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Detection of key proteins has enormous medical potential, particularly during the initial phase of an outbreak of
infectious diseases. For this purpose, we develop a research paradigm based on computational speculation. With
the rapid development of computers, it is possible to analyze the structure of key proteins and screen specific
fluorescent ligands through computational tools. This process resembles the production of antibodies but is more
effective, and the resultant product is significantly cheaper. A proof of concept was demonstrated by studying the
S protein of SARS-CoV-2. The structural data of the S protein enabled automated docking with fluorescent
molecules. After two rounds of conditional screening and verification, the most effective fluorescent ligand,
Protoporphyrin IX (PPIX), was identified. PPIX illuminates the S protein, recovers fluorescence upon binding.
The illuminated complex is enriched by a single microsphere, allowing for the quantitative analysis of the
proteins through fluorescence intensity. Finally, less than 1000 copies S protein-bearing pseudovirus can be
detected in 20 minutes without amplification. Overall, we established a highly sensitive general method for
protein detection based on single microsphere enrichment with the aid of computerised simulation. We hope this

integrated approach will provide new insights for rapid screening in epidemic populations.

1. Introduction

The coronavirus pandemic has had a profound impact on all aspects
of human society [1-3]. From SARS to COVID-19, highly transmissible
and pathogenic novel coronavirus has caused a large-scale global health
crisis. This makes it more urgent to quickly establish reliable and specific
detection methods for frequently mutated virus families [4,5]. At pre-
sent, the mainstream detection methods are PCR and serological
detection methods [6-8]. PCR relies on the results of molecular tech-
nology and genome sequencing, and requires experimental verification
of a large number of amplification sites [9,10], and complex pretreat-
ment of the sample is required. Antibody detection based immunization
methods,such as the most widely used enzyme-linked immunosorbent
assay (ELISA) technology, although the sample processing requirements
are lower, requires complex biological preparation conditions and a
huge workload of antibody screening process [11,12]. Meanwhile, the
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biologics used in the aforementioned methods are highly dependent on
cold-chain transport. The detection method without amplification,
because of its compromising sensitivity, usually can’t detect viruses
within the limits of critical threshold concentrations till the patient has
already suffered a serious situation [13]. These shortcomings prevent
these methods from being used quickly and on a large scale in the early
stages of the pandemic.

Fortunately, In the past decades, computer technology has developed
rapidly [14]. With the explosion of computing power, molecular
screening can achieve structure-based virtual screening based on very
large libraries, and use artificial intelligence (AI) accelerated models and
modular screening methods to expedite the acquisition of target mole-
cules [15,16]. For example, structure-based drug design methods can
achieve large amounts of data dependent on ligand properties and their
3D structure combined to optimize drug structure, which provides new
opportunities for cost-effective small molecule screening [17]. The
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development of protein structure analysis techniques [18-20] and the
computing power of computers have been improved on a large scale.
Meanwhile, Al technology has been developed explosively, and relevant
proprietary models have been put into practice [21,22]. Against the
above background, combining traditional molecular simulations with
deep learning makes it cheaper and more efficient to simulate the in-
teractions between different molecules and proteins. This means that the
physical and chemical properties of the virus and the mechanism of
infection can be analyzed from precise structural data [23,24]. Related
studies have revealed the crystal structure of various coronavirus pro-
teins and cell receptor binding domains, including SARS-CoV-2 virus,
providing precise target structure information for neutralizing anti-
bodies [25-27]. With the help of Al thousands of pieces of protein
structure information can be turned into parameters that are highly
relevant to their function [28]. Because coronavirus spike glycoprotein
(S protein) is exposed to the surface and mediates entry into host cells, it
is a prime target for neutralizing antibodies during infection [29-32]. It
is noteworthy that in every epidemic outbreak caused by multiple
sequence mutations, the changes in the structure of the S protein have a
certain tendency, and most of its structures are highly conserved
[33-35]. This provides a useful research basis for using its sequence
information or structural data to predict its target molecules or discover
its potential drugs. Thanks to the existing accurate protein structure
information and efficient computational tools, we hypothesize that there
is a class of small fluorescent molecules similar to antibodies that can
bind to target proteins, which can bind to target proteins and act as
signaling molecules to directly detect proteins. This scheme circumvents
the complexities of biological reagent acquisition, allow for large-scale
chemical synthesis and do not require strict storage and transportation
conditions. As a proof of concept, we propose a method for screening
target small molecules with the help of computational tools, and focus
on coronavirus, which causes respiratory infectious diseases, and the
key S protein from SARS-CoV-2 was selected for major study [36-41].
Considering the complexity of the S protein detection environment,
we propose to use a single microsphere binding aptamer to specifically
enrich all targets in the sample to reduce false positive interference due
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to complex protein environment [42,43]. The microsphere can enable
the target objects to be enriched in a very small space on the surface of
the microsphere, greatly improving the sensitivity, to meet the standard
of clinical detection.

