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Abstract

Advancements in the field of analytical chemistry have greatly expanded the
development of biosensors for the detection of a wide array of diseases. This study aims
to optimize an affordable paper-based nanocomposite biosensor that utilizes surface-
enhanced Raman spectroscopy (SERS). Specifically, it investigates the preparation
parameters for a paper-based SERS substrate, including nanoparticle administration and
drying procedures. A particular focus of this work is to assess how the wax-defined paper
channels can effectively enhance SERS intensity. The results revealed that while the
wax-printed wells can define the nanoparticle administration for SERS detection, wax
backing may reduce the sensitivity of SERS by preventing two-directional solution
drying, promoting a non-uniform distribution of nanoparticles on paper substrates. The
limit of detection in terms of the number of nanoparticles within the paper-based SERS
platform was determined, showing a limit of detection of 0.02% of a theoretical
monolayer of gold nanoparticles. These findings, along with preliminary on-going work,
suggest that this platform can be expanded with the use of click chemistry for the
development of highly sensitive paper-based microfluidic SERS biosensors for the
detection of biomarkers in various diseases, such as Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2).
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1. INTRODUCTION

This work focuses on investigating the parameters for optimizing a wax-printed
paper-based surface-enhanced Raman spectroscopic (SERS) substrate, including
nanoparticle administration and mode of drying. It additionally assesses the limit of
detection in terms of the number of nanoparticles (NPs) present within wax-defined wells

for the development of a paper-based SERS biosensor platform, which are outlined in

Figure 1.
Mode of Drying Channel Backing Limit of Detection
What percentage of a monolayer
£ ﬂ I— is required for a signal?
. | ﬁ Wax Backing )
lodad | —
Vertical Horizontal No Wax Backing

Figure 1. Overview of the paper-based SERS platform parameters investigated in this
work.

This section first gives overviews of biosensors, SERS detection enhancement by
plasmonic nanoparticles, and the paper-based SERS substrates. These overviews are
followed by an outline of the objectives and approaches employed in this work.

1.1 Overview of Biosensors

In recent years, the field of analytical chemistry has greatly expanded the
development and optimization of biosensors.! At the most basic level, biosensors contain
analytes, or substances to be detected, bioreceptors, transducers, electronics, and
displays.? A bioreceptor is a biomolecule (i.e., antibody or enzyme) that can detect the
presence of an analyte, while a transducer is responsible for turning the bio-recognition

between an analyte and a biomolecule into a signal.? Electronics can then transform the



signal into an output for the display, enabling the detection and quantification of a

biological analyte of interest.? Figure 2 summarizes the elements of a biosensor.
Reference Electronics Display

Analyte
-
% Bio- Signal
Biochemical — — — —
conversion recognition Transduced Processing n
° / signal Py (]

° e @ .pe
° ® Amplifier Processor

Bioreceptor Transducer

Figure 2. Overview of the necessary components of a biosensor (reprinted and edited
from Naresh & Lee, 2021).!

In development, the sensitivity, selectivity, and reproducibility of a biosensor
dictate its effectiveness.® The sensitivity is a measure of the limit of detection of an
analyte, while the selectivity determines if a particular biosensor can consistently identify
the analyte of interest. Reproducibility is a function of precision and accuracy, such that
comparable results are obtained when a sample is run under similar conditions.
Additional factors, such as response time, stability, and cost-efficiency also contribute to
the practical commercial applications of a biosensor.?

While there is a great amount of diversity in biosensors, this analysis focuses on
the optimization of an optical biosensor using surface-enhanced Raman spectroscopy.
Due to its non-destructive sample analysis, molecular fingerprinting capabilities, and high
sensitivity, SERS is an ideal technique for biosensor applications.* Past research in the
Zhong research group has successfully utilized SERS analysis to detect the cancer
biomarker carcinoembryonic antigen.® This analysis works to expand this platform for the
eventual detection of SARS-CoV-2 on paper substrates. The basic components of the
nanoprobe biosensor include a Raman reporter which shows a characteristic Raman shift

upon the administration of photon, and an antibody which selectively binds to the antigen



of interest.® These two components are conjugated with nanoparticles, or clusters of metal
atoms with a radius ranging from a couple nanometers to hundreds of nanometers, to
ensure high intensity Raman scattering.®
1.2 Surface-enhanced Raman Spectroscopy Overview

SERS is a sensitive spectroscopic technique that can significantly enhance the
detection capabilities of Raman scattering by dissolving molecules onto surfaces.’
Without any surface enhancement, Raman signals are often too weak for analytical
applications. Raman scattering is achieved by administering an incident photon to a
sample. The photon can then be absorbed, vibrationally excite a molecule and be re-
emitted at a new frequency. Most scattered photons are re-emitted elastically through
Rayleigh scattering. In Stokes scattering, the incident photon is absorbed by a molecule
in its vibrational ground state, which relaxes to a higher vibrational state by absorbing
some of the incident photon’s energy. As a result, Stokes photons experience a red shift.
In anti-Stokes scattering, the molecule begins in a vibrationally active state, and after
excitation relaxes to the ground state. The emitted photon thus experiences a blue shift, as

shown in Figure 3.7

Virtual _________________‘____
energy Rayleigh
states Q"7 TTTOAY)TTTTTC B scattering
Stokes
Scattering
Anti-Stokes
scattering
Vibrational \ 7 A
energy
states A 4 X T . '
Stokes Rayleigh Anti-Stokes e 5 i
. . . 0 vib 0 0 vib
scattering scattering scattering

Frequency

Figure 3. Overview of Raman scattering, including Rayleigh, Stokes, and anti-Stokes
scattering (reprinted and edited from Kim et al., 2017).8



