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ABSTRACT

The global pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus has necessitated rapid,
easy-to-use, and accurate diagnostic methods to monitor the virus infection. Herein, a ratiometric fluorescence enzyme-linked
immunosorbent assay (ELISA) was developed using Si-fluorescein isothiocyanate nanoparticles (FITC NPs) for detecting SARS-
CoV-2 nucleocapsid (N) protein. Si-FITC NPs were prepared by a one-pot hydrothermal method using 3-aminopropyl
triethoxysilane (APTES)-FITC as the Si source. This method did not need post-modification and avoided the reduction in
quantum vyield and stability. The p-nitrophenyl (pNP) produced by the alkaline phosphatase (ALP)-mediated hydrolysis of p-
nitrophenyl phosphate (pNPP) could quench Si fluorescence in Si-FITC NPs via the inner filter effect. In ELISA, an
immunocomplex was formed by the recognition of capture antibody/N protein/reporter antibody. ALP-linked secondary antibody
bound to the reporter antibody and induced pNPP hydrolysis to specifically quench Si fluorescence in Si-FITC NPs. The change
in fluorescence intensity ratio could be used for detecting N protein, with a wide linearity range (0.01-10.0 and 50-300 ng/mL)
and low detection limit (0.002 ng/mL). The concentration of spiked SARS-CoV-2 N protein could be determined accurately in
human serum. Moreover, this proposed method can accurately distinguish coronavirus disease 2019 (COVID-19) and non-
COVID-19 patient samples. Therefore, this simple, sensitive, and accurate method can be applied for the early diagnosis of
SARS-CoV-2 virus infection.
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interaction [11], covalent coupling [12], or metal-ligand
interaction [13]. The electrostatic interaction method is simple,
but its reproducibility is poor due to weak binding forces. The
covalent coupling method is stable, but the fluorescence properties
of the probe interfere with the coupling process. The metal-ligand
interaction method is simple and stable, and has little influence on
the probe [13]. While it seems an ideal choice for the construction
of ratiometric fluorescent probes, the method can only be used to
prepare metal nanoparticles [14]. The amino groups on the
surface of Si NPs facilitate conjugation with biological molecules,
such as nucleic acids, enzymes, and antibodies. Rhodamine B 5-

1 Introduction

In the past two decades, the development of luminescent
nanoparticles for biological applications has been a major research
focus [1,2]. Fluorescent silicon nanoparticles (Si NPs) have
become popular in optical applications because of their high
quantum yield [3,4], excellent stability [5], and low/non-toxicity
[6]. Si NPs have been mainly used in various biosensors. Han et al.
developed an exosome probe based on Si NPs to distinguish
between normal and metastatic sentinel lymph nodes [7].
However, single-emission biosensors are vulnerable to the
environment, probe concentration, and instrument [8].

Ratiometric fluorescent probes were specifically developed to
overcome these shortcomings. In these probes, one signal is used
as the reference and the other reacts with the analyte [9, 10]. These
ratiometric fluorescent probes can be prepared by electrostatic

isothiocyanate was coupled with Si NPs to construct a ratiometric
fluorescence probe for pH imaging in living cells [15]. However,
this method would lead to the reduction of quantum yield and
stability during the coupling process. A simple and effective
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method for the construction of ratiometric fluorescent probes
based on Si NPs remains to be identified.