To facilitate subsequent detection, molecules with fluorescent
properties were prioritised in this study (Fig. 1A). According to our
design concept, the fluorescent molecules required in the experiment
exhibit weak or even no fluorescence in their free state. Upon interacting
with the target protein, these molecules restore their fluorescence,
producing a significant difference in fluorescence intensity compared
with their free state, thereby lighting up the protein for quantitative
detection. After two rounds of computer-based molecular docking and
analysis, a fluorescent ligand protoporphyrin IX (PPIX) was identified.
PPIX is an ideal bridge to photosensitization reactions and target-
responsive nucleic acid sensors [44], its fluorescence intensity was
significantly enhanced after specific binding with the S protein. The final
experimental results were in high agreement with the computational
speculation conclusions, proving the reliability of the algorithm and
providing new insights for related work. The potential fluorescent small
molecules can be screened efficiently and quickly. Subsequently, we
established a highly sensitive method for the detection of S protein,
termed Single Microsphere Enrichment with the aid of Computerised
Simulation (SMECS) (Fig. 1B), a novel approach that combines the su-
perior results of computational simulation screening for the optimal
ligand with the powerful enrichment capability of a single microsphere
[42,45-47] was developed and achieved high-sensitivity detection of
key proteins without amplification (Supplementary material Table S1),
proving that SMECS has strong practicality in rapidly establishing
diagnostic methods to deal with disease outbreaks.

2. Experimental methods
2.1. Materials and reagents

Thioflavin T (ThT), Zinc phthalocyanine (ZnPc), Thiazole Orange
(TO), N-methyl mesoporphyrin IX (NMM), 5,10,15,20-Tetra-(N-methyl-
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Fig. 1. Schematic Illustration of the Proposed SMECS. (A) A two-round screening mechanism employed to identify fluorescent ligands specific to the key protein (S
protein). (B) Schematic representation of S protein detection. The S protein is highly enriched using an SM equipped with S protein aptamers, followed by staining

with PPIX obtained from the screening process.
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4-pyridyl) porphyrin (TMPyP4) and Protoporphyrin IX (PPIX) were
purchased from Thermo Fisher Scientific Inc., USA. The Mag Sepharose
microspheres, composed of iron oxide cores embedded in agarose
matrices and surface-functionalised with streptavidin (STV-SM), were
obtained from Cytiva (Uppsala, SWE). The viral sample collection tubes
and oligonucleotide aptamer (5-Biotin-TTTTTTATCCAGAGTGACG
CAGCATCGAGTGGCTTGTTTGTAATGTAGGGTTCCGGTCGTGGGTTG-
GACACGGTGGCTTAGT-3) were acquired from Sangon Biotech,
Shanghai, China. The SARS-CoV-2 spike S1+S2 ECD-His recombinant
protein (S protein) were purchased from Sino Biological (Shanghai,
China). S protein expressed pseudovirus and MERS-CoV were purchased
from Vazymes (Nanjing, China). All other chemical reagents were of
analytical grade and used as received without further purification.

2.2. Apparatus

The fluorescence spectra were acquired using a FluoroMax-4 spec-
trofluorophotometer (HITACHI, Japan) and an F980 spectrophotometer
(Edinburgh Instruments, UK). Detection images were obtained using an
NCF950 NEXCOPE confocal laser scanning microscope (CLSM)
(NINGBO YONGXIN OPTICS, China) and an IX71 fluorescence micro-
scope (Olympus, Japan).