The first discovery of surface enhancement of Raman scattering occurred in the
1970s when Fleischmann and colleagues found that Raman scattering displayed an
uncharacteristically strong response when a pyridine monolayer was absorbed onto a
silver electrode.® Early theories argued that the increased surface area was responsible for
the signal enhancement. Yet, work in the labs of Jeanmarie and Van Duyne and Albercht
and Creighton suggested that a surface area effect could not summarize Fleischmann’s
findings.>!! Rather, Jeanmarie and Van Duyne asserted that these results occurred due to
an enhancement of the electromagnetic field present within the metallic surface.°
Albrecht and Creighton, however, claimed that a charge-transfer complex which formed
between the silver and pyridine contributed to the enhancement.! From these two claims,
researchers have developed the theories of electromagnetic and chemical SERS
enhancement.? Today, it is generally accepted that both factors contribute to surface
enhancement, with electromagnetic enhancement having a greater effect, particularly for
metal surfaces.®
1.2.1 Electromagnetic Enhancement Mechanism

The electromagnetic enhancement mechanism can be broken down into local field
enhancement and radiation enhancement. Local field enhancement occurs due to
localized surface plasmon resonance, such that the Raman reporter experiences a local
electric field (ELoc(wL)), that is more powerful than the external electric field (E(wL))
because of its absorption on a surface.!? Surface plasmon resonance (SPR) is a
phenomenon commonly observed in metal nanoparticles. When exposed to
electromagnetic radiation, the electrons in the conduction band of a metal oscillate

around the particle surface, leading to a charge separation along the direction of the light.



The highest amplitude oscillation occurs at the surface plasmon resonance frequency,

demonstrated in Figure 4.13

Electric field

Metal sphere - - -

< i
l l

Figure 4. Schematic representation of the localized surface plasmon resonance band
generated in metallic nanoparticles upon interaction with the electrical field of an incident
light (reprinted and edited from Willets & Van Duyne, 2007).*

According to work from the physicist Gustav Mie the SPR wavelength and
intensity is correlated with the metal type, size, shape, and dielectric environment, which
all contribute to the amount of surface charge density.'> Commonly, gold, copper, and
silver nanoparticles are chosen for SERS analysis due to their high degree of surface

plasmon resonance.'® The local field enhancement is summarized through equation 1,

where the Z term indicates that the laser is polarized along the Z axis.*?

z B’
LOC(‘”L)_E(Q—L)‘Z (1)

Radiation enhancement occurs due to the dependency of the power emitted from a
dipole on the chemical environment.*1” When the chemical environment has interfaces
present (i.e., is not homogenous), the electromagnetic field at the dipole is scattered and

in part reflects backwards at the dipole position, impacting the power radiated.*?



However, the electromagnetic contribution to SERS enhancement is commonly
represented via the |E|* approximation, which is shown in equation 2,

4
GEm — |ELOC ((JJL)|
SERS

“ED] (2)
where GEI< is the surface-enhancement because of the electromagnetic mechanism.

In general, the contribution from electromagnetic enhancement is approximated to
be 108.2° In “hotspots”, or areas of sharpness or junctions in the nanoparticle surface,
there is an even greater enhancement factor of 10%° due to higher localized surface

plasmon resonance.?’ Figure 5 demonstrates the presence of a hot spot.

Hot spot Min.

Figure 5. Representation of electromagnetic field enhancement at silver nanoparticle
junctions through the development of a “hot-spot” (reprinted and edited from Radziuk &
Moehwald, 2015).2
1.2.2 Chemical Enhancement Mechanism

Unlike electromagnetic enhancement, chemical enhancement occurs due to a
change in the polarizability of the Raman reporter molecule due to interactions with the
metal surface. Chemical enhancement is contingent on the Raman reporter molecule, and
is considered a short-range effect, with nanoparticles and Raman reporter molecules

required to be in close proximity to each other.?2 Generally, the enhancement factor from

the chemical mechanism is estimated to range from 10%to 10%.%



The absorption of a Raman reporter on a surface generally takes two forms. In
physisorption, for instance, the molecule is absorbed because of Van der Waals
interactions, and is not heavily modified. The change in enthalpy for this adsorption is
generally believed to be lower than -25 kJ/mol. Conversely, if a molecule is absorbed in a
chemisorption mechanism, a chemical bond is formed between the molecule and the
surface, resulting in an enthalpy change lower than -40 kJ/mol.?* These adsorptions both
impact the vibrational cross-section of the molecule, and thus the SERS spectra.

Mathematically, this enhancement is quantified by equation 3,
Chem Gids
GSERSZW )
k

where %is the surface dependent Raman cross section, i™¢is the free molecule Raman

cross-section, and GS$ES is the surface enhancement due to the chemical mechanism.!2

Figure 6 includes a visual representation of chemisorption and physisorption of Raman

molecules on a nanoparticle surface.

Multilayer of adsorbate

\

Bound to the Monolayer of adsorbate goundtothe
surface by surface by
van der Waals chemical
force bonding
Adsorbent surface
PHYSICAL ADSORPTION CHEMICAL ADSORPTION

Figure 6. Schematic representation of physical and chemical absorption of Raman
reporter molecules on surfaces (reprinted from Sarkar & Paul, 2016).%

The chemical enhancement mechanism can be explained through various
mechanisms, but this discussion will focus on resonant charge transfer.?8 When the gap

between Raman reporters’ lowest unoccupied molecular orbital (LUMO) and highest



occupied molecular orbital (HOMO) are close to the Fermi level, or position of 50%
occupancy of the metal, a metal-molecule charge transfer electronic state is achieved.?® In
resonant charge transfer, the allowed electronic transitions are enhanced when the laser

source is in resonance with this state.?’ Figure 7 displays metal-molecule charge transfer.

N & LUMO

% Fermi Level

energy

HOMO

Metal Adsorbate

Charge-transfer

Figure 7. Schematic representation of the charge transfer resonance mechanism for
SERS surface enhancement (reprinted and edited from Chu et al., 2017). 28

1.3 Paper-based SERS Substrates

Beyond enhancements in SERS intensity due to the absorption of Raman reporter
molecules on nanoparticle structures, advancements in paper-based SERS analysis have
greatly expanded the practical applications of Raman scattering technologies.?® The origin
of paper-based SERS substrates can be traced back to 1984.3° Unlike previously explored
substrates, such as glass or silicon, paper provides enhanced flexibility, cost-efficiency,
and ease of measurement.3! Paper’s cellulose composition additionally makes it

biodegradable.?



