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Motivated by the synergistic contribution of the molecular enrichment caused by
capillary effect and the chemical enhancement boosted by lattice strain and sulfur
vacancies, the developed ultra-sensitive SnS; hierarchical nanostructure SERS
substrates exhibit an extremely low limit of detection of 103 M, which can be
applied to complete the identification of infectiousness for SARS-CoV-2 samples,
whereas the current PCR methods cannot.
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|dentifying infectiousness of SARS-CoV-2

by ultra-sensitive SnS, SERS
biosensors with capillary effect

Yusi Peng,’?? Chenglong Lin," % Yanyan Li,"?3 Yong Gao,* Jing Wang,* Jun He,>* Zhengren Huang,’

Jianjun Liu,’ Xiaoying Luo,” and Yong Yang'-3&*

SUMMARY

The current COVID-19 pandemic urges us to develop ultra-sensitive
surface-enhanced Raman scattering (SERS) substrates to identify
the infectiousness of SARS-CoV-2 virions in actual environments.
Here, a micrometer-sized spherical SnS, structure with the hierarchi-
cal nanostructure of "nano-canyon” morphology was developed as
semiconductor-based SERS substrate, and it exhibited an extremely
low limit of detection of 10~ "3 M for methylene blue, which is one of
the highest sensitivities among the reported pure semiconductor-
based SERS substrates. Such ultra-high SERS sensitivity originated
from the synergistic enhancements of the molecular enrichment
caused by capillary effect and the charge transfer chemical enhance-
ment boosted by the lattice strain and sulfur vacancies. The novel
two-step SERS diagnostic route based on the ultra-sensitive SnS,
substrate was presented to diagnose the infectiousness of SARS-
CoV-2 through the identification standard of SERS signals for
SARS-CoV-2 S protein and RNA, which could accurately identify
non-infectious lysed SARS-CoV-2 virions in actual environments,
whereas the current PCR methods cannot.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, is a serious threat to
human health, where we are facing the dilemma of globalization and time continu-
ity."? Since July 2020, identification of SARS-CoV-2 virions on cold chain items
has been frequently reported in China and other countries, causing great concern
on relevant virus transmission. It can be attributed to the fact that SARS-COV-2
can survive more than 3 weeks below 0°C during cold chain transportation.™* It is
important to note that a portion of SARS-COV-2 virions in the colder environment
are lysed, inactive viruses. But the RNA of lysed SARS-CoV-2 might remain and easily
be detected by the universally applied polymerase chain reaction (PCR) method,” re-
sulting in the misdiagnosis of infectiousness for SARS-CoV-2, causing unnecessary
social panic. Therefore, it is much more meaningful to determine whether the virus
is infectious as identified on contaminated items in various environments.® However,
exploiting a rapid and highly sensitive detection method that can identify lysed, non-
infectious SARS-CoV-2 virions to rule out the contamination of infectious SARS-CoV-
2 virus is a key scientific challenge.

Surface-enhanced Raman scattering (SERS), a single-molecule spectral detection

technology, is currently expanding its promising applications from environmental
science’ and food safety®” toward the biosensing field'® due to its advantages of
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Progress and potential

As the COVID-19 epidemic has
swept the world, exploiting a
rapid and highly sensitive
detection method that can
identify the infectiousness of
SARS-CoV-2 virus and exclude the
interference on diagnostic results
and false alarms of the non-
infectious SARS-CoV-2 virions has
become a key scientific challenge.
In this work, we designed a
micrometer-sized spherical SnS,
structure with the hierarchical
nanostructure of "nano-canyon”
morphology as an ultra-sensitive
SERS substrate to
groundbreakingly rapidly detect
and identify the infectiousness of
SARS-CoV-2 samples on site,
which exhibits vital timeliness in
patient management that the viral
culture method does not have. Itis
significant to avoid misdiagnosing
infectious SARS-CoV-2 in some
contaminated patient gathering
places.
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ultra-high sensitivity, non-destructiveness, excellent repeatability, and accuracy.
Motivated by the development of SERS technology, the direct non-labeled detec-
tion of various biological samples, such as adenovirus, animal viruses, HIV, and influ-
enza virus, has been successfully developed.'®"* With respect to SARS-CoV-2 virus,
Yeh group'® reported that an Au nanoparticle microfluidic platform was successfully
established for rapid and label-free capturing and SERS detection of viruses. In our
previous work,'® an ACE2-modified SERS sensor was reported to exhibit a low limit
of detection (LOD) of 80 copies/mL for the SARS-CoV-2 in contaminated wastewater
in as short as 5 min. In addition, Choo and Ray group'’"'® applied deoxyribonucleic
acid aptamers and viral anti-spike antibodies as receptors to achieve sensitive SERS
detection of SARS-CoV-2, and their detection limits reached 10 PFU/mL and 18
copies/mL, respectively. These reports indicated that SERS technology could be
developed into a potential method for virus detection. In the SERS biosensor field,
to pursue more excellent biocompatibility with biological samples and excellent
spectral stability and reproducibility, SERS substrates are now actively being
expanded from noble metals to semiconductor materials.’” Recently, Lin?® reported
that MCF-7 drug-resistant breast cancer cells could be accurately identified based
on highly sensitivity B-TiO, SERS substrates, which widened the application of semi-
conductor-based SERS platforms in precise diagnosis of cancer. However,
compared with SERS spectra of biological samples mainly originated from electro-
magnetic enhancement, the SERS enhancement of semiconductor-based substrates
is relatively weak®' because it is difficult for the semiconductor-based substrates, in
which charge transfer plays a major role, to significantly enhance the chemical bond
vibration of the entire biological molecule due to their larger molecular size. There-
fore, a top-priority task is to achieve ultra-high SERS sensitivity in semiconductor-
based substrates, which can even parallel noble metals with hot spots.