2.3. Molecular docking and analysis

AutoDock Vina software [48-50] was utilized in all docking exper-
iments, with the optimised model serving as the docking target. The
screening process was confined to molecular docking. To accommodate
the universality of the docking range, a larger range parameter
encompassing the protein receptor was set for the initial round of
binding energy molecular docking. The coordinates for the docking were
X: 54.489, Y: —21.837, Z: 22.108, with dimensions X: 110.0 10\, Y:
110.0 A, Z: 110.0A. A higher exhaustiveness, set at 32, was used to
achieve relatively high accuracy. Binding affinity result files were
exported as LOG files for analysis, and docked structures were visualised
to obtain a complete 3D structure of each complex. Details of the
first-principle calculation are provided in the Supplementary material
online.

2.4. Protein and fluorescent molecular preparation

Considering the mutation process of SARS-CoV-2 [35,51], and the
binding mechanism revealed by SARS-CoV-2 RBD related studies [36,
52,53], we selected the typical S protein monomer structure (PDB:
2DD8) after pruning as the receptor model. The.pdb file was imported
into AutoDockTools (ADT ver.1.5.6) to prepare a.pdbqt file and create a
grid box. Water molecules and other atoms were excluded during this
process. The fluorescent molecules screened were primarily derived
from the Handbook of Fluorescent Dyes and Probes (R. W. Sabnis, Ph.D.,
2015), along with some fluorescent molecules and probes commonly
used in this laboratory. Most of the original structural formula files were
sourced from PubChem CID (<bold>https://pubchem.ncbi.nlm.nih.
gov</bold>). A few were obtained from Chemical Book (<bol
d>https://www.chemicalbook.com/Productindex.aspx</bold>), and
the remaining molecules, which were inconvenient to source, were
drawn using ChemDraw 2018. All small molecules were optimised using
the classical MM2 force field before being submitted to ADT to set the
number of torsions and for a.pdbqt file construction.

2.5. Fluorescence spectra of fluorescent ligands bound to S protein

We employed fluorescent ligand binding to the S protein following
target enhancement to verify the specific binding effect. The underlying
principle is that the fluorescent ligand can specifically bind to a distinct
groove site on the S protein, thereby restricting the rotation of the
fluorescent molecule and enhancing fluorescence intensity.
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Fluorescence experiments were conducted using an FS980 fluorescence
spectrometer (Edinburgh Technology Ltd, UK) in a quartz cell with a
path length of 1 mm. The parameters for the absorption and emission
wavelengths of the fluorescent ligands are detailed in Supplementary
material Table S2.

2.6. Dissociation constant (Kg) determination

To evaluate the binding affinity between S protein and PPIX, the
fluorescence intensity of PPIX with increasing concentrations of S pro-
tein were measured. Prior to the measurement, 5 nM PPIX was incu-
bated with 0-10 nM S protein in PBS buffer at 25 °C. Spectra from 550 to
700 nm were collected on FluoroMax-4 spectrofluorophotometer at 25
°C.

The saturation curves for the binding of PPIX with S protein were
determined by plotting the fraction of bound PPIX (a, determined by
Eq.1) as a function of S protein concentration and fitting with a one-site
binding model, using a software of GraphPad Prism 5, to extract the
dissociation constant Kq value:

_ F-F
" Fe —Fo

1)

where Fy is the fluorescence intensity at 638 nm for complex of PPIX and
DNA with different concentrations, F,, and Fg are the fluorescence in-
tensity in the presence of saturating S protein and in the absence of S
protein, respectively. Association constant K, = [S protein/PPIX]/[S
protein] [PPIX] is defined as the reciprocal of K4 on the basis of K,*Kgq =
1.

2.7. Preparation and acquisition of SMs

Here, 1 pL of commercial microspheres functionalised with STV were
incubated with 0.1 nmol of biotin-aptamer in PBS (10 mM, pH 7.4,
containing 137 mM NaCl and 2.7 mM KCl). This mixture was stirred for
1 hour, then washed with PBST (PBS with 0.1 % v/v Tween20) and fixed
in 80 pL of PBS. Subsequently, hundreds of microspheres contained in
80 pL of PBS were deposited into a hole in a transparent 96-well plate
cover to facilitate the capture of individual microspheres. A microma-
nipulator system (Narishige) equipped on an Olympus IX53 inverted
microscope, complete with a monitor, was used to manipulate an SM.
With the assistance of the camera and monitor, we visually identified
suitable SMs on the screen. A homemade ruler was employed to select
SMs within the desired size range (80 + 2 pm). Once an appropriate SM
was chosen, it was transferred to the tube containing the test sample
using a pipette.

