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Conspectus

Infectious diseases by pathogenic microorganisms are one of the leading causes of mortality
worldwide. Healthcare and socio-economic development have been seriously affected for different
civilizations because of bacterial and viral infections. According to the Centers for Disease
Control and Prevention (CDC), pandemic in 1918 by the Influenza A virus of the HIN1 subtype
was responsible for 50 to 100 million deaths worldwide. Similarly, the Asian flu pandemic in
1957, Hong Kong flu in 1968, and HIN1pdmO09 flu pandemic in 2009 were responsible for more
than 1 million deaths across the globe each time. As per the World Health Organization (WHO),
the current pandemic by coronavirus disease 2019 (COVID-19) due to the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus is responsible for more than 4.8M death worldwide
till now. Since the gold standard polymerase chain reaction (PCR) test is more time-consuming,
the health care system cannot test all symptomatic and asymptomatic covid patients every day,
which is extremely important to tackle the outbreak. One of the significant challenges during the
current pandemic is developing mass testing tools, which is critical to control the virus spread in
the community. Therefore, it is highly desirable to develop advanced material-based approaches
that can provide a rapid and accurate diagnosis of COVID-19, which will have the capability to
save millions of human lives.

Aiming for the targeted diagnosis of deadly virus, researchers have developed nanomaterials
with various sizes, shapes, and dimensions. These nanomaterials have been used to identify
biomolecules via unique optical, electrical, magnetic, structural, and functional properties, which
are lacking in other materials. Despite significant progress, nanomaterial-based diagnosis of
biomolecules is still facing several obstacles due to low targeting efficiency and nonspecific
interactions. To overcome these problems, the bio-conjugated nanoparticle has been designed
via surface coating with polyethylene glycol (PEG) and then conjugated with antibodies, DNA,
RNA, or peptide aptamers. Therefore, the current account summarized an overview of the recent
advances in the design of bio-conjugated nanomaterial-based approached as effective diagnosis
of SARS-CoV-2 virus, SARS-CoV-2 viral RNA, antigen, or antibody, with a particular focus

on our work and other’s work related to this subject. First, we present how to tailor the
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surface functionalities of nanomaterials to achieve bio-conjugated material for targeted diagnosis
of the virus. Then we review the very recent advances in the design of antibody/aptamer/

peptide conjugated nanostructure, which represent a powerful platform for naked-eye colorimetric
detection via plasmonic nanoparticles. We then discuss nanomaterial-based surface-enhanced
Raman scattering (SERS) spectroscopy, which has the capability for very low-level fingerprint
identification of virus, antigen, and antibody via graphene, plasmonic nanoparticle, and hetero-
structure material. After that, we summarized about fluorescence and nanoparticle surface energy
transfer (NSET) based on specific identification of SARS-CoV-2 infections via CNT, quantum
dots (QDs), and plasmonic nanoparticles. Finally, we highlight the merit and significant challenges
of nanostructure-based tools in infectious diseases diagnosis. For the researchers who want to
engage in the new development of bio-conjugated material for our survival from the current

and future pandemics, we hope that this account will be helpful for generating ideas that are
scientifically stimulating and practically challenging.

Graphical Abstract

1. INTRODUCTION

Over the centuries infectious diseases caused by deadly viruses, bacteria, and different
organisms have been among the leading causes of mortality in this world~3. Around
103 years ago, the 1918 influenza pandemic, infected 500 million people worldwide and
killed more than a half-million people in the United States and up to 50 million people
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worldwidel=3. The acquired immunodeficiency syndrome (AIDS) epidemic started 40 years
before, has killed more than 35 million people till todayl—3. As of March 2020, the world

is currently dealing with a global outbreak of coronavirus disease 2019 (CIVID-19) caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus*-8. The current
pandemic has taken more than 4.2 M human lives worldwide till now8-13. It has also created
vast volatility, uncertainty, and complexity in healthcare, education, transportation, and the
financial industry in our world®>16. The current pandemic has highlighted the massive need
for rapid and accurate diagnosis to control the spread of the virus by quarantining®-29.

The current diagnosis techniques used in clinics for COVID-19 infections are reverse-
transcription polymerase chain reaction (RT-PCR), reverse-transcription loop-mediated
isothermal amplification (RT-LAMP), clustered, regularly interspaced short palindromic
repeats (CRISPR), enzyme-linked immunosorbent assay (ELISA), lateral flow assay (LFA),
etc. (Figure 1)10-40, The gold standard real-time polymerase chain reaction (RT-PCR),
which targets different SARS-CoV-2 genomic regions such as nucleocapsid (N), spike (S)
protein, or envelope (E) genes is the ultimate diagnostic method for the detection of SARS-
CoV-2 (Figure 1)*20, Since PCR procedures need 1-3 days to confirm the clinical data,
clinicians cannot perform millions of tests per day, which is extremely important to control
the outbreak®25, Therefore, there are strong demand for the development of rapid diagnostic
tests, which can have high sensitivity and specificity for measuring virus RNA, antigen (S
or N protein) or antibodies (IgA, IgM, 1gG) of symptomatic or asymptomatic patients0-30,
Clinical testing facilities need novel point of care (POC) devices that can provide results
very rapidly, maybe within 5 minutes.