1.3.1 Techniques for Nanoparticle Deposition on Paper

One early method for administering nanoparticles on paper substrates is the dip
coating procedure, where paper substrates are dipped in nanoparticle solutions for a
period of 24 hours and rinsed with water to remove residual nanoparticles not absorbed
on the surface.! Nanoparticles can also be distributed on paper substrates by in-situ
growth on paper, shown in Figure 8, where nanoparticles are grown by reducing metal
ions in the pores of paper.®® Advancements in inkjet-printing have also enabled the

printing of both gold and silver nanoparticles on paper for use in sensors.*

[
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Figure 8. In-situ growth of nanoparticles in paper substrates (reprinted from Kim et al.,
2015).%

An application of the Lab-on-paper methodology, developed by the Whitesides’
group at Harvard University in 2007, will be utilized for nanoparticle distribution on
paper substrates in this study. The Whitesides’ method involves printing wax channels on
paper substrates to serve as hydrophobic barriers for the solution of interest.*® The
channels are then heated to allow the wax to melt through the paper.” Solutions are
allowed to flow through the channels via capillary action. A model of the groups’ early

channels can be seen in Figure 9.



Py

glucose / \ protein

assay assay

Figure 9. An early channel developed by the Whitesides’ group at Harvard University for
the paper-based detection of glucose and proteins (reprinted and edited from Martinez et
al., 2007).%

One of the major critiques of paper-based SERS detection is its low
reproducibility, and limit of detection.®® As such, this study aims to optimize a
methodology for using paper-based substrates for SERS analysis.

1.4 Objectives and Approach

This study seeks to optimize an experimental procedure in which gold
nanoparticles, ranging in size from 30 nm to 60 nm, are conjugated with the Raman
reporter 4-mercaptobenzoic acid (MBA) for paper-based SERS analysis. By determining
the optimal solution preparation, transfer, and drying procedures, ongoing efforts are
made to apply these parameters to the development of a biosensor for the detection of
SARS-CoV-2.

The gold nanoparticles utilized in analysis are synthesized by means of seeded

growth and nucleation.3® MBA was chosen as a Raman reporter for this analysis due to its

well characterized diagnostic Raman peaks at 1080 cm and 1587 cm . The 1587 cm -

Raman shift occurs due to C-C ring stretching, and asymmetric C-H bending in plane,

while the 1080 cm'1 band occurs due to breathing of the aromatic ring, and in plane
symmetric C-H bending.*° Figure 10 demonstrates the structure of MBA.. It is important

to note that MBA shows additional Raman bands depending on the solution pH.*°

10



However, these bands will not be analyzed in this study due to their low intensity SERS
responses. The conjugation of MBA with gold nanoparticles is achieved by means of the

thiol (-SH) group on MBA. 4°

OH
HS

Figure 10. Chemical structure of the Raman reporter 4-mercaptobenzoic acid.

This paper specifically examines three factors in relation to dropwise
administration of Au-MBA conjugates on wax-printed paper-based SERS channels. It
determines the effect of the mode of solution drying (i.e., horizontal vs. vertical drying)
on the SERS intensity of MBA. Figure 11 includes a schematic comparison of the

horizontal and vertical drying procedures.

Vertical Horizontal

Figure 11. Photos showing the vertical and horizontal orientation drying procedures of
gold nanoparticle solution on the wax-printed papers investigated in this work.

Additionally, it investigates whether the presence of a layer of candle wax
backing on paper channels impacts the SERS spectra of MBA. Although wax backing
may prevent sample loss from the backside of the channel, it is hypothesized that this
backing will block two-sided evaporation during drying, leading to an accumulation of
nanoparticles on the bottom of the channel. This non-uniform nanoparticle distribution is

hypothesized to reduce the detection capabilities of SERS by limiting localized surface

11



plasmon resonance. This analysis will also characterize the limit of detection as a
function of nanoparticle concentration. It will then determine what percentage of a
theoretical nanoparticle monolayer is required to achieve a signal in SERS.

Once Au-MBA solution administration and drying procedures are optimized, a
proof-of concept analysis can be conducted to evaluate the use of this platform as a
biosensor for SARS-CoV-2 detection. To achieve this, a bioconjugation reaction between
MBA, gold nanoparticles, and the SARS-CoV-2 Nucleocapsid (N-protein) antibody will
occur.

2. EXPERIMENTAL PROCEDURE
2.1 Chemicals and Materials

The gold nanoparticle precursor gold (111) chloride trihydrate (HAuCZ14¢3H>0,
>99.9% trace metals basis) was obtained from Sigma Aldrich. Sodium acrylate (97%),
the reducing/capping agent, was obtained from Aldrich. Sodium hydroxide (NaOH)
pellets used in pH adjustment were purchased from VWR Life Science. The Raman
reporter 4-Mercaptobenzoic acid (MBA, 99%) was obtained from Sigma Aldrich. The
Cartridge-Free ColorQube Ink was used to wax print the SERS channels from the Xerox
ColorQube 8580 Series. A Yamato Gravity Convection Oven DX 400 was used to heat
the wax-printed paper substrates. The deionized water used in each experiment was
purified from the Direct-Q3 Millipore Milli-Q system.
2.2 Nanoparticle Synthesis

The 30 nm nanoparticles utilized in SERS analysis were synthesized by
colleagues in the Zhong research group following the established protocol.** 24 hours

prior to synthesis, a 1.0 M solution of sodium acrylate was prepared and kept in a
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refrigerator. An appropriate amount of the gold precursor (HAuC14°3H20) was then
dissolved in water with a magnetic stir. Through the addition of a 0.5 M NaOH solution,
the solution pH was set to around 7. Sodium acrylate was added to the solution and
mixed for nearly 72 hours. The progression of synthesis was monitored with Ultraviolet-
visible spectroscopy (UV-vis). Transmission electron microscopy (TEM) was also used
to verify the size of synthesized nanoparticles at completion.

