy transition from 3H4

to 3H6[31]. These main peaks are attributed to blue, red and NIR
emissions, which correspond well to the absorption spectra of
AuNRs (Fig. 1d). In addition, there is a negligible decrease in upcon-
version luminescence (UCL) after the removal of PEI ligand
(Fig. S5), which is superior to the similar operation on OA-UCNPs
[32].

Simultaneously, AuNRs with a length of 78 ± 2 nm and width of
15.5 nm, and the aspect ratio of 5.03 were precisely synthesized
(Fig. 1e), the longitudinal absorption of the AuNR is centered at
965 nm (Fig. S6), the absorption spectra overlap well with the
emission spectra of the UCNPs (480 nm, 800 nm) and the excita-
tion light (Fig. 1d). Here, AuNRs exhibited a high zeta potential
(+38 mV) because of the hexadecyl trimethyl ammonium bromide
(CTAB) ligand on their surface (Fig. S2).
3.3. FRET-based spike protein detection

Before further optimization, we firstly test the validity and
accuracy of the nanoprobes. AuNRs were modified with thiolated
anti-spike antibody (i.e. human IgM in this case) and further
blocked with SH-PEG. Here, the covalent bond of antibody and
PEG on the surface of AuNRs is stronger than the ionic bond of
CTAB. The successful modification is verified by UV–vis (Fig. S6),
the additional absorption peak at 260 nm confirms the successful
conjunction of antibodies on the surface of AuNRs. Correspond-
ingly, the zeta potential decrease from 32.8 mV to 10 mV after
modification of antibody and PEG (Fig. S2). The positive zeta poten-
tial keeps the stabilization of Au-ab solution as well as maintains a
certain distance from the high positive UCNPs (Fig. S2), ensuring
the stability and specificity of the detection system. Notably,
AuNR-UCNP satellite structures are formed after addition of S pro-
tein (Fig. 1 e). Interestingly, the average distance from UCNP to
AuNRs is estimated to be 3.03 ± 0.23 nm according to the TEM
images taken from randomly selected locations. It is worth stress-
ing that, the length of S protein at UCNP terminal and antibody at
Au surface is larger than the distance in the TEM image because of
that their distance has been largely decreased from the dry state-
characteristic and the hybridization of antigen–antibody effect in
TEM image [33]. In a control group with only AuNRs bearing free
antibody, no assemblies of Au-UCNP were formed, the UCNPs
and AuNRs are in a far distance (>10 nm) and this random distribu-
tion is due to the electrostatic repulsive and capillary forces as well
(Fig. S7).
5

As shown in Fig. 2a, S protein was firstly incubated with B-
UCNPs, then Au-ab NRs were added to the solution and AuNR-
UCNP clusters were formed via antigen–antibody reaction, result-
ing in a close distance between UCNPs and Au-ab NRs, which leads
to the decrease of UCL due to FRET effect. The strong absorption at
980 nm of AuNRs results in the decreased energy and reverse
energy transfer to UCNPs, thus finally quenching the luminescence
of UCNPs[34] (Fig. 2b). After addition of the target S protein, a
specific capture and conjugation of B-UCNP and Au-ab NRs were
established, the distance between AuNRs and B-UCNPs decreases
significantly via the hybridization of antigen and antibody, which
further induce a dramatic UCL quenching at the characteristic
emission peaks (Fig. 2b). The energy transfer (ET) efficiency can
be expressed as:

ET¼ Ic-Is
Ic

ð3Þ

Ic and Is are the UCL intensities of UCNP and UCNP + AuNRs,
respectively.