To overcome the problem, researchers have developed several nanomaterial-based
approaches?0-43. Since nanomaterials exhibit unique structural and functional properties,
considerable efforts have been made in the last year on the rational design of nanoprobes

to improve SARS-CoV-2 diagnosis (Figure 2)10-30, For reported diagnosis tools, various
unique optical and electrical properties of nanomaterials have been used for signal
transduction?0-40, Since mass testing is fundamental to tackle the COVID-19 pandemic,
several efforts are currently underway to develop easy-to-use colorimetric diagnostic

tests that can be used in point-of-care settings or even for home daily use kits15-24,

Since plasmonic gold nanoparticles have several orders of magnitude higher extinction
coefficients than common dyes, it has been used heavily for sensitive colorimetric diagnosis
purposel®24. Similarly, high sensitivity and single molecular level detection capability
diagnosis tools such as surface-enhanced Raman spectroscopy (SERS), nanomaterial-based
surface energy transfer (NSET) have been developed using nanomaterials23-35. Since Raman
scattering efficiency can be enhanced 108-101# orders of magnitudes using plasmonic
nanomaterials, researchers have used those materials for developing SERS active diagnosis
tools for the identification of infectious virus#®-53,

Although researchers have made significant advances in this area, nanomaterial-based bio-
diagnosis is still facing several obstacles. Since nanomaterials often bind nonspecifically
with biomolecules, it significantly limits specificity and detection sensitivity#4-50, In
addition, since most of the nanoparticles possess positively or negatively charged surfaces
to confer water solubility, they tend to exhibit strong nonspecific binding with protein and
other biomolecules in biological fluids20-30:44-50_ One way to overcome these problems
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is to design bio-conjugated nanomaterial by manipulating biomolecular recognition events
(Figure 3A-3D)20-3044-50_ For this purpose, we and others used a novel strategy, which

is initially coating the nanomaterial with polyethylene glycol (PEG) to reduce charge

and nonspecific binding (Figure 3A-3B, 3D)20-3-44-50_ After that, the PEG-coated
nanomaterials are conjugated with targeting agents such as SARS-CoV-2 specific antibody
or DNA/RNA/peptides aptamer (Figure 3). Using the above strategy, we have created a
bio-conjugated nanomaterial-based approach with minimum false alarms and it exhibits high
sensitivity and specificity4-50.

The fast-evolving research in this area has led to the development of bio-conjugated
zero-dimensional (OD) spherical gold nanoparticle, quantum dots, one-dimensional (1D)
carbon nanotubes (CNTS), nanorods, and two-dimensional (2D) graphene, and others for
bio-diagnosis purposes 29-43. All reported nanomaterial-based SARS-CoV-2 diagnosis is
based on the nucleic acid- or protein-based detection methodology20-43,

Along these lines, we have reported bio-conjugated nanomaterial-based naked eye
colorimetric, highly sensitive SERS and NSET based specific and rapid diagnosis of SARS-
CoV-2 virus, viral antigen, RNA, and other viruses?3-24:45-46.52 |n this account, we present
an overview of the recent advances on the use of bio-conjugated nanoparticles as an effective
diagnosis tool for SARS-CoV-2, which aims to help scientists to understand the use of
bio-conjugated material for rapid diagnosis and facilitating its early realization of practical
clinical applications. To provide the rationale behind these developments, we discuss

general mechanisms for different types of bio-conjugated nanomaterial-based approaches
for the diagnosis of SARS-CoV-2. We also highlight future opportunities and challenges of
nanomaterial-based strategies for possible clinical uses.

2. Bio-conjugated plasmonic nanoparticle for targeted naked eye

diagnosis

As per WHO, it is vital to expand the COVID-19 testing capacity up to 100-fold over
existing RT-PCR tools~19, For this purpose, easy to use, equipment-free, rapid, and low-
cost colorimetric COVID-19 diagnostic tests can be an excellent choice for point-of-care
applications if good sensitivity and specificity can be obtained. Naked eye colorimetric
diagnostic tools utilize visual color change to detect targeted analytes16:21-25,

Dye-based colorimetric diagnosis is very well documented in biology from 1884, when
Hans Christian Gram developed a naked eye sensor to provide distinct color for gram-
positive and gram-negative bacteria29-30: 47-54_Since the absorption coefficient for organic
dyes is relatively low, the dye-based colorimetric sensor has low sensitivity, and it
exhibits poor selectivity20-3047-54 To overcome the above problem, researchers have
developed a bio-conjugated nanomaterial-based colorimetric diagnosis assay, using which
selectivity and sensitivity can be enhanced by several orders of magnitude (Figures 4A—
4D)23-2747-54_gince for gold nanoparticles, the absorption and scattering occur in the
visible region, and it became the golden choice for colorimetric sensor23-27.47-54 Dye to
the very high extinction coefficients (~10° for 20 nm gold nanoparticle), plasmonic gold
nanoparticles absorb light millions of times stronger than the organic dye molecules As
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a result, the sensitivity of colorimetric diagnosis tools using gold nanoparticles will be
excellent?3-2747-54 Benefiting from unique localized surface plasmon resonance (LSPR)
optical properties, and biocompatible properties, gold nanoparticles are the commonly used
plasmonic nanoparticles for the colorimetric diagnosis tools23-27:47-54,