Inner filter effect (IFE) is a phenomenon in the field of
spectrofluorometry that refers to the absorption light of excitation
and/or emission light of fluorophores by absorbers [16]. IFE
provides a simple approach to design fluorescence sensors and is
widely used in the development of biosensors [17] because it does
not require any interaction between fluorophores and quenchers
or complex modification of probes [18]. IFE-based sensors are
mostly based on single-channel fluorescence change and are
vulnerable to various concentration-related or physiological
factors [19]. Ratiometric fluorescence probes can overcome these
problems, however, the fluorescence intensity of probes in two
peaks both reduced due to the excitation absorbed by the
absorber, which challenges the construction of an IFE-based
ratiometric system. Li et al. developed a ratiometric fluorescent
platform for the detection of phosphate ions through the IFE-
based oxidation of o-phenylenediamine by Fe-Zr bi-metal-organic
framework [20]. Most of these methods based on the IFE
quenching of probes by generating new fluorophores, require
sophisticated design and are limited by the choice of probe-
absorber pairs. There is a need to develop ratiometric fluorescence
probes that are suitable for direct application in IFE-based sensors.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is a fatal virus that led to coronavirus disease 2019 (COVID-19)
and has caused millions of deaths [21]. Given the magnitude of
the pandemic, it is of great significance to develop novel methods
for detecting SARS-CoV-2 [22]. Current methods for the
diagnosis of SARS-CoV-2 can be broadly divided into three
categories: nucleic acid detection, antibody detection, and antigen
detection. Real-time reverse transcription polymerase chain
reaction (RT-PCR) has been used widely as gold standard for
SARS-CoV-2 diagnosis [23]. However, false positive results of
nucleic acid detection may occur due to different factors, such as
patient sampling quality, viral load, and cross contamination of
amplification products [24]. Methods based on antigen-antibody
detection are easier to operate. Reliable serological tests can
provide more evidence about SARS-CoV-2 infection, and SARS-
CoV-2 specific IgG and IgM have been used as evidence for
COVID-19 diagnosis [25]. However, it is noteworthy that IgM
and IgG positivity rate is low in the first week after symptom
onset, and the diagnosis cannot be made directly by serological
testing. Antigen detection is a reliable and convenient method for
the diagnosis of SARS-CoV-2.

In this study, a ratiometric fluorescence immunoassay was
developed based on Si-fluorescein isothiocyanate (FITC) NPs for
detecting SARS-CoV-2 nucleocapsid (N) protein. Si-FITC NPs
were prepared by a one-pot hydrothermal method without post-
modification and purification, which well protected the luminous
efficiency and stability. Synchronous fluorescence analysis was
used to construct the IFE-based ratiometric sensor. The spectrum
was composed of fluorescence intensity and corresponding
excitation/emission wavelength by synchronously scanning the
wavelengths of excitation and emission monochromators [26].
Two obvious fluorescence peaks, one of Si at 381 nm and the
other of FITC at 489 nm, were observed in the synchronous
fluorescence spectra of Si-FITC NPs. Alkaline phosphatase (ALP)
catalyzed the hydrolysis of p-nitrophenyl phosphate (pNPP) to p-
nitrophenyl (pNP) [27]. The absorption spectrum of the
hydrolysate overlapped well with the excitation spectrum of Si,
specifically reducing its fluorescence. The change in the
fluorescence intensity ratio of Si-FITC NPs was directly related to
ALP activity. ALP, as a labeled enzyme in enzyme-linked
immunosorbent assay (ELISA) [28], mediated the detection of
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SARS-CoV-2 N protein. The detection of N protein exhibited a
linearity range of 0.01-10.0 and 50-300 ng/mL, and the detection
limit was 0.002 ng/mL. The concentration of N protein spiked in
human serum could also be determined accurately. Therefore, the
novel ELISA method with good sensitivity, selectivity, and
accuracy proposed in this study could be applied clinically for the
diagnosis of SARS-CoV-2 virus infection.