With respect to semiconductor-based substrates, the probability of electronic tran-

sition wy can be expressed by Fermi’s golden rule: wy = %—fg(Ek)|H;d 2, where g(E)) is

the electronic density of states, and H, represents the matrix of electronic transitions
on the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO).?? Therefore, the SERS sensitivity of semiconductor-based substrates
contributed by the charge transfer between probe molecules and semiconductors
can be optimized by the following two aspects: (1) increasing the electronic density
of states g(Ey) near the Fermi level of semiconductor materials to enhance the chem-
ical bond vibrations of molecules and (2) regulating the HOMO and LUMO orbitals of
semiconductors to realize the larger probability of charge transfer to significantly
enhance the molecular chemical bond vibrations.”>™?° In general, the electronic

23:2% introducing

structures of semiconductors can be modulated by element doping,
vacancies,”’*® applying external strain fields,”” and constructing heterojunctions®°
and amorphous substrates.®’ Although motivated by above optimized strategies
for SERS performance, the LODs of pure semiconductor-based substrates in most
previous publications are still universally lower than 107" M level, which is a new
bottleneck encountered by semiconductor substrates. SnS,, as a typical two-dimen-
sional layered structure, has a bandgap that varies from 1 to 3 eV with the thickness
and morphology of nanosheets. Sulfur vacancies that easily exist on the surface of
SnS; nanosheets are conductive to induce the intermediate energy level near the

Fermi level to promote electronic transitions,>%>*

making them a promising candi-
date for SERS substrates. However, there are few reports on the SERS applications
of SnS,.>* Here, an ultra-high SERS sensitivity of SnS, nanosheets is realized by
simultaneously introducing sulfur vacancies and generating lattice strain through
regulating morphology, thereby satisfying sensitivity requirements of a SERS

biosensor for the detection of SARS-CoV-2 and other biomolecules.
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Figure 1. Schematic diagram of SnS, microsphere substrates design and the ultra-sensitive SERS performance

In this work, we designed a micrometer-sized spherical SnS; structure with the hier-
archical nanostructure of "nano-canyon" morphology. Benefiting from this unique
nano-canyon structure, the molecular enrichment caused by capillary effect was
generated on the surface of SnS, microspheres, where the existence of the lattice
strain and sulfur vacancies can further boost the chemical enhancement by stimu-
lating a larger probability of charge transfer. Motivated by the synergistic contribu-
tion of the above three components to the SERS enhancement (Figure 1), the
enhancement factor for methylene blue (MeB) can reach up to 3.0 X 108, and its
LOD aslow as 10~ "M, which is not only much better than most reported pure semi-
conductor-based SERS substrates, but it also breaks the newly encountered bottle-
neck of LOD of 107'° M. Based on this ultra-sensitive SERS detection ability of SnS,
microspheres, the ultra-high SERS sensitivity endowed SnS, microspheres with the
capability to groundbreakingly detect and identify the infectiousness of SARS-
CoV-2 based on the identification standard of SERS signals for SARS-CoV-2 S protein
and RNA, which could accurately identify non-infectious lysed SARS-CoV-2 virions,
whereas the current PCR methods cannot. It is significant to avoid misdiagnosing
infectious SARS-CoV-2 in actual environments.

RESULTS AND DISCUSSION

Characterization of SnS, microsphere

The shape-controlled SnS, microspheres were first synthesized through a simple
one-step hydrothermal reaction, and the schematic illustration of the synthetic pro-
cess is shown in Figure 2A. Briefly, the determined concentrations of thioacetamide
(TTA) and sodium stannate (Na,SnOs3) served as the sulfur source and the tin source,
respectively. The X-ray powder diffraction (XRD) pattern in Figure S1A shows that the
synthesized brown powder was crystallized with SnS, phase (PDF#75-0367) with lat-
tice constants corresponding to the hexagonal structure with space group P3m1 (a =
3.65A, b=3.65A,c=590A). Ina hexagonal SnS; unit cell, a single Sn atom was
covalently bonded to six atoms of S in the octahedral sites of individual layers®