Since its pioneered work by Mirkin and coworkers in 1997 47, researchers have
developed a colorimetric assay using the bio-conjugated gold nanoparticles (Figures 4A—
4C)23-24.45-57_ Along these lines, we have reported bio-conjugated nanomaterial-based
naked eye colorimetric diagnosis of COVID-19 antigen, SARS-CoV-2 virus, rotavirus,
dengue virus, and different superbugs such as Carbapenem-resistant Enterobacteriaceae

(CRE) E. coli, Salmonella DT104, and methicillin-resistant Staphylococcus aureus
(MRSA)23-24,45-46,52-53.

2.1. Fundamentals of plasmonic nanoparticle based colorimetric assays.

Colorimetric assay’s working principle is based on LSPR properties of gold nanoparticles,
which enables free electrons to oscillate collectively with the direction of the electric field of
the incident light12:16-24.47-57 Dye to the presence of LSPR, the boundary of plasmonic
gold and silver nanoparticles hold a highly confined and enhanced electromagnetic

field, which allows a strong absorption peak in the visible regions12:16-24.47-50. Ag 5

result, plasmonic nanoparticle absorption/extinction or color can be varied by forming
aggregates via bio-conjugated nanoparticle interactions with analytes!2:16-24.47-57 | SpR
coupling among the nanoparticles can be manipulated by changing the distance between
gold nanoparticles or by varying the degree of aggregation of nanoparticles (Figures
4D-4G)?1-24,47-57 To understand better about distance dependence of LSPR coupling
mechanism, our group reported experimental and theoretical investigation by separating
nanoparticles by double-strand DNA (Figures 4E-4G)>L. Theoretically, finite difference
time domain (FDTD) simulation investigation indicates that the plasmon coupling is highly
dependent on the distance between two nanoparticles (Figure 4G)°L.

2.2. Targeted naked eye colorimetric diagnosis of SARS-CoV-2 RNA, antigen and virus.

Inspired by the color variations after aggregations, researchers have designed the fast-
developing field of naked eye colorimetric nanosensors to diagnose SARS-CoV-2 RNA,
antigen, and the virus itself (Figures 5A-5G)16:21-25_|n an exciting strategy, thiol-modified
antisense oligonucleotides functionalized gold nanoparticle has been used for colorimetric
detection of the N gene (nucleocapsid phosphoprotein) of SARS-CoV-2 (Figures 5A-5B)16.
Bio-conjugated gold nanoparticles agglomerate selectively in the presence of RNA sequence
of SARS-CoV-2 (Figure 5A)16, which can be diagnosed within 10 minutes.

The selectivity of the assay has been demonstrated using MERS-CoV viral RNA16. The
reported detection limit was 0.18 ng/pL for targeted RNA (Table 1)18. Motivated by the
simplicity of the assay, we have developed an anti-spike antibody attached GNP-based
colorimetric assay for rapid COVID-19 antigen diagnosis23. In the presence of SARS-CoV-2
spike recombinant antigen, due to the antigen-antibody interaction, a colorimetric change
from purple to bluish color is observed with naked eyes (Figures 5D). The SARS-CoV-2
antigen can be diagnosed within 10 minutes, and the detection limit for the colorimetric
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assay was obtained to be 1 nanogram (ng)/mL (Table 1)23. Furthermore, the selectivity
for naked eye assay has been demonstrated using severe acute respiratory syndrome
coronaviruses (SARS-CoV) nucleoprotein antigen and Middle East respiratory syndrome
coronavirus (MERS-CoV) nucleoprotein antigen separately (Figure 5D)23. The sensitivity
of the colorimetric assay for the identification of coronavirus was obtained as 1000 virus
particles/mL23,

Although CRISPR system is known from 1987, just five years before CRISPR-based
diagnoses became popular for human pathogen diagnosis!11%:18-22 Recently scientists
have developed CRISPR/ Cas12a and CRISPR/Cas13a, systems for the designing of rapid
and sensitive detection of SARS-CoV-211.1518-22 T improve the sensitivity of CRISPR
detection, the SPR properties of plasmonic gold nanoparticles have been used to pair with
the CRISPR-Cas12a system (Figure 5E)22. Reported data indicates that CRISPR/Cas12a-
assisted detection using gold nanoparticle as colorimetric probe has capability to distinguish
the N gene and O gene of SARS-CoV-2 from two other closely related coronaviruses
(Figures 5F-5G)22. Experimental data shows that that gold nanoparticle CRISPR-Cas12a
system can be used to detect as low as 50 RNA copies?2. From the reported data, we can
conclude that the gold nanoparticle- CRISPR-Cas12a system has potential for SARS-CoV-2
screening in clinics where state-of-the-art facilities are lacking.

eye diagnosis of SARS-CoV-2 from clinical sample

Using similar strategies, antibody-conjugated gold nanoparticle-based colorimetric assay
has been used for SARS-CoV-2 identification in clinical samples from 45 positive to
SARS-CoV-2 patients and 49 negative patients?l. For this purpose, gold nanoparticles were
attached with three surface proteins of SARS-CoV-2 (spike, envelope, and membrane)
(Figures 6A—6B)21. The reported sensitivity and specificity of the colorimetric assay were
higher than 95% (Table 1)2L. For clinical samples, the GNP-based colorimetric essay can be
compared with a real-time PCR. The viral load’s corresponding threshold cycle (Ct) = 36.5
can be detected using gold nanoparticle-based colorimetric assay??.