2.8. Detection of S protein or pseudovirus particles with SMECS

Here, 1 pL of a series of diluted protein samples or pseudovirus
samples in PBS was added to the acquired SM, followed by the addition
of 5 pg PPIX into the system. After 20 min of mild stirring at room
temperature, each SM was washed with PBST using magnetic separation
and then transferred to the microscope for observation.

2.9. Confocal laser scanning microscope imaging for quantitative analysis

The fluorescence images for quantitative analysis were captured
using an NCF950 NEXCOPE CLSM. Each SM was placed on a coverslip,
and its fluorescence image was obtained by collecting PPIX fluorescence
in the TRITC channel of the instrument. The integrated fluorescence
intensity of each SM was measured for the quantitative analysis of the
target protein or viral particles. It is important to note that the maximum
fluorescence value of a bright spot that can be quantitatively acquired by
the fluorescence microscope is 225. To capture brighter SM images
without exceeding this maximum value, the PMT voltage of the
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fluorescence microscope may be adjusted for imaging SMs in different
batches under various experimental conditions.

2.10. Fluorescence microscope imaging for quick diagnosis

The fluorescence images for rapid diagnosis were captured using an
IX71 fluorescence microscope. Utilising the Cy5 channel. To avoid the
photobleaching effect of laser on PPIX, in the process of looking for
microspheres in the microscope, we only open the bright field channel,
do not open the fluorescence channel. In the bright field channel, the
focal plane is adjusted so that the edge of the microsphere is clearest,
and the focal plane is the equatorial plane of the microsphere. In the
same group of experiments, other detection parameters don’t need to be
adjusted, only the fluorescence channel should be opened to quickly
taking picture. So that the influence of photobleaching can be mini-
mized. Due to the operation of imaging each microsphere is parallel,
even if a small amount of photobleaching occurs during the adjustment
process, it can ensure that the quenching degree of each sample is the
same, and accurate quantification can still be achieved according to the
standard curve. It was observed that the microspheres appeared ‘illu-
minated’ in the infected group, in contrast to the blank group.

3. Results and discussion
3.1. Fluorescent molecular screening aided by software

We initially used the binding energy values output by AutoDock Vina
software for the first round of screening, retaining only those small
molecule ligands capable of forming a stable conformation with the S
protein. It is crucial to note that each molecule docking with a protein
yields a range of binding energies, and for initial screening, we selected
the maximum value. To analyse the distribution of the strongest binding
energies across all molecules and establish the threshold for actual
binding energies, we compiled all binding energy data in Supplementary
material Table S3 and illustrated it in Supplementary material Fig. S1.
We defined three intervals for evaluation: strong: <—8 kcal/mol; mod-
erate: —7 to —8 kcal/mol; loose: >—7 kcal/mol. Based on the binding
energy distribution characteristics in Supplementary material Fig. S1
and the rationale that effective binding should be stronger than
hydrogen bonding (typically below —7 kcal/mol) [54], molecules were
excluded for the second round of screening. The second round of refined
screening was then initiated based on three criteria of conformational
analysis. The first criterion was that there should be a region in the
protein structure conducive to ligand binding, meaning the predominant
(simulated) conformation should primarily associate with this region.
Practically, we collected the first nine binding conformations for each
molecule based on their binding energy. A molecule was discarded if
fewer than four of its conformations were bound to the same protein
zone. Following this criterion, only 39 molecules advanced to the next
phase (Supplementary material Table S4 and Fig. S2-54).

