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concentration-dependent variation of absorbance was correlated with the refractive index change. After successfully establishing this
ATR configuration as an LSPR-based biosensor, the single-stranded DNA of the chilli leaf curl virus was detected using its
complementary DNA sequence as a receptor. The limit of detection of this sensor was determined to be 1.0 pg/mL for this target
viral DNA. This ATR absorption technique has enormous potential as an LSPR based nano-biosensor for the detection of other

begomoviruses.

B INTRODUCTION

In recent years, the detection of harmful biomolecules or toxic
elements/agents has been a major global challenge for public
health and environmental and agricultural safety. The
technological progress of portable integrated biosensors plays
a critical role in the on-site detection of harmful biological
substances. This biosensor helps to improve the severity
through proper preventive tactics of disease management. In
view of user convenience, several detection methodologies
have been developed using various sensing platforms such as
photonics,"”” immunoassay,”* fluorescence-based colorimetry,
and electrochemical methods.>* Among them, the photonic-
based light—matter interaction technique is unique’ '’ and
immune to electromagnetic interference, which has the
potential to revolutionize the biosensor as point-of-care device
applications. Today’s most available biosensors work by
measuring the change in light signals at a particular wavelength
or over the band of spectra due to variation in the refractive
index (RI) of the medium.""'* The change in input light signal
parameters such as transmitted/absorbed/reflected intensity,
angular shift, wavelength shift, and phase-shift measurement is
a tool to develop photonic-based compact and portable
biomolecular sensors. >~

Fiber optic sensors (FOSs and attenuated total
reflection (ATR) sensors”' >* have been proved to have
enormous potential for the real-time detection of biomolecules
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utilizing the concept of the evanescent wave absorption
method. Over the last few decades, the functionalized bare
FOSs have been widely used to detect hazardous biomolecules
with good sensitivity and selectivity. Similarly, the highly
explosive chemicals and volatile gaseous molecules have been
identified by ATR-infrared spectroscopy.”*>® Furthermore, the
receptor-based functional molecule detection technique has
also been explored in various active research areas to detect
streptavidin,””** immunoglobulin (IgG),”*"*> DNA,**** and
biomarkers.”**> However, for many biomolecules and micro-
organisms, the available bare FOS was not able to detect the
change in molecular absorption directly. Because, most of
these molecules are composed of hydrocarbons, nitrogen,
organo-sulfur, and oxygenated phosphorus compounds, which
have optical absorption in the UV (wavelength < 300 nm)
range. Therefore, the development of a cost-effective and
hand-held instrument utilizing costly UV optical sources to
monitor any biomolecular ligand-binding reaction using an
FOS in the UV region remains a technological challenge. In
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Figure 1. (a) ATR-LSPR experimental setup with a broadband light source, a prism, an objective lens and a spectrometer and (b) real-time-
monitored LSPR absorbance peak evolution and AuNP binding time dynamics (inset figure).

another scenario, the ATR technique is very unique in the
identification of characteristic vibrational spectra, but it also
has limitations for portable device development such as
achieving precious control of sample operating temperature,
integration of infrared optics, and efficient detection with a
miniaturized system.

To address the above problem, the FOS and ATR platforms
have been modified to a surface plasmon resonance (SPR)
system with various structures of metallic thin films. In this
regard, novel metallic>***™** (Au, Ag, Al, Ti) thin films have
been used as a plasmon-carrying layer on different substrates
(e.g, glass, quartz, and so forth) to improve the sensor
response. This SPR technique has been used to detect
contaminated liquids, target specific binding of macro-
molecules and micro—organisms,3'9_43 where label-free detec-
tion, sensitivity, and limit of detection (LOD) have also been
emphasized for sample quantification. However, the thin-film
deposition system being an expensive process is the bottleneck
for developing low-cost devices. Localized SPR (LSPR) has
thus been introduced, which needs an easy chemical process
for nanoparticle synthesis. This LSPR technique also enhances
the sensitivity and has now become the forefront technique for
better sample quantification in many optical sensors.
According to Lorenz—Mie scattering theory, the light
absorption efficiency of a spherical nanoparticle is strongly
affected by the dielectric constant of the surrounding
medium*** and its particle size.*"”*’ For uniform size
distribution of nanoparticles, the absorption efficiency will
increase with an increase in the RI of the surrounding medium,
which will change the LSPR peak position as well as the
absorption amplitude. This variation in LSPR signal is used to
calculate the change in medium RIs and thus the sensor
response is measured. To develop RI sensors, novel metal
nanoparticles have been widely used in many optoelectronic
biosensors,”"~>* which are capable of producing plasmon
resonance in the visible light spectrum (400 to 700 nm
wavelength). Among all, it has been found that gold
nanoparticles (AuNPs) are chemically more stable’™*® and
offer a compatible multifunctional surface for the selective
binding of a wide range of biological ligands.‘%_58 Recently, the
use of AuNPs as an LSPR agent in both FOS and ATR
platforms has been explored in many innovative ways for the
detection of hazardous molecules, allergic proteins, carcino-
genic nucleic acids, malignant cells, and viruses.2>?762