Similarly, recently researchers have used gold nanoparticle-CRISPR-Cas12a system to
analyze clinical SARS-CoV-2 RNA (Figures 6C—6D)?2. Reported data shows 95.12%
consistency with clinically approved PCR data, which indicates that gold nanoparticle-
CRISPR-Cas12a has potential for SARS-CoV-2 screening in clinics?2,

Due to the enormous advantages of portability, the lateral flow assay (LFA) using bio-
conjugated gold nanoparticles has been developed?’=32. It is now well documented that
antibody against SARS-CoV-2 will be produced by the human body after infection, which
is the primary immune response to fight against COVID-1927-32, To design a possible

point of care device for SARS-CoV-2, gold nanoparticle-based lateral-flow strips have

been developed for rapid identification of the IgM antibody against the SARS-CoV-2

virus (Figure 5G)27. Reported positive and negative SARS-CoV-2 serum samples data
demonstrated a good consistency with RT-PCR data, and specificity is 93.3% (Figure 5G)?7.
It should be noted that since it takes 7-14 days to produce antibodies after an infection, gold
nanoparticles based LFA cannot be used for early detection. All reported clinical sample
data discussed here indicates that bio-conjugated nanomaterial-based naked eye assay can be

Acc Mater Res. Author manuscript; available in PMC 2023 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pramanik et al.

Page 7

used for the design of inexpensive platforms for virus diagnosis on a mass scale for countries
where health systems are lacking state-of-the-art laboratory infrastructure.

Although bio-conjugated GNP-based colorimetric assay is very rapid and requires minimal
equipment, due to the low sensitivity, use of the assay for an early stage of the SARS-CoV-2
infection is limited. To overcome the above problem, researchers are working to develop
nanomaterial-based ultra-sensitive tools for SARS-CoV-2.

3. Bio-conjugated graphene and plasmonic nanomaterial-based SERS for

highly sensitive diagnosis of coronavirus

A paradigmatic example of the highly sensitive diagnostic method is nanomaterial-based
surface-enhanced Raman scattering (SERS) spectroscopy, as it has the capability for

very low-level specific identification of virus, bacteria, and finger-print identification of
pathogens?23-2445-46,51-54  After the discovery of SERS in 1974, it is known to be one of the
most sensitive detection techniques for bio-molecular sensing (Figure 7A-7F)°1-54_ It is well
understood that placing the analyte within nanometer-sized gaps between two plasmonic
nanoparticles is very important to enable massive enhancement of the Raman signals®1-54
(Figure 7B). Along these lines, we have reported bio-conjugated nanomaterial-based SERS
for the diagnosis of COVID-19 antigen, SARS-CoV-2 virus, rotavirus, dengue virus, West
Nile virus, different superbugs, and cancer biomarkers23-24:45-46,53,

3.1. Fundamentals of nanomaterial-based SERS assays.

SERS enhancement is based on electromagnetic as well as chemical enhancement
mechanisms®1-53, SERS exploits the strong electromagnetic fields generated at the inter-
particle junctions of plasmonic nanostructures, known as “plasmonic hot spots” (Figure
7B-7C)>1-54, The strong plasmon coupling in the “hot spots” allows Raman signals to be
enhanced by 108-1010 orders of magnitude, which is sufficient to detect analytes at single
molecular level single molecular level 51-54, Since SERS electromagnetic enhancement
factor is proportional to the fourth power of the plasmonic enhancement electric field ([E]4),
FDTD simulation data indicate that the enhancement factor can be 6—8 orders magnitude
higher in the “hot spot” position (Figure 7B)>1-54, Similarly, SERS chemical enhancement
depends on the charge transfer between analytes and nanostructures®1—54,