The second criterion required the fluorescent molecule bound to the
S protein to have a degree of freedom to prevent interference from an
overly encapsulating protein structure during energy jumps. Specif-
ically, the simulation condition entailed leaving adequate space at the
binding site to ensure that the fluorescent molecule was not completely
encapsulated, allowing sufficient contact with the specific site to
enhance binding efficiency. Only six molecules met this condition
(Supplementary material Table S5 and Fig. S5). Fig. S5 (a-f) indicating
target molecules that can be further considered through screening,
showed specific binding sites and relatively abundant binding space in
their docking results. However, Fig. S5 (g-n) showed some unsatisfac-
tory docking results, such as being completely coated by protein or
adsorbed on the protein surface. The final criterion was that candidate
molecules should be stable in an aqueous environment (noting that some
NHS-esterified fluorescent molecules decompose in water), and their
chromophore should remain stable when bound by the S protein. After
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two rounds of selection, PPIX emerged as the top candidate.
3.2. Binding site prediction and validation

Fig. 2A illustrates the optimal simulated binding between PPIX (in
red) and the S protein (in light blue). In the binding region (Fig. 2B), the
carboxyl group of PPIX forms two hydrogen bonds (represented by green
dotted lines) with adjacent amino acids, ensuring stable attachment of
PPIX to this region. Owing to its effective adsorption to S proteins, which
are soluble in water, the PPIX-S protein complex exhibits significant
fluorescence in an aqueous phase. In contrast, PPIX alone in water does
not induce fluorescence due to its extremely low solubility (Fig. 2C).
This restoration of fluorescence upon binding with the S protein makes
PPIX an ideal candidate for SMECS. Given the relatively limited library
of fluorescent molecules and the existence of molecules with similar
functions or structures to PPIX in practical applications [55], represen-
tative molecules including 5,10,15,20-Tetra-(N-methyl-4 pyridyl)
porphyrin (TMPyP4), Thiazole Orange (TO), zinc phthalocyanine
(ZnPc), N-methyl mesoporphyrin IX (NMM) and thioflavin T (ThT) were
also simulated (Supplementary material Table S6) and experimentally
validated (Supplementary material Fig. S6). As shown in the fluores-
cence spectra (Fig. 2C-H), these molecules exhibit inherent fluorescence
in aqueous solutions, but their fluorescence intensity is not significantly
enhanced after binding with the S protein. The fluorescence of the
complexes formed with S proteins is almost indistinguishable from the
molecules alone, rendering them ineffective as high-quality fluorescent
ligands for S protein detection. We also enriched the complexes of these
molecules with S proteins using SMs for imaging, as illustrated in
Fig. 2I-N. Only the PPIX complex with the S protein produced a bright
fluorescent image on the microsphere, while the fluorescence images
produced by the other molecules post-binding with the S protein were
hardly distinguishable from the blank sample. Except for PPIX, no other
molecule met the above criteria, nor did they exhibit solubility
enhancement in the aqueous phase with the aid of S protein
(Supplementary material Table S6 and Fig. S6), reaffirming considerable
advantage of PPIX. To evaluate the binding affinity between PPIX and S
protein, we conduct experiment to measure the Kq value of PPIX against
S protein (Supplementary material Fig. S7). According to the experi-
mental results, Kq is calculated to be 9.5 nM, the ideal K4 guarantees the
application of this computational simulation to S protein high sensitivity
detection.

After identifying PPIX as the detection ligand for the S protein, S
proteins of other variants of SARS-COV-2 (Alpha PDB ID:7NEH, Beta
PDB ID:7S5P, Delta PDB ID:7W9F, Omicron PDB ID:7QNW) were also
performed docking with mentioned fluorescent molecular
(Supplementary material Table. S7). Similar to the previous results, in
the Table. S7 we can see that TMPyP4, TO, ZnPc, NMM and ThT are also
unqualified ligands that does not conform to cril or/and cri2. While
PPIX still shows a very good docking with their S protein. The experi-
mental results show that our method has certain tolerance for the pro-
tein structure after virus mutation and can be quickly applied to the
detection of viral proteins of the same family. In addition, predicting the
specificity of the detection method through computational simulation is
also an important basis for the method to be put into practical appli-
cation. We also simulated PPIX as a ligand docking with S proteins of
other coronaviruses causing respiratory disease and certain proteins in
throat swabs that have potential interfere with the accuracy of the
experiment (Supplementary material Table. S8 and Fig. S8). In these
simulation results, we can see those coronaviruses, such as bat (PDB
ID:5XGR) coronaviruses, HKU1 (PDB ID:5KWB) coronaviruses, MERS_S
(PDB ID:7C02) coronaviruses, can’t docking with PPIX perfect. The
docking results of PPIX docking with common endogenous interfering
substances in throat swab, such as HAMA (PDB ID:2Z4Q), lysozyme
(PDB ID:168 L), Nucleocapsid (PDB ID:6WZO), RF_IgG (PDB ID:1ADQ),
are also very unsatisfactory. These simulation results provide a basis for
the specificity of the experimental detection, and we will verify these
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results in the subsequent specificity analysis of the experiment.
3.3. High-sensitivity S protein detection