To grow nanoparticles larger than 30 nm, the Zhong group protocol was
followed.** The 30 nm gold nanoparticle seeds and the HAuC14+3H20 solution were
mixed, and pH adjusted to 7 with 0.5 M NaOH once again. The necessary amount of
sodium acrylate was added to cap the nanoparticles at sizes of 30, 40, and 60 nm. The
mixture was again stirred for approximately 72 hours. When the nanoparticles reached a
consistent absorbance value the synthesis was finished, and TEM and UV-Vis analyses
were conducted to verify nanoparticle size. Figure 12 demonstrates an overview of the

synthesis process.

Reduction > Seeded
Capping agent Growth
Metal Precursor Metal Nanoparticles Large Metal

Nanoparticles
Figure 12. Schematic overview of the synthesis procedure for gold nanoparticles.
2.3 Au-MBA Conjugation
Conjugates between 30 nm, 40 nm, and 60 nm gold nanoparticles and MBA were
obtained by dissolving the necessary amount of MBA to achieve a 5 mM solution of

MBA in distilled water. A 1 M NaOH solution was added to the MBA until a pH ranging

13



from 7-8 was achieved and all the MBA was dissolved in water. The 5 mM MBA
solution was then diluted with distilled water to achieve a 1 mM solution of MBA. The
nanoparticles were mixed with MBA at a ratio of 1 mL of gold nanoparticles to 5 uL of 1
mM MBA and placed on the shaker overnight.
2.4 SERS Paper Substrate Preparation

SERS paper channels were developed on Microsoft Word, using a commercial
silicon SERS plate as a basis for the size and shape parameters of the channels. The
paper-based channels were wax printed on Whatman No. 1 Qualitative filter paper from
Cytiva, using a Xerox ColorQube 8580. Figure 12 shows a sample of the printed

channels. The preparation of SERS paper substrates will be further discussed in future

paper.

o :8 :
o o

Figure 13. lllustration of the wax-printed paper wells/channels used for SERS analysis.

2.5 Instrumentation
2.5.1 Ultraviolet-visible Spectroscopy

A Hewlett-Packard 8453 spectrophotometer was used to generate the UV-vis
spectra of Au-MBA and Au nanoparticle samples over a spectral range from 200 nm to
1100 nm. 4 mL BrandTech Polystyrene cuvettes were utilized for testing, with water as a

blank. A schematic diagram of the UV-vis spectrophotometer can be found in Figure 14.
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Figure 14. Schematic representation of the components of the UV-vis spectrophotometer.
UV-vis was utilized to validate nanoparticle size and conjugation with MBA. It is
well documented in the literature that the surface plasmon band of gold nanoparticles
smaller than 20 nm has a maximum wavelength of nearly 520 nm.*? Past research in the
Zhong group approximates that for each increase in nanoparticle diameter of 1 nm, the
maximum wavelength is red shifted by around 0.7 nm, demonstrated in Figure 15.* It is
additionally expected that the plasmon band will be red shifted after conjugation with
MBA because of a change in the solution dielectric environment.** Figure 16 includes a

representation of the change in nanoparticle color as a result of size.
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Figure 15. Normalized UV-Visible spectra of gold nanoparticles in solution as a function
of nanoparticle size (reprinted from Njoki et al., 2007).%3
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Figure 16. Photos showing the gold nanoparticles’ color as a function of particle size
(reprinted from Njoki et al., 2007).%3

2.5.2 Transmission Electron Microscopy

TEM analysis of nanoparticle size was conducted by colleagues in the Zhong
group. Nanoparticle images were generated with TEM by passing a thin beam of
electrons through samples of the nanoparticle solutions. The electrons either scattered as
they hit the nanoparticles or passed by the sample to a florescence screen at the bottom of
the microscope, shown in Figure 17.“ The electrons that hit the fluorescence screen

generated the TEM image. %

16



Electron source

Condenser /
lens T~

—~

<]

Condenser
<« aperture

<« Sample

Objective lens

Objective
/ aperture

Selected area __»- "—
aperture

lens

Screen

Figure 17. Schematic diagram of the components of a transmission electron microscope
(reprinted from Marturi, 2013).4°

The Corel Draw program was used to outline the scanned nanoparticles and
ImageJ was used to correlate the number of pixels in a nanoparticle with its size.
2.5.3 Raman Spectroscopy

The Hamamatsu Raman spectrophotometer (serial number: 8200C103) was used
for Raman data collection over a range of 0 to 2500 cm™. This instrument has an
integration time of 1000 ms, and a laser with a wavelength of 785 nm. The maximum
power output of the laser is 80 mW. A commercial silicon plate was utilized for
calibration. Figure 18 displays the position of the paper-based SERS substrates in the

Raman spectrophotometer for data collection.
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Figure 18. Photo showing a paper-based SERS substrate in the Raman spectrometer for
data collection.

2.6 Data Analysis

Excel and OriginPro were used for data analysis. The Peak Analyzer function on
OriginPro was utilized for baseline correction to find the peak intensity.
3. RESULTS AND DISCUSSION
3.1 Nanoparticle Size Characterizations using UV-vis and TEM

Nanoparticle size was indirectly verified with UV-vis spectroscopy. Figure 19
includes a plot of the 30, 40, and 60 nm gold nanoparticle solutions’ normalized UV-vis
spectra. The 30 nm particles showed a maximum absorbance at a wavelength of 523 nm,
while the 40 nm gold nanoparticles showed a peak absorbance at a wavelength of 526
nm. The 60 nm nanoparticles displayed a peak absorbance at a wavelength of 534 nm. As
predicted, the surface plasmon band was red shifted with increases in nanoparticle size,
showing good agreement with the literature.* Peak broadening was also noted as

nanoparticle size increased.
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Figure 19. Nanoparticle size characterization with UV-visible spectroscopy.
TEM analysis provided a direct determination of nanoparticle size. Figure 20
displays images of 30 nm, 40 nm, and 60 nm nanoparticles under the same scale, as

collected by collaborators in the Zhong research group.