3.2. Targeted SERS diagnosis of SARS-CoV-2 antigen and virus

Due to the excellent sensitivity and potable sensor development capability, we have
developed a SERS assay for COVID-19 antigen and virus identification using bio-
conjugated gold nanoparticles (Table 1-2 and Figure 7-8)23. For this purpose, 4- amino
thiophenol (4-ATP) SERS reporter and anti-spike antibody attached GNP have been
developed 23, Due to the strong interaction via plasmon-excitation coupling, the SERS assay
has the capability to diagnose 1pg/mL antigen (Figure 7D and Table 1)23. Selectivity for
SERS assay has been demonstrated using severe acute respiratory syndrome coronaviruses
(SARS-CoV) nucleoprotein antigen and Middle East respiratory syndrome coronavirus
(MERS-CoV) nucleoprotein antigen separately (Figure 7D)23,
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In an interesting study, recently, antibody attached graphene has been used as a Raman
transducer for the detection of COVID-19 S-protein (Figure 7E-7F)38. Reported data
shows no measurable cross-reactivity with MERS-CoV spike protein38. Experimental data
demonstrated that antibody attached graphene-based Raman has the capability to detect
SARS-CoV-2 spike protein as low as 3.75 fg/mL level in saliva3® (Table 1). Although
Raman reporters-based SERS has very high sensitivity, the sensing assay will have huge
benefits if the diagnostic technologies can be used as fingerprinting identification®1-54, Last
few decades, researchers have developed several sensing technologies to target the above
goal®1-54, Among them, label-free SERS has attracted considerable attention, which has the
capability for unique fingerprint profiling of a biological sample51-54,

Taking the above advantage of Raman spectroscopy-based assay, we have demonstrated
that antibody attached GNP-based SERS has the capability to be used for fingerprint
identification of dengue, West Nile, rotavirus, and coronavirus, respectively (Figures 8A—
8D, Table 2)2345-46, Raman bands from pseudo-SARS-CoV-2 can be assigned to spike
protein phenylalanine ring breath mode, amide 11, and amide 111 modes (Table 2 and Figure
8C). Raman modes due to lipid and unsaturated lipids are also powerful (Table 2 and Figure
8C). From all the spectra, one can find that the Raman bands for lipid and phospholipids are
unique for coronavirus spike protein which has not been observed for dengue, West Nile, or
rotavirus2345-46 (Table 2 and Figure 8).

3.3. SERS based diagnosis of SARS-CoV-2 antigen and antibody from clinical sample

Similarly, gold nanoparticle-based SERS assay has been used for SARS-CoV-2 spike
antigen identification in a clinical sample using throat swabs from 102 healthy people and
30 confirmed COVID-19 patients (Figure 9A-9H).42 For this purpose, deep learning-based
SERS has been developed for on-site detection of the SARS-CoV-2 antigen, using human
throat swabs and sputum samples (Figures 9A-9C)*2. Reported data shows that SERS can
be used for SARS-CoV-2 antigen detection within 20 min time period with an accuracy of
87.7% from clinical sample?2.

Since LFA is the paper-based cheapest tool for achieving rapid screening, the researcher has
developed SERS-based LFA for SARS-CoV-2 IgM/IgG detection. For this purpose, SERS
tags were fabricated by coating a complete Ag shell on the SiO, core.3® Reported result
indicates that SERS-LFIA strips have the capability to detect SARS-CoV-2 IgM/1gG within
25 minutes from the clinical sample with 100% accuracy3°. All the clinical sample data
discussed here indicates that bio-conjugated graphene and GNP nanomaterial-based SERS
has the capability to be used for the diagnosis of SARS-CoV-2 in-clinics.

Since genetic variants of SARS-CoV-2 such as B.1.1.7 (Alpha), B.1.351 (Beta), B.1.617.2
(Delta), and P.1 (Gamma) are circulating, whose infection rates are much higher than
original version first detected in China, we anticipate that researchers will design many more
innovative strategies in the coming years for the finger-print Raman sensing of different
variants.
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4. CNT and fluorescence nanoparticle-based sensor for SARS-CoV-2

sensing

In the last two centuries, light microscopy became the most used technique in clinical
diagnosis®>7.. Last decade, we and others demonstrated that carbon dots (CDs), perovskite
quantum dots (PQDs), semiconductor quantum dots, and lanthanum nanoparticles have
been proven to be better fluorescent probes than conventional fluorescent dyes®>—>7. Since
fluorescence nanodots exhibit a much higher quantum yield than organic dyes and nano-
dots, and are resistant to photo-bleaching, researchers have used them in a variety of
bio-detection and imaging purpose®®-57,

4.1. CNT -based fluorescence sensor for SARSCoV-2 sensing

In an exciting study recently, single-walled carbon nanotubes (SWCNTS), which emits near-
infrared emission, has been used to develop nano-sensor for the detection of SARS-CoV-2
(Figure 10A—-10D) 37, For this purpose, SWCNTSs were noncovalently functionalized with
angiotensin-converting enzyme 2 (ACE2), which has a very high binding affinity for spike
protein (Figure 10A)%7.

Since CNT exhibits near-infrared (NIR) emission in biological 11 window, it has been used
as signal transducers for spike protein detection (Figure 10B). Reported data indicates

that when viral S proteins are present, the fluorescence signal from SWCNT changes

due to the binding between ACE2 and spike protein (Figures 10B—10D)37. Reported data
demonstrate that bio-conjugated SWCNT can be used for the identification of SARS-CoV-2
virus-like particles within 5 s of exposure time3’. The detection limit was reported as 12.6
nM. (Table 1). Continuing innovations on the design of smart nanomaterial-based robust
fluorescence assay will undoubtedly further expedite the development to achieve clinical
testing performance.