Although the FOS platform provides better RI sensitivity (in
the order of 10~ to 107) compared to ATR (in the order of
10™* to 107°), FOS has certain constraints in the experimental

process. FOS needs a large amount (100—200 yL) of samples,
whereas ATR needs a very small amount (20—40 uL) samples.
Since in many cases, the availability of biomolecular samples is
less in quantity, our work is focused on the development of
viral DNA detection protocols using the ATR-LSPR platform.
In this work, the begomovirus DNA from the infected plants
has been considered as the target biomolecule. The plant
pathogens or plant viruses are one of the most important
constraints in agriculture all over the world. Proper diagnosis is
an essential aspect for the management of plant viruses.”>*’
The polymerase chain reaction (PCR) and enzyme-linked
immunosorbent assay (ELISA) methods are popularly used
techniques to detect plant viruses.”*”’> However, these
approaches are laboratory-dependent and time-consuming.
Therefore, there is a need for on-site and rapid diagnostic
techniques for the detection of plant viruses.

In the present work, the possibility of developing an
evanescent wave absorption-based ATR-LSPR biosensor for
the detection of plant viruses has been investigated utilizing the
chilli leaf curl virus (ChiLCV; Genus: Begomovirus, Family:
Geminiviridae) as a case representative of plant viruses. The
amine-functionalized surface was used to immobilize the
AuNPs by monitoring the nanoparticles’ LSPR absorbance
peak. This surface was used to study the effect on the LSPR
signal due to the change of RI using sucrose solutions and thus
the sensing platform was calibrated for the RI sensor.
Furthermore, the biomolecular binding was tested using a
fluorescein isothiocyanate (FITC)-tagged target-specific IgG
antigen. This antigen detection was confirmed by monitoring
the LSPR absorbance peak at 540 nm wavelength. Also, the
LOD of this IgG biomolecule was determined by varying the
concentration of the target. Finally, this ATR-LSPR platform
was transformed into a complementary oligonucleotide probe
surface and the plant viral DNA, that is, the single-stranded
DNA (ssDNA) of ChiLCV has been successfully detected.

B EXPERIMENTAL METHOD

Optical Setup. An experimental setup for the absorbance
measurement with ATR-LSPR configurations was developed
using the Kretschmann prism configuration,”” as shown in
Figure la. To facilitate biomolecular interactions, a circular (S
mm diameter) reaction chamber/cavity with the maximum
available volume (40 uL) was prepared using a cellulose tape
(Wonder-555). This sample cavity was attached on top of the
functionalized coverslip and placed on the prism base surface
using an RI matching (n = 1.515/20D) liquid. The reflected
light from the prism base was focused using an objective lens
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Figure 2. (a) Obtained LSPR absorbance spectra of different sucrose solutions and the inset image represents the RI vs change in absorbance (1 vs
AA) for baseline correction, (b) absorbance response of different concentrations of sucrose solution with time (f vs As4y) on the LSPR probe
surface (monitored at 540 nm), and the extended plot shown in the inset image represents the abruptness in absorbance within t = 200—300 s, and
(¢) calculated normalized LSPR absorbance AAY™ vs RI of sucrose solutions (n vs AANE™) for all samples after stable absorbance observed at t =

180 s.

into one end of the fiber port of an optical fiber coupler and
another end of the fiber was connected to a spectrophotometer
(AvaSpec-ULS2048CL-EVO). All experimental events were
monitored in real time in the spectral range from 400 to 900
nm wavelength throughout the experiment. The detailed
description of the experimental setup is given in Supporting
Information S1.