The ET transfer efficiency (0.51) from UCNP to AuNRs at 800 nm
is higher than that (0.45) at 480 nm. In addition, the contribution of
Au-ab NRs and S protein in FRET has also been studied using the
changes in decay time. As shown in Fig. 2 c and d, there is negligi-
ble changes of decay time after adding Au-ab NRs to the B-UCNP
nanosystem, illustrating non-FRET effect and reabsorption effect
in this process. Interestingly, the decay curves of B-UCNPs, B-
UCNPs + Au-abs, and B-UCNPs + S + Au-abs at 480 nm are shown
in Fig. 2c, the lifetime is reduced from 0.370 ms to 0.212 ms[35]
followed by adding S protein in the nanoprobes, and the phenom-
ena is particularly obvious at 800 nm (Fig. 2d), with a lifetime of
0.559 ms and 0.195 ms. Both the decreased UCL intensity and
shortened lifetime prove the close distance between the donors
and acceptors, and this further induces a strong nonradiative
energy transfer from UCNPs to acceptors, which was in accordance
with the TEM result (Fig. 1c) and previous studies[32,36]. Notably,
the UCNP-AuNR nanoprobes exhibited a more dramatically
decreased in decay time and higher ET transfer efficiency after
addition of S protein at 800 nm compared with 480 nm, illustrating
a highly specific and sensitive recognition of target at NIR region.

3.4. Optimization of the detection sensitivity

Antibody amounts on AuNRs and incubation time are two key
factors that could affect overall S protein test performance. Firstly,
different antibody loading volumes on AuNRs were optimized with
the same incubation time (5 min). As shown in Fig. 3, AuNRs with
different loading contents of antibody give rise to the observed
concentration-dependent responsiveness of S protein, and the
UCL intensities at 450–500 nm and 750–850 nm decreased with
the increase of S contents because of the FRET effect. The UCL
quenching is evident to show a high S protein concentration-
dependence among all groups. Fig. 3a, b show no obvious linear
trend between S protein and quenching efficiency because of fewer
antibodies on the AuNRs (�1 antibody on AuNR). When the con-
centration of antibodies on AuNRs increased, the system exhibited
high sensitivity toward S protein with a linear relationship against
the mass or logarithmic (log) mass between the concentrations
from 2 fg mL�1 to 32 fg mL�1 (Fig. 3 c - f). Notably, when 50 lL
100 lg mL�1 of antibody (�6 � 10 11) is used, each AuNR bares
about 5–6 antibodies (�1 � 10 11 AuNRs in the nanoprobe)[37],
the group showed the highest sensitivity in 800 nm among all
groups with a LOD of 1.06 fg mL�1. The detection results are repro-
ducible and the LOD is calculated by the standard error in response
divided by the slope of the linear fitting. When the number of ab on
each AuNR reaches up to 8–10, the maximum quenching efficiency
reaches 50 %, however, there was no improvement on LOD



Fig. 2. FRET-based detection of S protein. a. Work flow of ultra-rapid detection of S protein using UCNP and AuNR based biosensors. b. UCL changes after addition of Au-ab
NRs, and Au-ab NRs with S protein (1 ng mL�1). Lifetime changes after addition of Au-ab NRs, and Au-ab NRs with S protein at c. 480 nm, and d. 800 nm. The marked lifetime
is determined by fitting the PL decay with a single exponential function.

L. Li, M. Song, X. Lao et al. Materials & Design 223 (2022) 111263
(1.13 fg mL�1 at 800 nm). Thus, 5–6 abs were selected as the opti-
mal concentration and this group is selected for the next study.
Notably, the detection of S protein at 800 nm (LOD = 1.06 fg mL�1)
illustrates a higher sensitivity compared to the detection capability
at 480 nm (LOD = 2.68 fg mL�1). The ET at 800 nm is 0.40 with the S
protein of 32 fg mL�1, which is higher than that at 480 nm
(ET = 0.38) under identical condition. Therefore, low background,
non-autofluorescence, high ET transfer efficiency and ultra-
sensitivity endow the incomparable merits for S protein detection
at the NIR region. The UCL changes at 650 nm have also been inves-
tigated, further studies in this region are excluded due to the weak
and irregular changes. In addition, we also assess the effectiveness
of B-UCNP and Au system on S protein detection, there are no obvi-
ous changes of UCL intensity after addition of different concentra-
tions of S protein (Fig. S8), which are consistent with the above
TEM image (Fig. S7). Therefore, the proper antibodies on AuNRs
and selected detection region can improve the sensitivity and
enhance the FRET effect9.