696  Matter 5, 694-709, February 2, 2022



Matter

¢? CellPress

L L R I T T d

R L L L L L L L LLLLLLLLLEN
= B [Ref: 48695 iRef: 4954 ¢V | &
TAA O Na2Sn03 2H2S + Sn03* — SnS2 + 20H-+ H20 20 e 34, e I
. N H 5 ; .
t} ° %ﬁ . 487.2 ¢V -
P Sni 3d;, =
-3 i =
_-; . ; - .
— = N .
— "z Sn* s
RS - 5 (81.12%) =
=
st - 2 N -
@ ‘?" : Sn :
3 . -
= Z =
- - -
- 484 486 488 490 492 494 496 498 500w
- Binding energy (eV) s
= -
300 nim = = Ref: 161.8 ¢V S 2pss Ref: 163.0 ¢V E
q . 162.0 eV =5 =
)\ - 2 : L]
3.%nm A B
=

" & .
=
a & 2pin u
=2 S —=163.15¢V | =
g "
.= 2 =
- S -
= =
= 1 =
- \ =
o -
- 160 161 162 163 164 165 3
b’ Binding energy (eV) v

H

aio)

©011) ° (110
—

(011)

SnS2 nanosheets in reference

Ref: d=0.585 nm

SnS2 microsphere in this work

A AAA AN

Average: d=0.643 nm

A AR

Figure 2. Synthesis, crystal phase, morphology, and structure characterization of SnS, microspheres

A) Schematics illustrating the synthesis of SnS; microspheres.
B and C) Sn3d and S2p XPS spectrum.

D) SEM images.

E) TEM images.

F) HRTEM images.

G) HRTEM images of cross-section for nanosheets.

H) Crystal structure diagram.
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(Figure 2A). The strongest peak indexed to (011) indicated the exposed crystal plane
of SnS, is (011). Additionally, the diffraction peaks corresponding to the (001), (100),
and (011) crystal planes all shift to lower angles (Figure S1B and S1C), which indi-
cated the entire crystal lattice of hexagonal SnS; structure was increased, especially
with an increase in interlayer distance. It could be attributed to the fact that the
typical layered structure of SnS, was composed of a three-layered stacked atomic
layer (S-Sn-S) connected by van der Waals forces, which was susceptible to generate
lattice strain caused by regulating SnS, morphology. Raman spectra is a perfect
method to explore the changes in interlayer distance of SnS; structure. As shown
in Figure S2, the distinct Raman peak at 315 cm ™" was assigned to the vertical plane
vibration mode (A;g) of Sn-S bonds. This Raman peak of A;g mode exhibited an

obvious red shift in relation to the Raman shift of 312 cm™’

34,36

reported in the litera-
ture, which also demonstrated the increase in interlayer distance of SnS; struc-
ture. It was mainly attributed to the decrease in van der Waals interactions between
the interlayers, resulting in the decrease in restoring forces on atoms.®’*¢ XPS

spectra in Figures 2B and 2C shows that Sn and S could be clearly identified in
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SnS; samples, among which both Sn3d and S2p peaks presented a significant shift to

the higher binding energy in relation to reported literature,”**°

indicating the
changed electron density difference of SnS, affected by the lattice strain. In addition
to the doublet peaks at 487.2 eV (Sn3ds,2) and 495.7 eV (Sn3ds,,) arising from Sn**,
there was also a pair of weaker doublet peaks at 488.7 eV (Sn3ds,,) and 497.5 eV
(Sn3d3,,), which belonged to Sn?* (Sn**:Sn?* = 4:1), indicating the presence of sul-
fur vacancy (Vs). Additionally, the enlarged characteristic peaks in the S2p region of
SnS, at 162.0 and 163.2 eV were both attributed to $2*. Moreover, there were no
S2p peaks between 168 and 170 eV (Figure S3), suggesting that SnS, was barely
oxidized to SnO5.

Then scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to study the morphology of SnS,. The low-magnification SEM im-
age (Figure S4) shows that the SnS, products exhibited a special spherical
morphology with the statistical average size of 5.37 um, which could be called a
SnS, microsphere. The further analysis of high-magnification morphology (Fig-
ure 2D) revealed the existence of hierarchical nanostructures on the microsphere
surface, and SnS, microspheres were formed by this hierarchical nanostructure of
curling, stacked nanosheets. Furthermore, this hierarchical nanostructure resulted
in a special morphology that was similar to a bottomless canyon with wide top
and narrow bottom, where the width of these nano-canyons was mostly less than
300 nm. Compared with the reported SnS; nanostructures such as nanoflowers,