2 Experimental

2.1 Chemicals and materials

FITC isomer, sodium citrate tribasicdihydrate, 3-aminopropyl
triethoxysilane (APTES), dimethyl sulfoxide (DMSO), trizma
hydrochloride (Tris-HCI), glutamic acid, threonine, serine,
proline, tyrosine, CaCl,, KCl, Zn(Ac),, and MgCl, were purchased
from Sigma. FeSO, and MnSO, were purchased from Sinopharm
Chemical Reagent Co., Ltd. NH,Cl was provided by Xilong
Chemical Co., Ltd. CuCl, was purchased from Alfa Aesar. FeCl,
was purchased from ACROS Organics. SARS-CoV-2
nucleocapsid-His recombinant protein, mouse anti-SARS-CoV-2
nucleocapsid mAb, rabbit anti-SARS-CoV-2 nucleocapsid mAb,
and SARS-CoV-2 N protein ELISA kit were purchased from Sino
Biological. Biotinylated goat anti-rabbit antibody was provided by
Beyotime Biotechnology. Alkaline phosphatase was purchased
from New England Biolabs. Alkaline phosphatase-conjugated
streptavidin  (SA-ALP) was provided by Beijing Bioss
Biotechnology Co., Ltd. Disodium pNPP was provided by
Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2 Instruments and characterization

Time-resolved fluorescence spectra were recorded by the
Edinburgh FLS1000 (Edinburgh Instruments). Fourier transform
infrared (FT-IR) spectra were performed on the IRAffinity-1s
spectrometer (Shimadzu). X-ray photoelectron spectroscopy
(XPS) was obtained on the K-Alpha spectrometer (Thermo
Scientific). Synchronous fluorescence spectra were tested using the
F-7100 FL spectrophotometer. X-ray diffraction (XRD) spectra
were obtained on the Ultima IV XRD system (Rigaku).
Ultraviolet-visible (UV-vis) absorption spectra were recorded by
Agilent (Cary 3500). Transmission electron microscopy (TEM)
images were recorded by the JEM 2100 microscope (JEOL Ltd.).

2.3 Synthesis of Si-FITC NPs

APTES-FITC was obtained by dissolving 0.404 g FITC in 5 mL
ethanol in a flask and adding 0.2 mL APTES into the above flask
to react with FITC under dark and oxygen-free conditions for
20 h. Si-FITC NPs were prepared by a one-pot hydrothermal
method, in which 0.184 g trisodium citrate was dissolved in 4 mL
deionized water, and 1 mL APTES and 0.1 mL APTES-FITC were
added to the above solution. The reaction solution was stirred for
10 min, transferred to a Teflon-lined stainless-steel autoclave, and
reacted at 200 °C for 2 h. After that, the reaction product was
purified with acetonitrile. The reaction product was mixed with
acetonitrile in a volume ratio of 1:4 and centrifuged at 8,000 rpm
for 15 min. The centrifugation and washing step were repeated
twice, and the product thus obtained was vacuum-dried overnight
at 60 °C to obtain Si-FITC NPs as crystals.

24 ALP-responsive fluorescence analysis

Different concentrations of ALP were added into Tris buffer
(20 mM, pH 9.5) containing pNPP (300 M) and Si-FITC NPs
(1 mg/mL). The reaction solution was incubated at 37 °C for
30 min, and the synchronous fluorescence spectra were recorded.
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25 Detection of N protein based on ALP-mediated
ELISA

For the ALP-mediated ELISA system, capture antibody (100 pL,
1:1000) was added to a 96-well microplate and incubated with
coating buffer (50 mM carbonate buffer, pH 9.6) at 4 °C
overnight. After removing the coating buffer, the microplate was
blocked with skimmed milk (300 pL, 2.5% w/t) at 37 °C for 2 h.
Next, N protein, rabbit monoclonal antibody (100 pL, 1:5,000),
biotinylated goat anti-rabbit secondary antibody (100 L, 1:2,000),
and SA-ALP (100 pL, 1:5,000) were incubated at 37 °C for 1 h,
respectively, to form an immunocomplex. Then, 200 pL Tris-HCI
buffer containing 500 M pNPP was added and incubated at
37 °C for 1 h. The reaction solution was transferred to a centrifuge
tube containing Si-FITC NPs (1 mg/mL), and the synchronous
fluorescence spectra were recorded. The washing buffer (pH 7.4)
contained 10 pM phosphate buffered solution (PBS)/0.05% Tween
20. The detection of N protein using commercial SARS-CoV-2 N
protein ELISA kit was conducted as a control for sensitivity
comparison.