4.2. Fundamentals of nanomaterial-based FRET assays

Although researchers have made huge advances in the design of the fluorescence
microscope, it is now well documented that the fluorescence microscope resolution is

not enough for understanding the interaction between biomolecules®>-7. To overcome the
above problem, researchers have developed a Forster or Fluorescence Resonance Energy
Transfer (FRET) microscope which has capability to determine the spatial proximity of
biomolecules®>-57,

FRET was discovered by Theodor Forster in 1948, where the excited donor transfers energy
to the ground state acceptor, which has been used routinely as a biosensor in the scientific
community24 55757 n the last three decades, due to the advancement in state-of-the-art
digital imaging techniques, FRET-based light microscopy imaging became very popular.

It has been used to monitor the dynamics of biomolecules /n vitro and in vivo24 55-57,
Although FRET has been used in biological research routinely due to the dipole-dipole
coupling mechanism between donor and acceptor and the maximum distance limit for
biomolecular interaction measurement is 10 nm for FRET24 55-57_ To overcome this 10 nm
distance limit, we and other groups have reported a long-range nanoparticle-based surface
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energy transfer (NSET), where energy transfer can be monitored even above 20 nm distance
(Figure 11A-11B)24 55-57_ Since the quenching efficiency of the gold nanoparticle is 9-10
orders of magnitude higher than that of the organic acceptor used for FRET, GNP-based
NSET nanoprobe has much higher efficiency than FRET24 55-57,

4.3. Targeted FRET diagnosis of SARS-CoV-2 antigen and virus.

Using the above advantages of NSET and aptamer-based bio-recognition technology, we
have developed rhodamine 6G (Rh-6G) dye conjugated COVID-19 spike protein-specific
DNA aptamer attached gold nanostar-based NSET, which can be used for rapid diagnosis of
COVID-19 antigen or virus rapidly (Figures 11D-11F)24,

Due to the strong interaction between aptamers and COVID-19 spike antigen via non-
covalent interaction, the reported NSET assay has the capability to diagnose 130 fg/mL
antigen (Table 1, Figures 11D-11F) 24, Similarly, using DNA aptamer-spike protein
interaction, NSET has been used for the identification of virus with the sensitivity of 8 virus
particles/mL (Table 1)24. For the possible application of the NSET assay for COVID-19
from clinical sample, NSET assay has been used to detect antigen and virus in infected

nasal matrix 24. Interestingly, NSET has the capability to be used for the detection of
COVID-19-specific antigen at a concentration of 100 fg/mL and virus at the concentration of
20 virus particles/mL (Figures 11F)24,

Using similar strategies, a FRET sensor based on the fluorescent QDs (green QD514,
fluorescence maximum at 514 nm) and gold nanoparticles have been developed to monitor
in vitro spike-ACE2 binding®? (Figures 12A-12B). Experimentally reported data indicates
that QD fluorescence is quenched upon binding due to the change in distance between

gold nanoparticles and QDs (Figures 12A-12B)30. Reported data demonstrated that FRET
intensity could be disrupted by unlabeled ACE2 or by neutralizing SARS-CoV-2 antibodies
(Figures 12A-12B)30. The /n vitro data indicates that FRET platform can be used for rapid
screening of SARS-CoV-2 infection30.

4.4. FRET based diagnosis of SARS-CoV-2 antibody from clinical samples

Since Fluorescence-based LFA can be an easy-to-use point of care device for society, the
researchers have developed high sensitivity, portable fluorescence lateral flow test strip
for early detection of IgM and IgG in human serum (Figure 12C)1°. For this purpose,
aggregation-induced emission (AIE) dye-loaded nanoparticle-based LFA was designed
(Figure 12C)19. Using 172 COVID samples from clinics, the reported data shows that
the sensitivity of AIE810NP-based test strips are 78 and 95% in detecting IgM and 1gG
respectively. Fluorescence-based LFA data are comparable with the ELISA data, which
shows that the sensitivities are 85 and 95% for IgM and IgG respectively1®,

Reported clinical sample data indicates that bio-conjugated nanomaterials based NSET may
pave new roads for SARS-CoV-2 detection in clinics. Although reported data are exciting,
in future, researchers need to design robust, reusable and cheap substrates, so that it can be
applied in inadequate clinical laboratories.
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5. Conclusions and Outlook

In this Account, we introduced how bio-conjugated nanomaterials have been used in the
last few months for the possible applications in SARS-CoV-2 diagnostics. We summarized
recent efforts to harness the diversity of structures, surface chemistry, and plasmonic
properties of nanomaterials for the development of naked-eye colorimetric identification of
SERS-CoV-2 viral RNA, antigen, and antibody. The reported clinical sample shows that bio-
conjugated nanomaterial-based naked eye assay can be used for the design of inexpensive
platforms for virus diagnosis, which is critical for low- and middle-income countries. We
have also discussed how bio-conjugated nanomaterial-based, highly sensitive SERS and
NSET assays have been designed for the identification of SARS-CoV-2 virus, antigen, and
antibody from a clinical sample. As material design for the diagnosis of SARS-CoV-2 is
still in its infancy, which started less than two years before, the works presented here are

the initial steps towards the new development. Since clear proof of concept exists, after
continuing innovations on proper engineering design, the device will achieve clinical testing
performance for rapid, accurate, and massive infection diagnosis. One smart way to design
such a device is by combining nanomaterial-based devices with CRISPR recognition, which
has the capability for unprecedented detection performance.