Figure 20. TEM micrographs of 30 nm (B), 40 nm (C), and 60 nm (E) gold nanoparticles
(reprinted and edited from Njoki et al., 2010).%’

3.2 Au-MBA Conjugate Characterization using UV-vis
UV-vis spectra for the 30 nm, 40 nm, and 60 nm Au-MBA conjugated solutions

were collected. Figure 21 shows the UV-vis spectra of the 30 nm Au-MBA conjugate
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solution, as compared with the 30 nm gold nanoparticle solution. As expected, the
maximum peak of the 30 nm Au and 1 mM MBA solution was red shifted (524 nm)
relative to the 30 nm gold solution (523 nm). This red shift has been well described in the

literature as a result of a change in the dielectric properties of the gold nanoparticles after

MBA conjugation.*®
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Figure 21. UV-vis spectra comparing the 30 nm Au and 30 nm Au-MBA.

Figure 22 demonstrates the UV-vis spectra for the 40 nm Au-MBA solution,
relative to the 40 nm Au solution. Like the 30 nm Au-MBA conjugate solution, the 40 nm
Au-MBA conjugated solution showed a red shift (528 nm) relative to the Au solution
(526 nm). According to Mie theory, this result can be justified by a change in the

dielectric environment after conjugation, which impacts the surface plasmon band.*®
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Figure 22. UV-vis spectra comparing 40 nm Au and 40 nm Au-MBA.
The UV-vis spectra for the 60 nm Au-MBA and 60 nm Au solutions are shown in

Figure 23. Again, the Au-MBA spectrum showed a redshift after conjugation (537 nm).
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Figure 23. UV-vis spectra comparing the 60 nm Au and 60 nm Au-MBA.
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3.3 SERS Paper Substrate Preparation

Wax channels were heated for time intervals ranging from one minute to five
minutes and thirty seconds at an specific oven temperature. Figure 24 demonstrates the
change in oven temperature due to its opening for approximately four seconds to insert
the channels, as recorded from a calibrated multimeter. It took nearly one minute for the
oven to return to temperature after opening. Thus, the channels were not heated at the set
oven temperature for the entire duration that they were in the oven.
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Figure 24. Plot of the oven temperature change after being open for a period of four
seconds for sample placement in the oven.

Figure 25 shows the progression of wax melting on the backside of the wax-
printed SERS channels as a function of time in the oven. Although various studies found
a heating period of two minutes to be ideal, a qualitative analysis of heated channels
revealed a heating time of two minutes and forty-five seconds to be an optimal duration
for this study to prevent wax from melting into the circular well.*” Yet, because it took

the oven nearly forty-five seconds to reach temperature after opening, this value shows
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good agreement with the literature. As such, all experiments were run on printed channels

that were heated for this duration.

Figure 25. Photos showing the front (top) and back (bottom) of paper substrates after
heating times of (A) unheated, (B) 1:00 min, (C) 1:30 min, (D) 2:00 min, (E) 2:30 min,
(F) 3:00 min, (G) 3:30 min, (H) 4:00 min, (1) 4:30 min, (J) 5:00 min, (K) 5:30 min.

3.4 Comparison of Wax-Printed Paper SERS Substrates with and without Wax
Backing Under Horizontal Orientation Drying Condition

The effectiveness of SERS analysis with and without wax backing on channels
containing 60 nm Au-MBA conjugated solution was evaluated. This experiment focused
on solution administration through dropwise horizontal drying procedures. Solution
administration began with the dropping of 2.5 uL of 60 nm Au-MBA solution. A
consistent 1.0 puL of solution was dropped on the same channel until the channel
contained a maximum volume of 7.5 pL. Three replicates of each volume were collected.
Figure 26 includes the average SERS spectra for channels without wax backing as a
function of the amount of Au nanoparticles dropped on the channel. It was estimated that
2.3 x 10* Au nanoparticles were present in each mL of solution administered. The SERS
spectra is scaled to analyze the two diagnostic Raman peaks for MBA at 1080 cm™ and

1587 cm™,
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Figure 26. Average Raman spectra of three no-wax backed SERS substrates as a function
of the dropped volume in terms of the nanoparticle amount.

Figure 27 contains the average Raman spectra for channels containing wax

backing as a function of dropped volume, and therefore nanoparticle amount.
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Figure 27. Average Raman spectra of three wax backed SERS substrates as a function of
the dropped volume in terms of the nanoparticle amount.
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One important finding from both the channels with and without wax is that the
SERS intensity significantly increases with increasing amounts of nanoparticles. This
result is in direct alignment with enhanced surface plasmon resonance. *¢ Figure 28 plots
the average maximum intensity at the diagnostic 1080 cm™ Raman peak for MBA after
baseline correction with OriginPro. This result demonstrates that the channels without
wax backing are more sensitive, with a slope of 0.0001 a.u. NP, as compared with a
slope of 2 x 10 a.u. NP* for wax backed channels. This suggests that channels without
wax backing are five times more sensitive than wax-backed channels when dried
horizontally. The no-wax backed channels also show enhanced linearity (R? = .9507)

when compared to wax backed channels (R? = .8407).
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Figure 28. SERS peak intensity at the 1080 cm™ Raman shift as a function of the number

of gold nanoparticles in the no wax and wax backed SERS substrates after baseline
correction with OriginPro.

Taken together, these findings indicate that for dropwise horizontal Au-MBA

administration no-wax channels show enhanced sensitivity and linearity.
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3.5 Nanoparticle-Coverage Dependence with SERS Substrates Prepared by Vertical
Orientation Drying

Prior to investigating the difference between wax and no-wax backed channels in
vertical drying, a Raman spectrum for vertically dried 30 nm Au-MBA no-wax backed
channels was developed. This experiment aimed to determine if a substantial volume of
solution could be dried vertically without sample loss due to dripping from the testing
area. Three replicates were tested, each containing a maximum volume of 6.5 pL, with
1.0 uL dropped consistently starting from an initial volume of 0.5 uL. For 30 nm gold
nanoparticles, the number of nanoparticles present in each mL of solution was
approximated to be 1.5 x 10* nanoparticles. Figure 29 shows the average Raman spectra
for 30 nm Au-MBA conjugated channels without wax backing that were dried vertically

after dropwise addition of solution.
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Figure 29. SERS spectra for 30 nm Au-MBA no-wax backed channels after vertical
drying, as a function of nanoparticle amount.
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A plot of the average maximum intensity at the 1080 cm™ Raman peak after
baseline correction can be seen in Figure 30. As expected, as the concentration of 30 nm
Au nanoparticles increased, the SERS intensity increased linearly (R? = .9765) because of
increased surface plasmon resonance.*® This experiment demonstrated that large volumes

of Au-MBA can be dried in a vertically without sample loss and with good sensitivity.
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Figure 30. Plot of the SERS peak (at 1080 cm-1) intensity vs. the number of Au
nanoparticles for 30 nm Au-MBA in the no-wax backed substrates after baseline
correction with OriginPro.
3.6 Comparison of Wax-Printed Paper SERS Substrates with and without Wax
Backing Prepared under Vertical Orientation Drying Condition