2.6 Analysis of real samples

All clinical samples were collected from COVID-19 and non-
COVID-19 patients hospitalized in Shenzhen Third People’s
Hospital, and confirmed by quantitative real-time PCR kit. The
samples were inactivated by heating at 56 °C for 30 min and
stored at —80 °C until further use. For detection, the samples
(9 positives and 5 negatives) were lysed with sample lysis
collection for 15 min, and diluted with PBS with a total volume of
200 pL. The samples were detected using this proposed method
according to Section 2.5. All experimental waste was sterilized
after detection.
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3 Results and discussion

3.1 Characterization of as-prepared Si-FITC NPs

APTES-FITC was obtained by the reaction of FITC with APTES
and used as the Si source to prepare Si-FITC NPs through a one-
pot hydrothermal method (Scheme 1(a)). The UV-vis absorption
spectra of the prepared Si-FITC NPs had two absorption peaks at
240 and 488 nm (Fig 1(a)), which were the characteristic
absorption peaks of FITC. The absorption peak at 260 nm was
similar to that of free Si NPs. In the synchronous fluorescence
spectrum, the two emission peaks of Si and FITC were located at
381 and 489 nm, respectively (Fig. 1(a)). Transmission electron
microscopy images of the microstructure of Si-FITC NPs showed
that Si-FITC NPs were globular and uniform particles with an
obvious crystal structure (Fig. 1(b)). The size distribution ranged
from 1.2 to 2.4 nm (Fig. 1(c)). FT-IR spectroscopy was collected to
analyze the amino and hydroxyl groups on the surface of Si-FITC
NPs. A characteristic absorption band at 1,027 cm™ attributing to
the stretching vibrations of Si-O and two shifts in the absorption
peaks attributing to the stretching vibration of O-H (2,932 cm™)
and N-H (3,361 cm™) were noted (Fig.S1 in the Electronic
Supplementary Material (ESM)). The XRD spectrum showed a
sharp characteristic diffraction peak at 23 degrees, suggesting that
Si-FITC NPs were crystalline (Fig. S2 in the ESM). This peak did
not significantly differ from the diffraction peak of Si NPs, and
FITC did not affect the crystal structure of the NPs. The chemical
structure and composition of Si-FITC NPs were analyzed by XPS.
Si-FITC NPs were composed of Si, S, C, N, and O elements,
located at 101.71, 172.58, 284.15, 398.66, and 530.88 eV,
respectively (Fig. 1(d)). XPS of Si dots was implemented as
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Scheme 1 Schematic illustrations of (a) preparation of Si-FITC NPs and (b) detection of SARS-CoV-2 N protein using ratiometric fluorescence ELISA.
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Figure1 Optical properties, structure, and elemental composition characterization of Si-FITC NPs. (a) UV absorption spectra of FITC, Si NPs, and Si-FITC NPs and
synchronous fluorescence spectrum of Si-FITC NPs. FITC, 10 ug/mL; Si NPs, 10 mg/mL; and Si-FITC NPs, 1 mg/mL. (b) Transmission electron microscopy image of
Si-FITC NPs, inset: high resolution-transmission electron microscopy image. (c) A histogram of the size distribution of Si-FITC NPs. (d) XPS spectrum of Si-FITC

NPs.

control. The functional composition of N and O in Si dots and Si-
FITC NPs was listed in Table S1 in the ESM, which was different,
indicating the conjugation of FITC with Si dots. In addition, FT-
IR of FITC and Si-FITC NPs was investigated. The absorption
peak at 2,031 cm™ (probably attributing to -SCN) [29, 30]
disappeared after the synthesis of Si-FITC NPs, which further
indicated the conjugation of FITC with Si dots (Fig.S3 in the
ESM).