nanobelts, and nanosheets,*?3>3¢

this unique morphology of SnS; with the hierar-
chical nanostructure was reported for the first time to our knowledge, and it was ex-
pected to exhibit surprisingly ultra-high sensitivity in the SERS detection field. The
TEM image in Figure 2E also demonstrates the spherical morphology with micron-
level size, and the shedding nanosheets that formed the hierarchical nanostructure
possess a transverse size of about 300 nm. Moreover, there are no other impurity sig-
nals in the energy-dispersive X-ray spectroscopy other than the S and Sn signals,
which demonstrated the high purity of the synthesized SnS, microspheres (as shown
in Figure S5). Selected area electron diffraction (SAED) and high-resolution TEM
(HRTEM) were used to analyze the crystal structure of the SnS; microspheres (Fig-
ure 2F). The clear lattice fringes on SnS; nanosheets were easily discerned by HRTEM
to correspond to the (011) planes of hexagonal structures with an inter-planar
spacing of 0.278 nm, which is consistent with the exposed crystal plane obtained
from XRD results. The SAED pattern also confirmed the high crystallinity and the hex-
agonal symmetry structure of SnS, nanosheets. The cross-section morphology of
SnS, microspheres was adopted to further analyze the detailed information of the
thickness and interlayer distance of SnS, nanosheets. According to the HRTEM
and crystal structure diagram of hexagonal SnS; (Figures 2G, 2H, and Sé), the thick-
ness of the single-layer SnS, nanosheet-formed hierarchical nanostructure was
mostly less than 4 nm, which is equivalent to the thickness of 6 atomic layers for hex-
agonal SnS;. Therefore, the average interlayer distance of SnS; microspheres was
about 0.643 nm, which was far larger than the interlayer distance of 0.59 nm reported
in the literature.*>*>*® Moreover, the larger interlayer distance of 0.669 nm existed
at the bend in SnS;, nanosheets, indicating a larger lattice strain. This conclusion
confirmed the existence of lattice strain in the SnS; microspheres once again.

Raman enhancement for SnS, microspheres

Following extensive research on SnS; nanostructures with various morphologies, the
synthesized SnS; microspheres with a unique hierarchical nanostructure showed
immense attraction for researchers in the photocatalysis and batteries fields, espe-
cially in the SERS detection field. The conventional MeB probe molecule was
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Figure 3. SERS performance of SnS, microspheres
A) Raman scattering diagram of MeB and SnS; substrate.
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B) Raman spectra of 107 M MeB on SnS, microspheres under the excitation laser of 532 nm, 633 nm, and 785 nm.

D) Raman intensity of MeB on SnS; microspheres at 1,620 cm™!
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(C) Raman spectra of MeB with concentration of 1077-10""* M on SnS, microspheres.

(

(E) Comparison of SERS performance of different reported semiconductor-based substrates.

adopted to examine the SERS performance of SnS, microspheres because MeB ex-
hibited a strong optical absorption peak in the visible light region (Figure S7). The
Raman scattering diagram of MeB and SnS; substrate is presented in Figure 3A.
First, we investigated the optimal excitation wavelength of SnS, microspheres on
MeB molecules. Raman spectra in Figure 3B show that MeB molecules on SnS,
microspheres had an obviously stronger Raman enhancement with the excitation
laser of 785 nm than that of the other two excitation lasers of 532 nm and 633 nm.
Interestingly, the optimal excitation wavelength of 785 nm is the most popular wave-
length of biological Raman detection, which lays a foundation for the bio-detection
application of SnS; microspheres. Under the irradiation of a 785-nm laser, all Raman
peaks of MeB molecules were significantly enhanced, especially in the Raman vibra-
tion mode of the asymmetric stretching vibration of benzene rings at the main peak
of 1,620 cm™". All these enhanced Raman peaks of MeB and their corresponding
Raman vibration modes are listed in Table S1.

Surprisingly, even if the MeB molecules were diluted to an extremely low molar con-
centration of 107" M, an obvious Raman signal of MeB molecules could still be de-
tected by adsorbing molecules to SnS; substrates (Figure 3C). The relationship trend
of Raman intensity at 1,620 cm~" changing with the MeB concentration of 107¢ to
107" Mis shown in Figure 3D, and inset graphs show the optical magnification pic-
tures of 1077 and 107'® M MeB molecules on SnS; microspheres. It was found that
the linear relationship was satisfactory in the range of 107 to 10~7 M with the corre-
lation coefficient of 0.9804. However, when the concentration of MeB was lower than
10~"° M, Raman intensity no longer decreased linearly with the decreased concen-
tration of MeB molecules. The Raman intensity of MeB with lower than 1071° M
decreased little, which could be attributed to a strange phenomenon (inset graphs
of Figure 3D) where the low-concentration MeB molecule adsorbed on SnS,

as a function of its concentration of 10761073 M.
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microspheres substrates would automatically enrich during the drying and evapora-
tion process. Beneficial to this enriching phenomenon of low-concentration mole-
cules, the LOD of SnS; microspheres for MeB could be as low as 107" M, and the
corresponding SERS enhancement factor at 1,620 cm ™" with the irradiation laser
of 785 nm was determined to be 3.0 x 108 (calculation details are shown in SI-3 of
the supplemental information). To the best of our knowledge, this SERS perfor-
mance of SnS;, microspheres is one of the highest sensitivities among the reported
pure semiconductor-based SERS substrates (Figure 3E; Table S2), which can even
parallel that of the noble metals with hot spots. Encouragingly, the extremely low
SERS LOD of 107'3 M for SnS;, microspheres not only breaks the newly encountered
bottleneck of detection limits, but it also provides a competitive candidate for a
SERS detection application of biomolecules. Additionally, the SERS-enhanced sta-
bility of SnS, microspheres was proved by detecting the Raman spectra of 10~ M
MeB on SnS, microspheres placed for 5 months (Figure S8). Compared with the
Raman intensity of 1077 M MeB on fresh SnS, substrates, the average Raman inten-
sity of 1077 M MeB on SnS, substrates after 5 months was only discounted 16.7%,
and it still maintained a significant Raman enhanced effect. Such excellent SERS-
enhanced stability has stimulated SnS, microspheres to exhibit a promising applica-
tion prospect in the practical SERS detection of biomolecules. However, with respect
to the explanations of enrichment phenomenon for low-concentration probe mole-
cules on SnS, microspheres, it is worthwhile to further explore that in the following
analysis of the SERS-enhanced mechanism.