To further explore the role of wax backing, solutions of 30 nm, 40 nm, and 60 nm
Au-MBA conjugates were analyzed with wax and no wax backing.
3.6.1 30 nm Au-MBA

Figures 31 and 32 contain the Raman spectra for 30 nm Au-MBA solutions

administered in a dropwise fashion with and without wax backing.
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Figure 31. SERS spectra for 30 nm Au-MBA solution dropped on channels without wax
backing and following vertical drying procedures.
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Figure 32. SERS spectra for 30 nm Au-MBA solution dropped on channels with wax
backing and following vertical drying procedures.

After baseline correction with OriginPro, Figure 33 plots the maximum Raman

intensity as a function of nanoparticle amount at the 1080 cm™ peak. This analysis again
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reveals that channels without wax backing show greater sensitivity, with a slope of 8.0 x
10 a.u. NPt as compared to wax backed channels with a slope of 9.0 x 10 a.u. NP,
This suggests that channels without wax backing show nearly eight times the sensitivity
of wax backed channels. The channels without backing also showed significantly higher
linearity (R? = .9043) as compared to wax backed channels (R? = .4456).
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Figure 33. Plot of SERS peak (at 1080 cm™) intensity for 30 nm Au-MBA in no-wax and
wax backed substrates after baseline correction with OriginPro.

3.6.2 40 nm Au-MBA

40 nm Au-MBA conjugates were additionally tested on channels with and without
wax backing through dropwise administration beginning at 2.5 uL.. The average amount
of gold nanoparticles in each mL of solution was estimated to be 5.80 x 10'°. As such, the
approximated maximum amount of Au nanoparticles dropped was 3.19 x 108
nanoparticles. Figures 34 and 35 include the average Raman spectra of no-wax and wax

backed channels, respectively.
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Figure 34. SERS spectra for 40 nm Au-MBA solution dropped on channels without wax
backing and following vertical drying procedures.

50000
45000 [ ——2.5uL/1.45¢8 Au NPs
i 3.5 uL/2.03e8 Au NPs
40000 F
N 4.5 ulL/2.61e8 Au NPs
35000 ¢ 5.5 uL/3.19e8 Au NPs
S 30000 f
S s
2 25000 f
[7p] L
S r
£ 20000 |
15000 [
10000 [ /\
CW*V S e PN N SR /\
5000 == N
O-||||I|||I|||I|||I|||I||||I||||I||||I|||||

900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)
Figure 35. SERS spectra for 40 nm Au-MBA solution dropped on channels with wax

backing and following vertical drying procedures.

Again, this data is in alignment with increasing Raman intensity as a function of

increased surface plasmon resonance with more gold nanoparticles administered. Figure
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36 contains a plot of the average maximum intensity at the 1080 cm™* Raman peak after
baseline correction. Unlike the 30 nm Au-MBA conjugates, both the no-wax (R? = .9867)
and wax (R?=.9965) backing channels showed strong linearity. This could suggest some
experimental errors (i.e., improper channel placement in the Raman) leading to the poor
linearity of the 30 nm Au-MBA wax backed channels. Yet, this analysis revealed a
consistent trend in sensitivity, with no-wax backed channels showing twice the sensitivity

(m =0.0002 a.u. NP?) as the wax backed channels (m = 0.0001 a.u. NP).
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Figure 36. Plot of SERS peak intensity for 40 nm Au-MBA no-wax and wax backed
channels at the 1080 cm™ peak after baseline correction with OriginPro.

3.6.3 60 nm Au-MBA

The final size analyzed for a wax and no-wax backing comparison via vertical
drying was the 60 nm Au-MBA solution. The maximum concentration of Au
nanoparticles distributed was 1.27 x 108, Figures 37 and 38 include the baseline corrected

Raman spectra for channels with and without wax backing.
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Figure 37. Baseline corrected SERS spectra of 60 nm Au-MBA solutions dried vertically
with no wax backing.
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Figure 38. Baseline corrected SERS spectra of 60 nm Au-MBA solutions dried vertically
with wax backing.

The average maximum Raman signal for the baseline corrected wax and no-wax

channels at the 1080 cm™ peak can be found in Figure 39. This data matches the trends
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established with horizontal drying 60 nm Au-MBA, such that channels without backing
have higher sensitivity (m = 7.0 x 10 a.u. NP) and linearity (R? = .9441) than the wax
backing channels (m = 3.0 x 10° a.u. NP, R?=0.8361). The no-wax channels show
double the sensitivity of the wax backing channels, as observed for 40 nm NPs.
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Figure 39. Plot of SERS intensity for 60 nm Au-MBA no-wax and wax backed
substrates at the 1080 cm™ peak after baseline correction with OriginPro.

Taken together, the wax backing analysis reveals that paper substrates without
wax backing show greater linearity and sensitivity in SERS analysis at gold nanoparticle
sizes of 30 nm, 40 nm, and 60 nm. It is believed that paper substrates without backing
show enhanced SERS detection capabilities because of two-directional solution
evaporation from the top and bottom of the channel. Conversely, in wax backed channels,
the solution is only free to evaporate from the top side of the channel, leading to an
accumulation of gold nanoparticles attached to paper fibers near the candle wax backing.
With this accumulation of gold nanoparticles at the bottom of the channel the localized

electric field is reduced.™ It is also possible that the Raman laser collides with paper
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fibers significantly more before reaching the nanoparticles in wax-backed channels,
contributing further to the reduction in SERS sensitivity with wax backed channels.