3.2 Stability investigation of Si-FITC NPs

The photostability of Si-FITC NPs was evaluated by monitoring
the fluorescence intensity under continuous radiation with a

350 V xenon lamp. The fluorescence intensity of Si dots in Si-
FITC NPs decreased by about 20%, which was compared to that
of individual Si dots. The intensity of FITC in Si-FITC NPs
increased, and that of free FITC decreased by about 40% after
irradiation (Fig. 2(a)). These results showed that both Si and FITC
in Si-FITC NPs had better photostability due to the protection of
Si coating. The blocking of FITC by Si coating improved the
photostability of the ratiometric probe and allowed long-term
imaging. The pH stability experiment was conducted in the pH
range from 4 to 12. Free FITC was sensitive to pH, while Si-FITC
NPs had a wide pH stability range, and the fluorescence did not
significantly change under the different pH conditions (Fig. 2(b)
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Figure 2 Stability investigation of Si-FITC NPs. (a) Photostability of Si-FITC NPs, free FITC, and individual Si dots. (b) Fluorescence intensity ratio of Si-FITC NPs in
Tris buffer under different pH conditions. (c) Fluorescence intensity ratio response of Si-FITC NPs to different ions, amino acids, and biomacromolecule, whose

concentration was 100 M.
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and Fig. $4 in the ESM). Therefore, FITC was predicted to be
located inside Si-FITC NPs rather than on the surface of the NPs.
The effects of some common amino acids, and
biomacromolecule in body fluids on the probe fluorescence were
also studied (Fig.2(c)). The addition of interfering substances
(100 uM) had little effect on the fluorescence of Si-FITC NPs,
indicating the remarkable anti-interference ability of Si-FITC NPs.

ions,

3.3 Analysis of ALP activity

ALP is an important hydrolase, generally distributed in
mammalian body fluids and tissues. It can remove phosphate
groups from biological molecules such as nucleic acids and
proteins through dephosphorylation. In this study, pNP produced
by the ALP-mediated hydrolysis of pNPP reduced the ratio of
Fig1/F g9 by specifically quenching Si fluorescence without affecting
FITC fluorescence in Si-FITC NPs (Fig. S5 in the ESM). The
absorption peak of pNPP at 310 nm disappeared upon adding
ALP, and a new absorption peak appeared at 400 nm, attributed to
PNP. The absorption spectrum of pNP overlapped well with the
excitation spectrum of Si, and pNP markedly quenched its
fluorescence (Fig. 3(a)), indicating the IFE of pNP to Si dots. As
shown in the UV-vis absorption spectrum, no significant
difference was seen in the absorption peak of Si at 320 nm after
adding pNPP and ALP (Fig. S6 in the ESM), indicating that the
probe did not react with these components. The fluorescence
decay curve of Si-FITC NPs was similar with or without ALP and

(a)
251
PNPP (Ab)
— ALP(Ab) ™ 40
_.2.0{ — ALP+pNPP (Ab)
R SI-FITC NPs (FL)
215
8
g£10
2 0.5
0.0 =0

250 300 350 400 450 500
Wavelength (nm)

A(F331/Fag0)
o o
® =

o
bl

o
-

—
D
~
o
o

[ »
o o
—

N
e

FL intensity (a.u.)

-
L=

0 4
350 400 450 500 550
Wavelength (nm)

30

20

5387

pNPP (Fig.S7 in the ESM), indicating static fluorescence
quenching as the main quenching mechanism. In the present
system, pNPP slightly interfered with Si fluorescence, and the
hydrolysate pNP specifically quenched the Si fluorescence by IFE.
The difference in fluorescence intensity ratio (A(Fsg;/Fg)) before
and after ALP addition was used for subsequent quantitative
analysis. The reaction conditions were optimized to maximize
ALP activity. When the concentration of pNPP was 300 uM (Fig.
3(b) and Fig. S8 in the ESM) and the pH value was 9.5 (Fig. 3(c)
and Fig. S9 in the ESM), the change in fluorescence intensity ratio
was the largest. Moreover, the reaction was completed within 30
min (Fig. 3(d)). Under this optimized condition, Si fluorescence in
SI-FITC NPs decreased with an increase in ALP concentration
(Fig. 3(e)). A(F;q,/F,g9) correlated well with the ALP concentration
from 0.5 to 20.0 U/L (Fig. 3(f)). The detection limit was 0.08 U/L,
lower than most previously reported values (Table S2 in the ESM).