SERS-enhanced mechanism of SnS, microspheres

As we expected from the above analysis, SnS, microspheres with hierarchical nanostruc-
tures exhibited ultra-sensitive SERS detection ability. Actually, the extremely low LOD
mainly depends on the realization of enrichment phenomenon for low-concentration
molecules on SnS; microspheres. The enrichment phenomenon of molecules is mainly
controlled by the superficial microscopic morphology of materials. As seen in SEM im-
ages (Figure 2D), the hierarchical nanostructure with a unique nano-canyon morphology
existed on the surface of SnS, microspheres. The excellent hydrophilicity of SnS; struc-
ture would endow this unique nano-canyon morphology with a powerful function (Fig-
ure 4A)—capillary effect—which can break the diffusion limit of molecules in aqueous so-
lution.>”*°When a droplet evaporated on the surface of substrates, the large amount of
capillary attraction would guide most MeB molecules to enrich on the surface of SnS,
microspheres. Initiated from these views, Raman mapping images with microscope re-
gions of 72 x 48 um? for 107'® M MeB on SnS; microspheres were measured to provide
more intuitive evidence for the enrichment phenomenon of probe molecules (Figures 4B
and S9). Comparing the optical magnification picture and Raman mapping image from
the same Raman measured area, it was found that when the concentration of MeB mol-
ecules decreased to 107 '° M, the enrichment phenomenon of MeB molecules started to
emerge on the surface of SnS; microspheres. Moreover, this molecular enriching area

presented an obvious ultra-high Raman intensity at 1,620 cm™"

(refer to the yellow
and red areas in Figure 4B). As long as we were able to scan and detect the enriching
area of low-concentrations molecules on SnS, microsphere substrates, the high-intensity
Raman signal could be obtained. Therefore, the Raman detection of molecules with
ultra-low concentration was achieved due to the capillary effect on the surface of SnS,
microspheres, which endowed SnS, microspheres with ultra-low LOD that other pure
semiconductor-based SERS substrates are unable to surpass. Additionally, benefiting
from the unique nano-canyon morphology and capillary effect on the surface of SnS,
microspheres, additional physical enrichment of molecules in the aqueous solution
will be generated. As shown in Figure 4C, Raman spectra of immersing SnS, in the
1077 M MeB solution and dropping 10" M MeB solution on SnS; were detected to
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Figure 4. The proposed SERS enhancement mechanisms of capillary effect, lattice strain, and sulfur vacancies for SnS, microspheres
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Bandgap of hexagonal SnS; crystal with 0%-20% tensile strain.
G) Schematic diagram of charge transfers between MeB molecules and the hexagonal SnS; crystal with 0%-20% tensile strain.
H) Band structure of SnS; crystal with sulfur vacancies.

A) Schematic diagram of combining nano-canyon morphology and hydrophilicity to induce the capillary effect.
B) Raman mapping image with 72 x 48 um? region of 107" M MeB on SnS, microspheres.
C) Schematic diagram of immersing and dropping MeB molecules to explore physical enrichment.
D) Raman spectra and SERS intensity of immersing and dropping 10~/ M MeB on SnS, microspheres.
E) Schematic diagram of hexagonal SnS; crystal with the tensile strain in three periodic directions (x, y, and z axis).

I) Density of states of Sn p orbitals in the perfect SnS; crystal and SnS; crystal with sulfur vacancies.
J) Schematic diagram of charge transfers between MeB molecules and the hexagonal SnS; crystal with S vacancies.

explore the physical enrichment effect of SnS, microspheres substrates. Raman spectra

in Figure 4D showed that the Raman intensity of immersing MeB molecules was far stron-

ger than that of dropping MeB molecules. The calculating results indicated that SnS,

microspheres could achieve about 40-fold physical enrichment for MeB molecules in
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aqueous solution (SI-2 of the supplemental information), which could significantly
improve the SERS sensitivity of substrates.