Figure 40 includes a schematic representation of this wax vs. no-wax backing hypothesis.
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Figure 40. Schematic representation of the hypothesis for the nanoparticle dispersed
paper substrates prepared by two different procedures.

This analysis also suggests that the mode of solution administration can contribute
to SERS intensity, but more study is needed to directly compare vertical and horizontal
drying procedures. Another facet of solution administration is dropwise addition. By
administering solutions incrementally at low volumes via a dropwise addition
mechanism, gold nanoparticles are already present on the surface of paper fibers as more
nanoparticles are added. This could increase the probability of dimerization between
nanoparticles, leading to hotspots and increased SERS intensity.?® When large volumes of
Au-MBA conjugates are administered all at once there may be less opportunities for

dimerization, reducing the SERS response. Figure 41 summarizes this hypothesis.
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Figure 41. Schematic illustration of the hypothesis in terms of the dropwise
administration of NPs leading to the increased presence of dimers and thus hotspots for
SERS.
3.7 Determination of the Limit of Detection in Terms of Nanoparticle Coverage

The limit of detection (LOD) is a critical measure of the effectiveness of a
biosensor. As such, the limit of detection as a function of gold nanoparticles present on
the surface was determined. The conventional method to measure the LOD is dividing
three times the standard deviation of the detector noise by the slope of a plot of the signal
intensity as a function of concentration. To get a good understanding of noise, dilute
solutions of the 60 nm Au-MBA conjugates were tested. A 1 to 4 dilution was initially
performed and dropped to volumes of 2.5 uL, 5.0 uL and 7.5 uL, leading to the
administration of 3.75 x 10’ NPs. A 1 to 3 dilution was then performed and 2.5 uL of the
solution was dropped onto the substrate. A single 1 to 2 dilution was performed and
dropped, amounting to the addition of 7.92 x 107 gold nanoparticles in total. Figure 42
contains the stacked Raman spectra for each concentration of nanoparticles. Using these

spectra, the standard deviation of the noise was found to be 251.2 a.u. Figure 43 contains

a plot of the maximum SERS intensity for each concentration at the 1080 cm™ peak.
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Figure 42. SERS spectra of diluted 60 nm Au-MBA samples generated to determine the
signal and noise for LOD analysis.
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Figure 43. Plot of SERS peak intensity for 60 nm Au-MBA channels without wax at the
1080 cm™* peak after baseline correction with OriginPro.
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With the slope of 2.85 x 10 a.u. NP! determined, the limit of detection for this
platform was found to be 2.64 x 107 gold nanoparticles using equation 4.

3(251.2 au.)
LOD = ~ — 4)
2.85x 107 a.u. NP

To put this number into perspective, calculations were made in relation to the
paper channels utilized. The diameter of the circular wells for solution administration was
measured to be 0.30 cm, as shown in Figure 44. Using this value, the number of
nanoparticles required per square centimeter of the wells at the LOD was found to be
3.74 x 10® NP cm, using equation 5. This value suggests that at least 3.74 x 108 NPs
must be present in each square centimeter of the wells to obtain a significant signal above

the baseline in SERS analysis.

Figure 44. Photo showing the diameter of the SERS circular well used for sample
administration.

_ 2.64x 10" NP

2 —
NP/cm 15 o) ®)

Yet, this geometric surface area is not accurate because of the porous nature of the
Whatman No.1 paper. The following calculations approximate the surface area of the
Whatman paper, accounting for its pore size of 11 um and its nomial basis of weight of
87 g m. The paper additionally has a thickness of 180 pm. Using these values, the

density of the paper was calculated to be 4.8 x 10"t g cm = in equation 6.
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g 1 m2 1 10*um
= ) )

Density = 87 ") (102)20m2 180 o\ Tem (6)
The density of densly packed cellulose, however, is 1.5 g cm . By taking a
density ratio of porous Whatman paper to densly packed cellulose, the volume of the
pores was found. The density ratio was found to equal 0.32 in equation 7.
Density Ratio = 48x 107 g o (7

1.5 gcm3

This means that the void space, made up by pores, amounts to 68% of the paper volume.
Assuming the pores are perfect spheres, the void space value was used to determine the
number of pores, N, present in 1 cm? of the Whatman paper by setting the the void space
equal to the number of pores multiplied by the volume of each pore, as shown in equation
8. This equation yieled a value of 9.76 x 102 pores, where r is the pore radius of 5.5 pm.
NxSn(r)’= 0.68 x 1 cm® (8)
The total surface area of the three-dimensional paper, accounting for the surface
area of the pores, in a single cm® was then found to be 3.71 x 10% cm? by multiplying the
number of pores by the surface area of a single pore in equation 9.
Surface Area = Nx4n(r) (9)
The surface area per volume of a circular well on the SERS based channels was
then determined by accounting for the diameter of 0.30 nm and thickness of 180 um for a
single well, as shown in Figure 44 above. Using these values, the volume of the circular
well for solution administration was found to be 1.27 x 103 cm?3, as shown in equation 10.

Volume of substrate well = n(r)2X thickness (10)
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The surface area to volume ratio was then utilized to determine the surface area of
the porous Whatman paper in a single circular well, of a volume of 1.27 x 10 cm®. The

surface area in the ciruclar well was found to be 4.71 cm?, as shown in equation 11.

3.71 x 10° cm? __ Surface Area
1 cm3 1.27x 107 ¢cm?3

(11)

The ratio of nanoparticles per square centimeter of the channel could then be
determined in a similar manner as previously for the less accurate geometric surface area
of the paper. The amount of nanoparticles required per square centimeter of paper at the

LOD was determined to be 5.61 x 10° NP cm in equation 12.

NPY/om? 2.64 x10'NPs b
sicme=——"—"——"FF—
4.71 cm? ( )

To futher put the LOD into perspective, this value was compared to a theoretically
densly packed nanoparticle distribution in a 100 packing structure as shown in Figure 45.

Under this packing style, a single unit cell contains 1 nanoparticle, as demostrated.