34 ALP-mediated ratiometric fluorescence ELISA for N
protein detection

Millions of people have died due to COVID-19 [31], making
diagnostic tests extremely critical for the rapid and accurate
confirmation of virus infection [32]. Compared with nucleic acid
or antibody-based detection methods, the antigen assay method
for the diagnosis of SARS-CoV-2 infection displays the advantages
of simple operation, high speed, and high accuracy [33]. SARS-
CoV-2 N protein plays an important role in the transcription,

(b)
06
~ 05 ‘/l/'”—‘l”‘\-{
s
@ [}
P W04
2
§ Soa3
£ Q
£ 02
0.1
100 200 300 400 500
pNPP (uM)
d
(d) os ——20ULL —— 50 UL —— 100 ULL
06
3
L o4
8
w
o2
0.0
0 4 8 12 16 20 24 28
Time (min)
05| ¥=0.02395X + 001770
R?=0.9898
0.4
8
< 0.3
8
< 0.2
<
0.1
0.0]
0 5 10 15 20
ALP (UIL)

Figure 3 Fluorescence response of Si-FITC NPs to ALP. (a) UV absorption spectra of ALP, pNPP, and ALP + pNPP and synchronous fluorescence spectrum of Si
FITC NPs. (b) Change in the fluorescence intensity ratio of Si-FITC NPs upon the addition of different concentrations of pNPP and 20 U/L ALP. (c) Change in the
fluorescence intensity ratio of Si-FITC NPs upon the addition of 300 uM pNPP and 20 U/L ALP under different pH conditions. (d) Optimization of reaction times for
ALP detection. The concentrations of ALP were 20, 50, and 100 U/L. (e) Synchronous fluorescence spectra of the Si-FITC NPs in Tris buffer containing 300 uM pNPP
in response to ALP with different concentration. (f) Calibration curve for ALP detection. A(Fsg;/F,g0) = (Fag)/Fago)o — (F3g1/Fis0)o and x =20 U/L ALP.
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replication, and packaging of viral RNA, which is structurally
more conservative than other proteins [34]. Therefore, N protein
is used as the main target for the diagnosis of SARS-CoV-2
infection. ALP has been widely used as a labeling enzyme in
ELISA. In this study, we proposed a highly selective and sensitive
ALP-mediated immunoassay for the ratiometric fluorescence
detection of N protein.

The immunocomplex consisted of ALP-linked secondary
antibody, reporter antibody, and N protein, and the capture
antibody was coated on a 96-well plate. pNPP was added to
generate pNP, which specifically quenched the Si fluorescence in
the probe by IFE. N protein could be detected by observing the
change in A(F;q,/Fyg0). The sensitivity of the method was improved
by optimizing the concentration and dilution of pNPP and SA-
ALP, respectively. The best detection was possible when the pNPP
concentration was 500 uM and the SA-ALP dilution was 1:5,000
(Figs. 4(a) and 4(b)). Under this condition, the increase in N
protein concentration was accompanied by a corresponding
quenching of Si fluorescence (Fig. 4(c)), and a good linear
relationship was obtained between A(Fsg/Fyg) and the logarithm
of N protein concentration (0.01-10.0 and 50-300 ng/mL) (Figs.
4(d) and 4(e)). The detection limit was 0.002 ng/mL. The
commercial SARS-CoV-2 N protein ELISA kit was used for N
protein detection. As shown in Fig. S10 in the ESM, with the
increase of N protein concentration, the absorption intensity
enhanced, and the limit of detection was 0.037 ng/mL, which was
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higher than that of our method. This result indicated the high
sensitivity of our method, which was higher than most previously
reported methods including antibody and antigen detection
(Table S3 in the ESM).