Despite the considerable achievements made in last year on the design of bio-conjugated
nanomaterial for the major fundamental challenge is the development of cost-effective,
biocompatible, and environmentally friendly nanomaterials, which have the capability to
exhibit high selectivity, sensitivity, accuracy, and precision for real-life infectious disease
marker sensing applications. With time it is now clear that slowly COVID-19 is becoming
an endemic disease. As a result, researchers need to find out multifunctional material-based
devices, which have the capability to test and to differentiate between different coronavirus
variants.

To further promote this field to help survive from the current and future pandemics,

the researchers need to explore the design of mass-producible synthetic process for bio-
functionalized nanomaterials, where size, shape, defects and stability can be controlled.
Future theoretical and experimental efforts are necessary for profound understanding on
how to control the batch-to-batch design process, so that it will have higher potential

for healthcare applications. Ultimately, the performance of the sensor in clinics will vary

if the shelf life of bio-conjugated substrates is short and minimization of non-specific
binding cannot be controlled in clinics. Further exploration on the design of a robust and
stable immobilization technique is highly desired. For achieving best positive outcomes, a
collaborative effort with clinical sector to receive their feedback on the novel bio-conjugated
material-based sensor performance is very important for improving the accuracy of the
diagnostic device and design of no or minimum toxic novel materials for health care
industry. As history taught us that crisis could create new potential for discovery, the current
pandemic could inspire all scientists to re-shape the future of the material field for complex
biological systems.
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Figure 1:
The current diagnostics methods for SARS-CoV-2 used in clinics. Reproduced with

permission from Ref (8). Copyright 2021 American Chemical Society.
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Schematic illustration of bio-conjugated nanoscale material-based tools which have

been designed to diagnose SARS-CoV-2 RNA, antigen, and antibody. Reproduced with
permission from Ref (16). Copyright 2020 American Chemical Society. Reproduced with
permission from Ref (38). Copyright 2021 American Chemical Society. Reproduced with
permission from Ref (19). Copyright 2021 American Chemical Society. Reproduced with
permission from Ref (37). Copyright 2021 American Chemical Society.
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A) The scheme shows the aggregation and dispersion of spherical nucleic acid conjugated

gold nanoparticles. B) Photograph shows visible red-to-purple color transition due to

the aggregation. Reproduced with permission from Ref (47). Copyright 2012 American
Chemical Society. C) The scheme shows the aggregation of antibody-conjugated gold
nanoparticles in the presence of antigen. Reproduced with permission from Ref (23).
Copyright 2021, Royal Society of Chemistry. D) The scheme shows the design of gold
nanoparticle dimer where monomers are separated by -ds DNA. E) TEM image of gold
nanodimer when monomers are separated by 8 nm through ds-DNA. F) Absorption spectra
of monomer and dimer. G) Finite-difference time-domain (FDTD) simulation data show how
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electric field enhancement of dimer GNP varies with different spacing. Reproduced with
permission from Ref (51). Copyright 2015 Royal Society of Chemistry.
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Figure 5:

A) The scheme shows naked-eye sensing of SARS-CoV-2 RNA using gold nanoparticles
capped with antisense oligonucleotides specific for N-gene. B) Enhanced dark-field
microscope hyperspectral imaging of antisense oligonucleotides capped GNPs in the
presence of SARS-CoV-2 RNA. Reproduced with permission from Ref (16). Copyright
2020 American Chemical Society. C) The photograph demonstrates the selectivity of
bio-conjugated GNP based colorimetric assay for COVID-19 antigen. Reproduced with
permission from Ref (23). D) TEM image of pseudoSARS-CoV-2 virus. Copyright

2021, Royal Society of Chemistry. E) Schematic shows CRISPR/Cas12a system assay
with gold nanoparticle-DNA probes for detecting SARS-CoV-2 from clinical samples. F)
Gold nanoparticle-CRISPR/Cas12a system-based detection of SARS-CoV-2 virus where P
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represents the virus RNA samples and N represents the blank control. G) Gold nanoparticle-
CRISPR/Cas12a system-based detection of SARS-CoV-2 RNA, where NTC represents no-
template control. Reproduced with permission from Ref (22). Copyright 2021 American
Chemical Society.
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Figure 6:
A) The scheme represents anti-spike, anti-membrane and anti-envelope antibody attached