The incubation time is highly related to the convenience and
practicability of real sample detection, here, we optimized the
incubation time with 5 min (data in Fig. 3), 30 min, 60 min and
90 min. The results are shown in Fig. 4, there are significant UCL
quenching measured in the wavelength of 480 nm and 800 nm
after addition of S protein at all incubation intervals. Importantly,
the sensing S protein enjoys a linear response with the UCL
quenching at 800 nm emission from 1 fg mL�1 to 16 fg mL�1 at
all time intervals. Briefly, the relationship between quenching effi-
ciency and concentration is shown in the inset of Fig. 4 b after incu-
bation for 30 min, fitted as y = 22.75log10x + 2.927. When
incubated for 60 min, the quenching efficiency exhibits an excel-
6

lent linear response to S protein concentration (1–16 fg mL�1) at
480 nm and 800 nm, the linear relationships are depicted as
y = 53.37log10x + 16.8 and y = 43.65log10x � 0.06 at 480 nm and
800 nm, respectively. When the cocultured time increase to
90 min, conjugating S protein shows dramatical influence on UCL
quenching, the UCL quenching efficiency is able to reach up to
95 % and 87 % at 480 nm and 800 nm, respectively. In addition,
the quenching efficiency soon reach the upper at 480 nm after
co-cultured for 90 min with 4 fg mL�1 of S protein. By contrast,
there is still an unsaturated magnitude at 800 nm at 100 fg mL�1,
which means a wide detection range of S protein in NIR region. The
results further illustrate the reliability and feasibility of S protein
detection at 800 nm. PEI-UCNPs have also been applied as biosen-
sors under the similar condition for comparison. At the optimized
condition (90 min, 5 � 6 antibodies on AuNRs), the quenching effi-
ciency on PEI-UCNP is significantly lower than B-UCNPs and the
sensitivity is dramatically reduced (Fig. S9). The result further
demonstrates the merits of B-UCNPs in S detection. And the main
reasons may be that more Ln3+ ions are apt to occupy on the sur-
face of the particles during the HCl treated process, thus resulting
in an efficient FRET. By contrast, PEI-UCNPs exhibit a low detection
sensitivity since they produce luminescence through non-
proximity-based re-absorptive energy transfer[38]. It is known
that the FRET efficiency is highly dependent on the distance
between donors and acceptors[39].

Moreover, viral loads range from �101 � 104 viral copies per lL,
translating to �0.005–5 pM S RBD[40]. 1 mL of S1 protein
(10 fg mL�1) corresponds approximately to 1500 viral protein
molecules. Remarkably, there is a linear response of S protein from
1 fg mL�1 to 16 fg mL�1, and a high concentration at 100 fg mL�1



Fig. 3. Optimization of antibody concentrations on AuNRs. UCL spectra of UCNP-Au-abs with a. 1 ablod after addition of gradient concentrations of S protein. Quenching
efficiency of Au-abs with b. 1 ab, d 5–6 abs, and f. 8–10 abs on B-UCNPs after addition of gradient concentrations of S protein, the results were calculated from a, c and e,
respectively.
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will cause above 85 % of UCL quenching after co-cultured 90 min at
800 nm. The detected process was repeated for several times and
the LOD was calculated as 0.68 fg mL�1 after 90 min incubation.
Therefore, the lowest detectable concentration at the optimized
condition was 0.68 fg mL�1, corresponding to 102 copies of virus.
The obtained LOD from our biosensor is much superior to those
previously reported carbon nanotubes or graphene-based biosens-
ing platforms for S protein detection[41]. Here, the B-UCNPs with
high zeta potential act as both captors and donor in FRET. They
7

capture the free protein in the solution and thus induce a signifi-
cant improvement in LOD. Table S1 is a comparison between our
developed UCNPs-AuNR nanoprobes and other techniques
reported so far. Although 980 nm laser diode is essentially utilized
in our detection, the NIR laser diode has become portable and
cheap nowadays which would facilitate the point-of-care diagnos-
tics. Apparently, our detection exhibited superior advantages com-
pared to most established methods in terms of LOD, consuming
time and costs.