LSPR Probe Preparation. The standard glass coverslip
was functionalized by the silanization method,”” using 3-
aminopropyl triethoxysilane (APTES) solution (Supporting
Information S2, Figure S1) and placed on the prism surface to
prepare LSPR probes. First, the absorption spectrum of de-
ionized (DI) water was taken as a reference for AuNPs, later
this DI was replaced by 40 uL AuNPs (~50 nm size) solution
(AuNP synthesis details are given in Supporting Information
S2, Figure S2). The purple-red color of nanoparticles inside the
sample cavity starts diminishing when nanoparticles began
slowly attaching to the active amine sites (Supporting
Information S2, Figure S3). It was observed that the LSPR
absorption peak became sharp and prominent with time and
no peak broadening or any secondary peak was observed
throughout the immobilization period (Figure 1b). Initially,
the absorbance dynamics of nanoparticles increased very fast
and slowed down when it reached the steady state (inset image
in Figure 1b). Then, the unbound AuNPs were removed
carefully by washing the cavity with DI water without
disturbing the LSPR peak and finally the final absorbance
was found to be 0.42 units in DI water medium. The
nanoparticle density was estimated from scanning electron
microscopy (SEM; JEOL; JSM-7600F FEG-SEM) micrograph
(Supporting Information S2, Figure S4) to be 117 to 130
nanoparticles/um?.,

Antibody (IgG) Immobilization. After immobilizing the
AuNPs, 20 mM cysteamine (Cys) solution was introduced into
the sample chamber for 10—15 min. The residual Cys was
removed by washing with DI water and then the cavity was
incubated with 5% glutaraldehyde (GA) solution for 15 min
which led to a cross-linking reaction; however, one end of the
GA chain was left open for human IgG (HIgG) receptors.
First, the HIgG antibody (0.2 mg/mL) was immobilized for 30
min. After incubation, the excess amount of sample was
removed and the cavity was washed with the phosphate-
buffered saline (PBS) to remove any loosely bound molecules.
The surface was then treated with bovine serum albumin

17415

(BSA) (4 mg/mL) to prevent any non-specific binding and
again cleaned with PBS solution (details of the process are
given in Supporting Information S3, Figure SS). The binding
spectra were recorded and used for further analysis.

Complementary DNA Preparation. A small stretch of
nucleotide sequence from the genome of ChiLCV was utilized
as the receptor sequence to capture the target virus DNA. The
receptor sequence contained 18 nucleotides (code: 862BM R,
sequence: S CATCAGAGCATTCTCACT 3') which were in
the complementary orientation of the corresponding sequence
in the genome coordinate 976—993 of the virus (ChiLCV).
The receptor sequence was synthesized from GCG Biotech,
India. The length of the primer was found to be 70—74 base
pairs with a length around 25 nm. Later, this receptor sequence
was used for immobilization on the LSPR probe surface and
thus complementary DNA (cDNA) probes were prepared.

Viral DNA (Target DNA) Isolation. Field samples with
typical leaf curl symptoms were collected and tested by the
PCR method with the specific primers of ChiLCV. From one
of the positive viral samples, the virus was transmitted to
healthy chilli seedlings through whitefly inoculation under
controlled environmental conditions, and the stock culture was
maintained in the greenhouse (Supporting Information S3,
Figure S6a). The inoculated plants exhibited typical leaf curl
symptoms by 2—3 weeks post-inoculation, and the infected
chilli leaf samples (100 mg) showing typical leaf curl symptoms
were used to isolate total DNA using the DNeasy Plant Mini
Kit (Quiagen, Valencia, CA, USA), which was then eluted with
50 uL of autoclaved double distilled water following the
procedure described by Senanayake et al.”* The presence of
viral DNA was verified by PCR and the final concentration of
viral DNA was found to be 0.01 mg/mL.

Non-Target DNA Preparation. To test the specificity and
cross-validation of the sensor, an unknown target DNA
sequence was obtained from a healthy chilli plant leaf that
was not infected by the virus. Chilli seedlings were raised in an
environment-controlled plant growth chamber (Supporting
Information S3, Figure S5b), and DNA was isolated from 100
mg of leaf tissues as described above. The final healthy DNA
concentration was found to be 0.01 mg/mL.

B RESULTS AND DISCUSSION

RI Sensitivity. The RI sensitivity of the prepared LSPR
probe was investigated, as given in Figure S7 (Supporting
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Figure 3. (a) Complete time-resolved absorbance response steps of HIgG—GaHIgG on the LSPR probe surface, (b) extended view of real-time
absorbance dynamics of GaHIgG after incubation with 30 yg/mL concentration (starting point ¢ = 0 s = tg;6 s and t = 600 s = tg;¢, seconds), where
AA, is the change in absorbance due to binding, and , is the RI where absorbance AA, was calculated after 10 min of incubation, (c) time-resolved
absorbance response of five different concentration (0.5, 1, 10, 30, and SO pug/mL) of GaHIgG on LSPR probes monitored at 540 nm, (d)
fluorescent microscope image of substates when different concentrations of GaHIgG samples were incubated at a fixed concentration of HIgG (0.2
mg/mL), (&) double Y axes graph of GaHIgG concentration vs observed absorbance at t — 10 min (con. vs A, along the left axis; XY;) and GaHIgG
concentration vs change in absorbance AA; was calculated (t = 10 min) after binding (con. vs AA, along right axis; XY5), (f) calculated change in
RI Any, surrounding the medium of immobilized AuNPs due to binding of GaHIgG (con. vs An,). Note: instant downward changes in absorbance