gold nanoparticles-based detection of viral particles. B) The photograph shows colorimetric
test results for COVID-19 positive and negative clinical samples. Reproduced with
permission from Ref (21). Copyright 2020 American Chemical Society. C) Schematics
shows gold nanoparticle-CRISPR/Cas12a system-based diagnosis of clinical sample. D)
Assessment of clinical sample detection using gold nanoparticle-CRISPR/Cas12a system-
based. Reproduced with permission from Ref (22). Copyright 2021 American Chemical
Society. E-F) Performance of gold nanoparticle based LFA for human serum sample from
clinical sample, E) without COVID-19 infection and F) with COVID-19 infected patients.
Reproduced with permission from Ref (27). Copyright 2020 American Chemical Society.
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A) Schematic representation of portable SERS probe used for biomolecule identification. B)
FDTD simulation data show how electric field enhancement varies for three GNPs in bent
and straight assembly structure. Reproduced with permission from Ref (53). Copyright 2016
Royal Society of Chemistry. C) TEM data represent the aggregation of the antibody attached
gold nanoparticles on the surface of virus via antigen-antibody interaction. D) Selectivity of
SERS assay for COVID-19 antigens. Reproduced with permission from Ref (23). Copyright
2021 Royal Society of Chemistry. E) Plot shows the detection of the COVID spike protein
using graphene 2D Raman band. F) Plot shows the variation of the 2D peak position and

the Fermi level of graphene with the concentration of the COVID spike protein. Reproduced
with permission from Ref (38). Copyright 2021 American Chemical Society.
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A) SERS spectra of Dengue virus in the presence of the anti-flavivirus antibody attached
GNP. B) SERS spectra of West Nile virus in the presence of the anti-flavivirus antibody
attached GNP. Reproduced with permission from Ref (45). Copyright 2015 American
Chemical Society. C) SERS spectra of corona virus in the presence of the anti-spike
antibody attached GNPs. D) SERS spectra of rotavirus in the presence of the anti-rotavirus
antibody attached GNP. Reproduced with permission from Ref (46). Copyright 2014
American Chemical Society.
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Figure 9:
A) The scheme shows the detection process of the SARS-CoV-2 antigen from clinical

sample using the deep learning-based SERS technique. B) The graph shows the number of
the predicted positive points of clinical specimens. HC represents healthy controls. C) The
plot shows the diagnostic results at the optimal cutoff value. Reproduced with permission
from Ref (42). Copyright 2021 American Chemical Society. D) The scheme shows the
quantitative evaluation of SARS-CoV-2 using the SERS-based aptasensor. E) The plot shows
the Raman peak intensity variations with increasing SARS-CoV-2 concentration in real
clinical negative respiratory specimens. F) The plot shows the variation of Raman intensity
as a function of the SARS-CoV-2 lysate concentration. G) The plot shows the selectivity of
the assay using influenza A/H1N1 (4500 PFU/mL), influenza A/H3N2 (15000 PFU/mL),
SARS-Cov-2 (200 PFU/mL), and their mixtures. H) The plot shows the histograms for

the normalized Raman peak intensity ratios. Reproduced with permission from Ref (40).
Copyright 2021 American Chemical Society.
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Figure 10:
A) The scheme shows the ACE2-SWCNT nanosensor working principle. (B) The spectra

show how the fluorescence spectrum of ACE2-SWCNT varies with time. C) The plot shows
selectivity of the sensor for SARS-CoV-2 spike receptor-binding domain (S RBD) and
SARS-CoV-1 S RBD with respect to MERS S RBD, and FLU hemagglutinin subunit (HA1).
D) ACE2-SWCNT nanosensor response after exposure to 1 pM S RBD in the presence of
1% viral transport medium (VTM), saliva, nasal fluid, and sputum (treated with sputasol).
Reproduced with permission from Ref (37). Copyright 2021 American Chemical Society.
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Figure 11:
A) Schematic representation of NSET ruler with difference lengths. B) Variation of

guenching efficiency with separation distance for NSET ruler. Reproduced with permission
from Ref (47). Copyright 2012 American Chemical Society. C) Schematic indicates the
designing of NSET assay using gold nanostar and COVID specific aptamer. D) Variation
of NSET intensity with the concentration of pseudo-SARS-CoV-2 virus. E) Single photon
luminescence image of pseudo baculovirus attached dye conjugated aptamer. Reproduced
with permission from Ref (24). Copyright 2021 American Chemical Society.
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Figure 12:
A) The scheme shows the design of QD and gold nanoparticles -based FRET for finding the

interaction between RBD and ACE2. B) Fluorescence image shows the image of ACE2-GFP
(yellow) HEK293T clone 2 treated with 100 nM QDs14-RBD (magenta) and QDggg-RBD
(magenta). Reproduced with permission from ref (30). Copyright 2020 American Chemical
Society. C) The scheme shows the NIR-Emissive AIE Nanoparticle-Labeled Lateral Flow
Immunoassay for Detection of IgM and 1gG. D-E) Clinical sample performance of test strip
for the detection of IgM and IgG in 142 pre-COVID samples. The error bars represent the
standard deviation of the values. The standard deviation is calculated from the results of

142 independent tests. F) Calibration curve indicates the LoD of IgM is 0.236 ug mL~1. G)
Calibration curve indicates the LoD of IgG is 0.125 g mL~1. Reproduced with permission
from Ref (19). Copyright 2021 American Chemical Society.
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