Recent research has demonstrated that the chemical mechanism (CM) contributed
by charge transfer mainly governs the SERS-enhanced effect of two-dimensional
(2D) semiconductor-based substrates. Therefore, in addition to the contribution of
the capillary effect to SERS performance, it is necessary to consider the regulation
of the electronic structure of hexagonal SnS, to the CM enhancement. Based on
the analyzed results of XRD and HTREM, the hexagonal SnS, crystal exhibited lattice
strain. Therefore, the lattice constants of the hexagonal SnS; crystal in the three pe-
riodic directions applying a tensile strain were changed to explore the influence of
lattice strain on the electronic structure (Figure 4E). As shown in Figures 4F and
S10, it was found that the bandgap decreased from 1.583 to 0.236 eV while
increasing the tensile strain from 0% to 20%, which could be attributed to both elec-
trons of Sn-p orbitals and S-s orbitals in the conduction band shifting to the Fermi
level, although the energy of the valence band remained unchanged. The decreased
energy level of the conduction band would stimulate the larger probability of charge
transfer from the molecular HOMO to the conduction band of semiconductor-based
substrates, thus significantly enhancing the chemical bond vibration of molecules®
(Figure 4G). Additionally, the superficial defect states of SnS, microspheres could
effectively break the restriction of the large bandgap on the charge transfer induced
by the irradiation of visible light though introducing the intermediate energy level.
As mentioned in the XPS results, sulfur vacancies (Vs) existed in the hexagonal
SnS; crystal. Therefore, the SnS; crystal structure with sulfur vacancies was con-
structed, and the band structure and density of states are shown in Figures 4H, 4l,
and S11. Compared with the electronic structure of the perfect hexagonal SnS; crys-
tal, the defect energy levels between the conduction band and the Fermi level were
introduced due to the existence of sulfur vacancies, thereby simultaneously making
the electrons of the valence band shift to the deeper energy level and increasing the
excited-state electrons of the conduction band.?’:?® The introduced defect energy
levels served as an intermediate springboard for electronic transitions, which could
further promote the charge transfers from the molecular HOMO to the conduction
band of the semiconductor or the valence band of the semiconductor to the molec-
ular LUMO (Figure 4J). In conclusion, the ultra-low SERS LOD of SnS; microspheres
mainly contributed by the synergistic enhancements of the molecular enrichment
caused by capillary effect and the charge transfer chemical enhancement boosted
by the lattice strain and sulfur vacancies.

SERS detection of various SARS-CoV-2 biomarkers and establishing
identification standard of SERS signals

With the COVID-19 pandemic that has swept the world, there has been an urgent
solution needed for accurate identification of the infectiousness of SARS-CoV-2. It
is well acknowledged that SARS-CoV-2 is an enveloped virus, and the viral surface
mainly contains two transmembrane proteins: spike glycoprotein (S) and membrane
protein (M), while the larger RNA genome is contained within the envelope42
(Figure S12). Generally, the active or un-lysed coronavirus is covered by spike
glycoprotein with a vertical size of about 5 nm. During the semiconductor-based
SERS detection process, the SARS-CoV-2 S protein is the main contact with SnS,
microsphere substrates, resulting in detectable characteristic Raman signals that
usually contain the surface S protein dominating the SERS-Raman spectra of
SARS-CoV-2."® After the SARS-CoV-2 is lysed and inactivated, its viral structure
and spatial configuration are destroyed, and the nucleic acids (RNA) and other pro-
teins originally wrapped in the envelope are exposed or released outside the virus
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Figure 5. Application of SnS;, microspheres for detecting various physical forms of SARS-CoV-2
(A) Schematic diagram of identifying the lysed SARS-CoV-2.

(B) TEM images of SARS-CoV-2 with complete viral structure.

(C) TEM images of the lysed SARS-CoV-2.

(D) Raman spectra of SARS-CoV-2 S protein and SARS-CoV S protein.

(E) The key features of SERS patterns to classify the SARS-CoV-2 S protein and SARS-CoV S protein.

(F) Raman spectra of physical forms of SARS-CoV-2 including SARS-CoV-2, SARS-CoV-2 S pseudovirus, and SARS-CoV-2 S protein.
(G) Raman spectra of SARS-CoV-2 RNA and SARS-CoV-2 S protein.

(H) The key features of SERS patterns to classify the RNA and S protein of SARS-CoV-2.

particle (Figure 5A). Therefore, the infectiousness of SARS-CoV-2 could be identified

by analyzing the SERS signal difference in the surface S protein and internal RNA be-

tween the coronavirus with complete viral structure and the lysed coronavirus. First,

the 120-kV scanning TEM was applied to observe the morphology of the SARS-CoV-

2 with complete viral structure and the lysed SARS-CoV-2. The TEM images demon-

strated typical intact virions with 70-120 nm size before lysing (Figures 5B and S13A)

whereas enlarged and broken virions with about 200-300 nm size after lysing by

ultrasound treatment are found (Figures 5C and S13B), suggesting the effective

destruction of the integrity of SARS-CoV-2 particles by our lysing method.