Fig. 4. The effect of incubation time on the detection sensitivity. UCL intensity changes after addition of gradient S protein co-cultured with UCNP-Au abs for a. 30 min; c.
60 min; e. 90 min. Quenching efficiency of UCNP-Au-abs nanosystems after co-cultured with different concentrations of S protein for b. 30 min, d. 60 min, f. 90 min, the
results were calculated from a, c and e. The insets are linear/sigmoidal responses of S protein from 1 to 16 fg mL�1.
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3.5. The performance of detection under different matrix interference

In principle, the fluorescence-based detection may interfere
with various factors, such as buffer, interferents, impurities and
various proteins in body fluid in practical applications. It is essen-
tial to evaluate the selectivity of the target S spike. As shown in
8

Fig. 5, high concentrations of human serum albumin (HSA) and sia-
lic acid (SA) were added to the detection system (Fig. 5 a, c), they
have dramatic influences on the UCL at 480 nm. However, there
is a negligible effect on the UCL at 800 nm, illustrating a high sta-
bility and reliability in this detection region (Fig. 5 b, d). In addi-
tion, we also evaluate the effect of buffers such as lysate and



Fig. 5. The UCL changes after incubation with different concentrations of a. HSA (0.1, 0.2, 0.4, 0.8, 1.6 mg mL�1), c. SA (0.1, 0.2, 0.4, 0.8, 1.6 mg mL�1), e. different buffer
solutions and g. N protein (6.25, 12.5. 25, 50, 100 pg mL�1). The quenching efficiency of b. HSA, d. SA, f. different buffer solutions and g. N protein, the results are calculated
from a, c, e, g. The data in the red rectangle of h illustrate the steady detection of N protein from 50 to 100 pg mL�1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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swabs on the UCL, as expected, swabs and lysis have negligible
effect on the detection (Fig. 5 e, f). The selectivity via nucleocapsid
(N) protein was also assessed, there is negligible changes from 6.25
to 50 pg mL�1 at 800 nm. When the concentration of N protein
reaches 50 and 100 pg mL�1, a significant UCL decrease could be
detected at both 480 nm and 800 nm, which is highlighted by a
red rectangle in Fig. 5 g, h. This is because the antibody here has
an affinity for N protein. We further compare the N protein detec-
tion with commercial test kit, a very shallow test line could be
found with 100 pg mL�1 N protein in the test strip. Our nanoprobes
illustrate a competitive detection method compared with commer-
Fig. 6. Power dependence study of NaYF4:Yb/Tm UCNPs. a. The power dependency of U
ln (pump power) plots at 480 nm and 800 nm, the blue line and red line represents 48
process in the UPCNs under 980 nm excitation. (For interpretation of the references to c
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cial test kits (Fig. S10). Given the growing need for testing, our find-
ings provide support for the high sensitivity detection of S protein
and normal detection of N protein, illustrating higher advances
than most established method.

3.6. Mechanism of 800 nm detection

To investigate the mechanism of the stable property of detec-
tion at the NIR region (800 nm), we study the power dependency
of Tm3+ and Yb3+ co-doped UCNPs. Three-dimensional spectra of
Tm3+ in the blue region (460–500 nm), the red region (640–
CNPs under 980 nm excitation from 100 mw to 1000 mw. b. The ln (intensity) versus
0 nm and 800 nm, respectively. C. Mechanism of the Tm3+ and Yb3+ upconversion
olour in this figure legend, the reader is referred to the web version of this article.)