The specificity of an ELISA method depends on the target
recognition of the antigen by the antibody. The selectivity of this
method to other proteins, including bovine serum albumin (BSA)
and SARS-CoV-2 S protein, was studied. BSA is widely present in
human serum. There was little change upon the addition of BSA
or SARS-CoV-2 S protein, even at 10 times the concentration of N
protein (Fig. 4(f)). The results indicated that the developed ELISA
system had great specificity for the N protein detection and no
cross-reactivity with other proteins.

3.5 Detection of N protein in human serum

The feasibility of this method for detecting the concentration of
SARS-CoV-2 N protein in human serum was next evaluated.
Human serum was spiked with N protein with different
concentrations (10.00 or 100.00 ng/mL), and the concentration
was then calculated according to the linear relationship of N
protein detection. The spiked sample recovery and relative
standard deviation were in the range of 95.17%-107.41% and
5.44%-13.01%, respectively (Table S4 in the ESM). The results
indicated that the ratiometric fluorescence ELISA can be applied
for the rapid and precise detection of N protein in human serum.
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Figure4 Ratiometric fluorescence ELISA sensor for N protein detection. Optimization of (a) pNPP concentration and (b) SA-ALP dilution for N protein detection.
() Fluorescence spectra of Si-FITC NPs in response to different concentration of N protein. (d) and (e) Calibration curve for SARS-CoV-2 N protein detection. (f)
Investigation of the selectivity of SARS-CoV-2 N protein detection against other interfering proteins; the concentration of N protein was 100 ng/mL, and the

concentration of other interfering proteins was 1,000 ng/mL.
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3.6 Validation with clinical samples

To evaluate the utility of our proposed method for the detection of
N protein in clinical samples, oropharyngeal or nasopharyngeal
swabs from the COVID-19 and non-COVID-19 patients were
collected. The positive and negative were determined by
quantitative real-time PCR, which were further evaluated using
our proposed method. As shown in Fig.5, the change of
fluorescence intensity ratio was much larger than that of the
normal healthy samples, which the fluorescence intensity ratio
change was very low. The detection limit was 0.064 ng/mL. The
fluorescence intensity ratio change of the positive was higher than
LOD, and that of the negative was lower than LOD, which was
mean +3 times of relative standard deviation (RSD). In addition,
the fluorescence intensity ratio change was negatively corrected
with CT value (listed in Table S5 in the ESM), indicating the good
accuracy of this method. Based on these preliminary results, this
proposed ratiometric ELISA method is capable to distinguish
samples from COVID-19 and non-COVID-19 patients efficiently.
This method has potential for clinical diagnosis in the laboratory
or hospital, however, the reproducibility and stability need to be
further improved.
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Figure5 Fluorescence intensity ratio change in response to COVID-19 (1-9)
and non-COVID-19 (10-14) patient samples, and LOD equals to mean +3
times of RSD.

4 Conclusions

In summary, we constructed a ratiometric fluorescence probe, Si-
FITC NPs, for immunoassay of SARS-CoV-2 N protein. Si-FITC
NPs were prepared by a one-pot hydrothermal method without
post-modification and purification, which well protected the
luminous efficiency and stability. The pNP produced by the ALP-
mediated hydrolysis of pNPP could quench Si fluorescence in Si-
FITC NPs via the inner filter effect. ALP-mediated hydrolysate
quenched Si fluorescence in Si-FITC NPs without affecting FITC
fluorescence, providing a simple and universal method for N
protein detection. The method had excellent sensitivity and
selectivity, and the detection limit was 0.002 ng/mL, which was
better than that by the commercial ELISA kit. The ratiometric
fluorescence ELISA can be used for the N protein detection in
human serum with recovery rate of 95.17%-107.41%. Then, the
COVID-19 patients and the non-COVID-19 individuals were
distinguishable by this proposed ratiometric ELISA method. In
addition, this method not only improved the detection sensitivity
of ELISA, but also broadened the application of IFE-based
ratiometric sensors.
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