We then characterized SERS spectra of five physical forms of SARS-CoV-2: SARS-CoV-2 S
pseudovirus, SARS-CoV-2 S protein, SARS-CoV-2 RNA, lysed SARS-CoV-2, and SARS-
CoV-2 (SI-5 of the supplemental information). The resultant Raman vibration modes cor-
responding to their Raman peaks are shown in Table S3. First, the interference of phos-
phate-buffered saline could be ignored due to its extremely weak Raman peaks in relation
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to the Raman spectra of SARS-CoV-2 S pseudovirus (Figure S14). In order to confirm the
accuracy of obtained Raman spectra for these various coronaviral physical forms on SnS,
microspheres, Au nanoarrays were used as SERS substrates for reference (Figure S15).
Analysis results indicated that Raman peaks of SARS-CoV-2 S pseudovirus, SARS-CoV-
2 S protein, and SARS-CoV S protein on both substrates matched better with some
Raman shifts due to the difference in SERS enhancement mechanisms and the amount
of charge transfer between these two SERS substrates. The Raman spectra and the prin-
cipal component analysis (PCA) results of S protein of SARS-CoV and SARS-CoV-2 (Fig-
ures 5D and 5E) both suggested that Raman peaks of these two kinds of S proteins could
be completely distinguished in the 2D space, and the SARS-CoV-2 S proteins exhibited
the characterized Raman bands at 918 cm ™" and 1,520 cm ™" corresponding to the vibra-
tion modes of C-C stretching in skeleton and N-H and C-O in-plane deformation in amide
Il. Although the S protein of SARS-CoV-2 and SARS-CoV showed up to 74.6% identity in
theiramino acid sequences (SI-4 of the supplemental information), SnS, microspheresstill
showed excellent identification ability for different biomolecules, which provided a prom-
ising SERS substrate candidate for practical detection applications of biomolecules.
Additionally, three physical forms of SARS-CoV-2 including SARS-CoV-2, SARS-CoV-
2 S pseudovirus, and SARS-CoV-2 S protein absorbing on SnS; microspheres presented
almost identical Raman shifts except for the difference in Raman intensity (Figure 5F),
which could be attributed to the fact that their main contact with SnS, microsphere sub-
strates was the SARS-CoV-2 S protein, resulting in the same Raman peaks as SARS-CoV-
2 S protein. Therefore, itis reasonable to replace the dangerous active SARS-CoV-2 with
the SARS-CoV-2 S protein to obtain a large amount of Raman data for the principal
component of machine learning analysis. Finally, the identification standard of SERS sig-
nals was established by machine leaming and identification techniques to identify the
non-infectious SARS-CoV-2. Raman spectra of SARS-CoV-2 RNA on SnS; microspheres
were detected and are shown in Figures 5G and S16. Interestingly, PCA results in Fig-
ure 5H showed that SARS-CoV-2 RNA and S protein presented different Raman shifts,
and they could be completely distinguished in the three-dimensional space. The
SARS-CoV-2 S protein exhibited three characterized Raman bands at 752 cm™',
1,380 cm™", and 1,520 cm™" originated from the vibration modes of the aromatic ring
in tryptophan (Trp), C-N stretching in tryptophan (Trp), and N-H and C-O in-plane defor-
mation in amide I, respectively. Therefore, Raman spectra of SARS-CoV-2 RNA and S
protein could serve as two principal components of the identification standard to distin-
guish and classify the unknown SARS-CoV-2 samples. Similarly, the PCA results of SARS-
CoV-2 were consistent with the SARS-CoV-2 S protein, showing the completely distin-
guished Raman peaks from SARS-CoV-2 RNA (Figure S17). Additionally, we further
explored the limits of detection for three physical forms of SARS-CoV-2 virus based on
SnS; microsphere SERS substrates. As shown in Figure S18, evenifthe SARS-CoV-2 S pro-
tein, SARS-CoV-2 RNA, and SARS-CoV-2 S pseudovirus were diluted to 10~ " mol/L, 10*
copies/mL, and 10* copies/mL, respectively, some obvious, characteristic Raman signal
of the above three physical forms of SARS-CoV-2 could still be detected by adsorbing on
SnS; microspheres. To the best of our knowledge, itis the highest detection sensitivity for
SARS-CoV-2 particles among the pure semiconductor-based SERS substrates, which also
mainly originated from the molecular enrichment phenomenon caused by the capillary
effectand the significant chemical enhancement of SnS, microspheres, but the difference
is that virus particles are relatively less affected by capillary attraction due to their larger
size. Moreover, the viral loads of SARS-CoV-2 identified from COVID-19 patients’ saliva,
stool, urine, or blood and the items in the cold chain environments were in the range of
10-10"° copies/mL, where the currently pandemic SARS-CoV-2 variants generally exhibit
a characteristic of high viral load of >10° copies/mL.*****’ Therefore, the SERS detection
method based on SnS, microsphere substrates shows great practical application
potential.
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Diagnosis of the infectiousness of SARS-CoV-2 based on the established
identification standard