Fig. 7. Detection of S protein in swabs. a. UCL intensity changes with gradient S protein in swabs. b. The corresponding UCL quenching efficiency from a. The detection
process was finished in 5 min with the optimal antibody concentration on AuNRs.
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670 nm) and the NIR region (760–830 nm) with different pump
power from 100 mW to 1000 mW is shown in Fig. 6a, the emission
intensity varies with the pump power, and the increasing trend is
different in blue region and NIR region. The three energy transi-
tions of 1G4 to 3H6, 1G4 to 3F4, and 3H4 to 3H6 are corresponding
with the emission at 480 nm, red 650 nm and 800 nm (Fig. 6b),
respectively. Briefly, ground-state absorption (GSA), excited-state
absorption (ESA), energy transfer (ET), and non-radiative relax-
ation (NR) mainly participate in the upconversion process. For
NIR emission in Tm3+ and Yb3+ co-doped nanocrystals, Yb3+ ions
are firstly pumped from ground state level 2F7/2 to 2F5/2 under
980 nm laser, and then transmit to 3H5 level in Tm3+ ions through
the ET process, and then back to 3F4, after an ESA process (3F4 to
3F2) and NR (3F2 to 3H4) process, NIR emission of 800 nm was hap-
pened because of the radiative relaxation from 3H4 to 3H6. A total of
5 processes participated in the NIR emission. While for the blue
emission process, more complex processes happened, an addi-
tional ESA process from excited state 3H4 to 1G4 is needed to ensure
the blue emission from 1G4 to the ground state 3H6 (Fig. 6b). Typ-
ically, the relationship between pump power (P) and the emission
intensity (I) is P / In[42,43], where n is the number of photons in
the upconversion process. As can be seen in Fig. 6 c, the probability
of energy transfer in the NIR region (3H4 to 3H6) is higher than in
the blue region (1G4 to 3H6), i.e., the emission at the NIR region
plays a dominant role in this upconversion process. Here, 200
mW power was applied to the detection process to ensure sensitiv-
ity and avoid the thermal effect. Thus, the emission in the NIR
region is steadier than the blue region.

3.7. Detection of S protein in swabs

The collection of saliva samples by patients themselves allevi-
ates demands for supplies of swabs and personal protective equip-
ment. Here, to mimic the clinical detection, we test the S protein in
swabs. As shown in Fig. 7 a, b, there is a linear response to different
concentration of S protein at 800 nm. By contrast, the response at
480 nm is random and disorganized. Moreover, 10 samples with
blind and random concentrations of S protein have further tested
for 5 consecutive times, the recoveries and variations (CV%) were
shown in Table S2, the recovery rate is between 80 % � 120 %,
and the CV% is below 20 %, illustrating the reliability of the detec-
tion. Therefore, by virtue of the intriguing merits of high stability,
non-autofluorescence and low sample interferents, it is important
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to note that the detection sensitivity and accuracy are highly
dependent on the NIR emission (800 nm) of UCNPs.
4. Conclusions

In summary, we have fabricated a rapid and ultrasensitive
FRET-based AuNR-UCNP nanoprobes for spike protein detection.
In this work, the B-UCNPs work as captors and donors and AuNRs
modified with anti-S antibodies as acceptors. The dedicatedly
designed overlap between NaYF4: Yb/Tm and AuNRs reduces the
signal-to-noise ratio and improves the sensitivity of the analysis
and the limit of detection (LOD). The whole detection process
can be completed in minutes after the addition of S protein, with
the limit of detection (LOD) 1.06 fg mL�1 (�150 copies mL�1).
The linear detection range is from 2 fg mL�1 to 32 fg mL�1. In addi-
tion, this nano biosensing system shows no cross-reactivity to HSA,
SA and lysis buffer in the NIR detection (800 nm) band, and we
have also illustrated the possible mechanism of the stable property
at 800 nm using power-dependency study. Moreover, the nanop-
robes show competitive N protein detection capability, which is
comparable with commercial test kit. Importantly, the formed
AuNR-UCNP core-satellite structure dramatically increased the
detection sensitivity. The developed point-of-care diagnostic
method based on FRET effect of UCNPs and Au-NRs is capable of
detecting COVID-19 virus timely and conveniently, which shed
new light on the rapid test and control of the spread of COVID-
19. More importantly, this design can be potentially expanded to
sensing other related antigen, antibody and protein.
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