Next, we optimized the parameters of the experiment
(Supplementary material Fig. S9) and then conducted highly sensitive
detection of the S protein by combining PPIX with the enrichment sys-
tem, wherein aptamers on SM target the S protein specifically. To pre-
cisely demonstrate the detection capability of the system, we utilised a
CLSM system to image the equatorial plane of these SMs. This approach
was chosen because the edges of the SMs appear clearest in the bright
field, thereby minimising errors associated with focusing. Since the
samples are bound to the surface of the microsphere, signals of each
system will appear as an aureole.

Fig. 3 illustrates the results of the 100-5000 pg/mL S protein assay
compared with a blank. One of the three parallel groups imaging results
(Supplementary material Fig. S10) of SMs were disposed in Fig. 3A. The
top panel in Fig. 3A displays both bright field and fluorescence images of
SMs detecting various concentrations of S protein. The bottom panel
presents pseudo-colour bars and quantitative fluorescence images pro-
cessed using the pseudo-colour method. As shown in Fig. 3A, the fluo-
rescence intensity of the SMs increases with higher S protein
concentrations. In addition, the pseudo-colour processed images at
different S protein concentrations are easily distinguishable by the
naked eye, enabling rapid semi-quantitative analysis. Fig. 3B depicts the
detection curve for the S protein. The quantitative results were obtained
by integrating the fluorescence intensities (FI) from each pixel in the SM
images. The integrated FI of the SMs are linearly proportional to the
logarithm of the S protein concentrations, ranging from 100 pg/mL to
5000 pg/mL. The correlation equation is FI = 4.86 x 10° 18Cs protein (PE/
mL)-9.52 x1 05, with a correlation coefficient (R) of 0.9961. The limit of
detection was calculated to be 95.56 pg/mL (1.24 pM).

We also mixed PPIX with S protein in a homogeneous solution and
quantified S protein by detecting the fluorescence intensity of the so-
lution, so that only 10 ng/mL of S protein could be detected
(Supplementary material Fig. S11). For protein detection, the SM-based
target enrichment method is highly sensitive, even without signal
amplification. In addition, computer simulations can assist in rapidly
screening out optimal signal molecules by analysing the structures of
proteins and ligands at the onset of infectious disease outbreaks, thus
achieving high-sensitivity detection. As indicated in Table S1, the limit
of detection using common immunoassay is typically at the nM level.
Thanks to limited by antibody culture and experimental screening,
earlier detection methods became available more than four months after
the outbreak of the epidemic, limiting their effectiveness during critical
periods. In contrast, our method, which employs ready-made small
molecule ligands, circumvents these issues. It combines computer
simulation with target enrichment by SM, facilitating the rapid devel-
opment of high-sensitivity detection methods in the early stages of
outbreaks.

3.4. Specificity of the SMECS for S protein detection

Detecting the concentration of S protein in complex real samples
accurately, the specificity of the detection method is crucial. To deter-
mine whether human proteins in throat swab samples or other corona-
viruses influence the detection of S protein using SMECS, we conducted
experiments replacing the S protein standard samples with some
endogenous interfering proteins in throat swabs, S protein of other
coronavirus-like viruses and negative throat swab samples. Fig. 4 dis-
plays the results of the fluorescence imaging. Fig. 4A shows that the