Figure 45. Schematic representation of a theoretical monolayer of gold nanoparticles
packed in (100) on the surface, with a single unit cell denoted by the square.

The amount of 60 nm gold nanoparticles per square centimeter in a theoretical
monolayer was then found to be 2.78 x 10'° NPs cm using equation 13, where the area

of a unit cell is equal to the squared diameter of the nanoparticles.
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1 nanoparticle

NPs/unit cell= (13)

7
((60 nm)(--—S)2

=2.78 x 10 NPs cm™

Therefore, 2.78 x 10'° gold nanoparticles are required per square centimeter for a
single monolayer of theorically densly packed nanoparticles. For the less accurate
geometric surface area calculated in equation 5, the ratio of nanoparticles per square
centimeter at the LOD to the nanoparticles per square centimeter for a single monolayer
was found to be 0.014 in equation 14. This suggests that the nanoparticles required for
the LOD account for 1.4% of a theoretical gold nanoparticle monolayer. As shown in
equation 15, the ratio using the more accurate surface area was found to equal 0.00020.
This indicates that the LOD of gold nanoparticles represents only 0.020%o of the

nanoparticles required for one monolayer of theoretical dense packing.

3.74 x 108 NP cm2
2.78 x 10 19 NPs ¢m2

(14)

5.61 x 10 NP cm™
2.78 x 10 10 NPs cm2

(15)

4. SUMMARY AND FUTURE WORK

This study aimed to optimize the use of paper-based substrates for SERS analysis
to determine the ideal substrate preparation procedures for a biosensor. It was found that
channels without wax backing showed better linearity and sensitivity as compared to
channels with wax backing. This result was consistent among drying modes (i.e.
horizontal vs. vertical) and nanoparticle sizes ranging from 30 nm to 60 nm. While it is
likely that this result can be conceptualized as a consequence of a higher degree of

uniformity in nanoparticle distribution on paper as a result of two-directional

40



evaportation for no wax backing substrates, future analyses should utilize scanning
electron microscopy to visualize the placement of nanoparticles on paper fibers.

This analysis also revealed a LOD amounting to 0.020% of a single monolayer of
gold nanoparticles. This result points to the large extent of surface enhancement at low
concentrations of gold nanoparticles. It can be attributed with the strong surface plasmon
resonance band of gold nanoparticles.*® Future analyses should investigate how the LOD
of wax-backed channels compares to non-waxed backed channels, as well as if
nanoparticle size contributes to the measured LOD.

With this understanding of optimal drying procedures, and the LOD, efforts have
been made to expand this platform for use as a biosensor to detect SARS-CoV-2. To
achieve this goal, detection and capture N-protein antibodies are conjugated to MBA via
click chemistry with the crosslinkers 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and Sulfo-NHS (N-hydroxysulfosuccinimide) (S-NHS).*® For bioconjugation to
occur, MBA must first attach to the nanoparticle surface by means of the thiol (-SH)
functional group. The crosslinker EDC can then interact with the carboxylic acid of MBA
through the carbodiimide functional group, forming an unstable intermediate known as
O-acylisourea. The S-NHS crosslinker can then replace the EDC attached to the MBA
carboxylic acid, forming an ester. The N-protein antibody is then able to form an amide
bond at the MBA carboxylic acid. *® An important note is that not all MBA molecules are
attached to antibodies due to steric hinderance. Some O-acylisourea can also directly
form an amide bond between MBA and a primary amine, and some is hydrolyzed in

solution. *° Figures 45 and 46 display an overview of this process.
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Figure 46. Illustrations of the click chemistry reaction between MBA, S-NHS, EDC, and
the N-protein antibody. The reaction begins with the attachment of the crosslinker EDC
to the carboxylic acid of MBA, labeled 1, forming the unstable intermediate O-
acylisourea. This intermediate can then be hydrolyzed, directly interact with the primary
amine antibody, or be replaced by S-NHS to form an ester. An amide bond can then be
formed by replacement of S-NHS with the primary amine antibody at MBA’s carboxylic
acid (Reprinted from Thermo Fisher).>°
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Figure 47. Procedure to create a bio-conjugated nanoprobe via MBA, S-NHS, and EDC
click chemistry, including: (a) the conjugation of MBA, (b) the binding of EDC and NHS
to MBA, and (c) the formation of an amide bond between MBA and the SARS-CoV-2
antibody (Reprinted and edited from Téllez-Plancarte et. al., 2018). *!

Once the nanocomposite biosensor is developed through bioconjugation, it can be

used to detect the presence or absence of SARS-CoV-2 N-protein antigens. If present, the
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antigens will be captured by the antibodies in a formation called a sandwich structure
between the detection and capture antibodies.>? While both detection and capture
antibodies bind the N-protein, the location of their binding epitope varies, providing an
extra degree of selectivity. > By bringing nanoparticles in close proximity, the sandwich
structure, shown in Figure 48, significantly increases the SERS intensity via the
formation of hotspots.> Due to the signal increase accompanied with the binding of N-
protein antigens, a change in the SERS intensity can be correlated with the presence of an

N-protein antigen in a concentration dependent manner.
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Figure 48. Schematic representation of the sandwich complex formed between the
nanoparticle-conjugated detection and capture antibodies when bound to an N-protein
antigen, leading to the formation of a hotspot between the nanoparticles (Reprinted and
edited from Cheng et al., 2021). %

Some preliminary work in the Zhong group has tested the use of this
nanocomposite biosensor for the detection of N-protein antigens. It was found that when
80 ng mL™ of N-protein was added to the biosensor, a 4-fold increase in the SERS
intensity resulted, demonstrating the potential for this platform to serve as a biosensor for

SARS-CoV-2. In the future, additional concentrations of N-protein antigens, as well as

live virus samples will be tested to better conceptualize the sensitivity and selectivity of
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this platform in the detection of SARS-CoV-2. Additionally, due to the use of paper
substrates and the versatility of click chemistry, this methodology can be expanded to
detect additional diseases through the bioconjugation of known antibodies for human
disorders. The use of paper-based substrates also presents the possibility for multiplexing

by performing separate bioconjugation reactions in paper channels.
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