Herein, the SARS-CoV-2 with complete viral structure and the lysed SARS-CoV-2
were adopted to simulate three contamination situations of SARS-CoV-2 in actual
environments: the SARS-CoV-2 with complete viral structure, the lysed SARS-CoV-
2, and a mixture of the complete-structure viruses and the lysed viruses. The exper-
imental procedure for diagnosing the infectiousness of SARS-CoV-2 is shown in Fig-
ure 6A. Noticeably, the SARS-CoV-2 with complete viral structure showed only the
characteristic Raman spectra of SARS-CoV-2 S protein (Figure S19A), whereas the
lysed SARS-CoV-2 presented both the characteristic Raman peaks of SARS-CoV-
2 S protein and RNA (Figure S19B). Based on the above identification standard of
SERS signals for SARS-CoV-2 S protein and RNA, it is possible to complete the diag-
nosis of the non-infectious virus samples through two-step SERS detections. Multi-
ple testing areas on the surface of SnS, substrates with these three virus samples
were randomly selected to perform Raman detection to obtain at least 80 available
SERS spectra, and a more advanced machine learning method of support vector ma-
chine (SVM) was adopted to discriminate and classify the obtained SERS spectra
(Figure 6C). According to the first SERS detection results (Figures 6B, 6D, and 6F),
if all the Raman spectra of virus sample belong to the SARS-CoV-2 S protein, this vi-
rus sample is determined to be the SARS-CoV-2 with complete viral structure, sug-
gesting a severe risk of virus infectivity (Figure 6F). SVM analysis results of Figures 6B
and 6D showed that 58 and 60 SERS spectra of virus samples could be correctly clas-
sified to SARS-CoV-2 RNA, while 71 and 26 SERS spectra could be contributed to
SARS-CoV-2 S protein. Such SVM analysis results only indicated that there were
some lysed SARS-CoV-2 virions in these two kinds of virus samples, but it could
not judge their virus infectivity. Therefore, it is necessary to conduct the second
SERS detection after eliminating RNA and re-lysing these two virus samples. Their
SVM analysis results are shown in Figures 6E and éG. If the virus sample still exhibits
the characteristic Raman peaks of SARS-CoV-2 RNA at this time (Figures 6E and S20),
it is diagnosed as the mixture of the complete-structure virus and the lysed virus,
suggesting a moderate risk of virus infectivity. As shown in Figures 6G and S21,
we found that 127 SERS spectra of the virus sample were all classified to SARS-
CoV-2 S protein, indicating this virus sample belonged to the lysed SARS-CoV-2.
Noticeably, this virus sample of all lysed SARS-CoV-2 in actual environments had
almost no risk of virus infectivity, but it is frequently misdiagnosed as a source of in-
fectious SARS-CoV-2 by the current commonly used detection method of RT-PCR. In
conclusion, the present analysis results demonstrated that it is feasible to diagnose
the non-infectious SARS-CoV-2 based on the identification standard of SERS signal
for SARS-CoV-2 S protein and RNA, which paves a new path for the identification of
SARS-CoV-2-contaminated dangerous items in actual environments.

Conclusions

In summary, in response to the challenge of diagnosing the infectiousness of SARS-
CoV-2 in the various actual virus-contaminated environments, we developed ultra-
sensitive SERS substrate SnS, microspheres to detect various physical forms of
SARS-CoV-2 virus. The first synthesized SnS, microspheres exhibited a hierarchical
nanostructure with a unique nano-canyon morphology, which could generate
capillary effect on the surface of microspheres. Based on these SnS, microsphere
substrates, the Raman detection of molecules with ultra-low concentration was
achieved through the molecular enrichment caused by capillary effect, which
enabled SnS, microspheres to achieve about 40-fold physical enrichment for mole-
cules. Additionally, benefiting from the contribution of the lattice strain and sulfur
vacancies to chemical enhancement, SnS, microspheres exhibited an ultra-low
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E) SYM analysis results to identify the mixture of the SARS-CoV-2 with complete viral structure and the lysed SARS-CoV-2 after eliminating RNA and re-

lysing virus samples.

(F) SVM analysis results to identify the SARS-CoV-2 with complete viral structure.
(G) SVM analysis results to identify the lysed SARS-CoV-2 after eliminating RNA and re-lysing virus samples.

LOD of 107" M and an ultra-high enhancement factor of 3.0 x 108 for MeB. To the
best of our knowledge, this remarkable SERS enhancement of SnS;, microspheres is
one of the highest sensitivities among the reported pure semiconductor-based SERS
substrates, which can even parallel that of the noble metals with hot spots. As a
result, various physical forms of SARS-CoV-2 were able to be sensitively detected
on SnS; microspheres, and the identification standard of SARS-CoV-2 RNA and S
protein was established by PCA methods. Moreover, based on the advanced
machine learning method of SVM,
successfully distinguished, which paved a new path for identifying the infectiousness
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of SARS-CoV-2 virions and is of significance to avoid misdiagnosing infectious SARS-
CoV-2 in actual environments. Furthermore, it is worthwhile to note that recovery of
SARS-CoV-2 in viral culture is currently the only approach to confirm the presence of
replication-competent virus.”® However, the viral culture method suffers from the
defects of long culture time and complicated experimental operation. Meaningfully,
the aforementioned two-step SERS detection method can be extended to rapidly di-
agnose SARS-CoV-2 infectivity on site in some contaminated patient gathering pla-
ces such as hospitals or at the Centers for Disease Control and Prevention, exhibiting
vital timeliness in patient management that the viral culture method does not have.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

The detailed experimental methods can be found in the supplemental experimental pro-
cedures. It is recommended to contact the lead contact directly for further information
and requests for resources and materials: Yong Yang (yangyong@mail.sic.ac.cn).

Materials availability
This study did not generate new unique reagents or there are restrictions to
availability.

Data and code availability

All data associated with this study are made publicly available, including the calcu-
lation of enrichment multiples, enhancement factor calculations, theoretical results
from the DFT calculations, and data analysis results of machine learning methods.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.11.028.
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