brightness of the SMs detecting the negative throat swab sample and
other proteins except the S protein is very weak, making them indis-
tinguishable from the blank control. In contrast, the SM-detecting S
protein exhibits strong fluorescence intensity. Fig. 4B shows a histogram
representing the relative fluorescence response values of different
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Fig. 4. Specificity evaluation of the high-sensitivity S protein detection. (A) Fluorescence images of SMs detecting a blank, the S protein, some endogenous inter-
fering proteins in throat swabs, S protein of other coronavirus-like viruses and negative throat swab samples interacting with PPIX, all under identical experimental
conditions. (HV of PMT for the imaging: 40, laser power of 561 nm laser: 20. The scale bar: 20 um.) (B) A histogram for the relative integrated fluorescence intensity
of each SM detecting different samples; error bars represent the standard deviation from three independent measurements.

samples, calculated by integrating the fluorescence intensity and sub-
tracting the blank value. Notably, the interference from proteins in
throat swab samples and other coronaviruses on S protein detection is
minimal, confirming the high specificity of our method for detecting S
protein. This also further verifies the feasibility of our molecular
screening scheme, providing a reliable reference for the rapid develop-
ment of detection methods during the early stages of an epidemic.

3.5. Quantification of SARS-CoV-2 in real throat swab samples with
SMECS

To confirm the ability of our analytical method to detect SARS-CoV-2
by targeting the S protein, we tested actual virus samples. Throat swabs
from healthy volunteers served as negative controls, while pseudovi-
ruses were added to create positive samples. The experimental results
are displayed in Fig. 5. As depicted in Fig. 5A, a single SARS-CoV-2
typically harbours hundreds of S proteins trimer [56], leading to
signal amplification when the targets are changed to SARS-CoV-2,
thereby enhancing the sensitivity of the method for virus detection.
Fig. 5B demonstrates that samples with as few as 720 viruses can still
produce a fluorescence signal on the microsphere, distinctly different
from the negative sample. Considering the widespread availability of
general fluorescence microscopy in frontline settings, Fig. 5C shows the
corresponding results from standard fluorescence microscopy. Since
each SM possesses a varying percentage of magnetic centres differences
in the thickness of the outer transparent layer can influence the imaging
results. In contrast, the light cut-off layer utilised in confocal microscopy
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Fig. 5. Schematic diagram and detection results of actual samples. (A) Sche-
matic diagram of SARS-CoV-2 detection with SM capturing the S protein. The
primary difference from the previously mentioned detection method is that the
target is SARS-CoV-2 instead. (B) The results from confocal imaging at low viral
content. (C) The corresponding results were obtained using normal fluorescence
microscopy imaging. Scale bar: 20 um.
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avoids interference from outside the non-focal plane, making its imaging
results suitable for quantitative analysis. Although the imaging results
are not as precise as those from confocal microscopy, it is encouraging
that low concentrations of pseudoviruses can be effectively distin-
guished under general microscopy.

4. Conclusions

In this study, we proposed an efficient method, SMECS, for screening
fluorescent small molecule ligands based on protein structure for key
proteins and their carrier detection. SMECS comprises two core tech-
nologies: computational speculation and an SM enrichment strategy.
Based on precise protein structures, the computer identifies fluorescent
ligands that specifically bind to the target protein in a vast molecular
library. Notably, the two-round screening algorithm detailed in this
paper has been instrumental in studying S proteins, identifying PPIX as
the fluorescent ligand. PPIX, a small molecule compound, is advanta-
geous because of its large-scale availability, ease of storage and low cost.
This represents a significant improvement over the biological prepara-
tion of antibodies required for ELISA and other immune methods,
enabling the rapid establishment of detection methods at the onset of
large-scale epidemic outbreaks, which is crucial in practical medical
scenarios. Furthermore, we employed the SM enrichment technique for
high-sensitivity detection of the target protein without amplification. In
our demonstrations using the SARS-CoV-2-associated S protein, the pre-
screened fluorescent ligand PPIX efficiently stains highly enriched S
proteins or their carriers, enabling user-friendly detection via standard
fluorescence microscopy. We anticipate that the research approaches
detailed in this paper will pave the way for the future development and
practical application of rapid and ultra-sensitive detection methods for
other proteins. At the same time, it is also hoped to establish a small and
convenient fluorescence analysis platform to meet the daily detection
needs of the community.
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