are due to the introduction of analytes in the chamber.

Information S4), using solutions with RI values in the range of
1.3320—1.3999 RIU (refractive index units). To understand
the RI response, 40 uL of eight different sucrose solutions (w/
v; S, 10, 15, 20, 25, 30, 35, and 40%) were carefully dropped
inside the sample cavity sequentially and the real-time change
in LSPR spectra was recorded. The sample cavity was washed
with DI water after each experiment. The change in the LSPR
absorbance spectrum was observed (Figure 2a) due to the
exposure to different RI solutions on the surface. The upward
shift in absorbance spectra was observed with respect to the
baseline (DI water as the reference) because of the medium RI
change%’s‘)'75 around the AuNPs. Furthermore, this shift in the
spectrum was considered for baseline correction by calculating
the change in LSPR absorbance AA [AA = Agyy — Aggp, Where
Aqyo and Ag are absorbances at 540 and 800 nm wavelengths,
respectively] and plotted (inset in Figure 2a) as a function of
RI n of sucrose solutions. As seen from the figure, the change
in absorbance follows a linear relation with the RI. The
stability of absorbance A, was analyzed as a function of time
(t vs Agyg) by recording the absorbance response for 180—200
s from one value to other higher values of the sucrose solution
(Figure 2b). The instant change in absorbance was observed
immediately after introducing the sucrose solution into the
chamber (inset image in Figure 2b). This is because the RI of
the sucrose solution is different from that of DI, which changes
the surrounding medium RI near the nanoparticles.”””" The
response time of LSPR was found for the change of RI of the
solution to be around 2—3 s. During this experiment, it was
also observed that the absorbance increased from 0.42 to 0.93

17416

units (from the reference DI water, RI = 1.3320, to the highest
concentration of sucrose, RI = 1.3999). The effect of RI on
absorbance Ay, of nanoparticles due to exposure in RI
solutions was calculated under a stable condition (t = 180 s),
and the percentile value of normalized absorbance AAYG™ [

Norm __ A | C—Agy | DI
Adgyo ™ = Agy | DI
the sucrose solution at different concentrations and A,oDI is
the LSPR absorbance of immobilized AuNPs in the DI
medium] is presented in Figure 2c as a function of the RI n of
sucrose solutions. During each set of experiments, the
absorbance value Ag,|DI was maintained around 0.42 units
to ensure identical immobilization that maintained the density
of AuNPs on the surface. As observed in the figure, the AAYF™
is varied linearly from 20 to 105% with the RI range n = 1.3418
to 1.3999 RIU. From this study, the normalized absorbance
AAYY™ was established as a calibration eq 1 in our
experimental results wherever absorbance-related RI was
calculated (used in biosensing). The slope or RI sensitivity
(AAYS™/n) of this LSPR probe was evaluated and was found
to be 1514.45 AAq,y/RIU.

, where Ag,lC is the absorbance of

AANT™ = 1514.45n — 2012.19 (1)

The RI resolution R [R = An X AA,,;,/AAYE™] of this
ATR-LSPR configuration was found to be 7.04 X 10~° RIU for
the relative change in absorbance AAYS™ = 0.1348 within the
RI range of 1.3478 to 1.3573 RIU (assuming the measurable
absorbance AA,;, = 0.0001 units). Recently, RI resolution has
been demonstrated in the range from 1 X 107 to 3 x 107®
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RIU for the excitation of long-range surface plasmons of
AuNPs by conventional intensity-modulation using the ATR
method.”6076,77

Biosensor Development. The prepared AuNP probe
surface was further used to detect the HIgG- and goat-anti-
HIgG (GaHIgG)-based antigen—antibody biomolecular inter-
action by observing the LSPR peak kinetics. During this
interaction, the LSPR absorption Ag,, was monitored, and the
corresponding important parts of absorbance are labeled as
illustrated in the sensogram (Figure 3a). As seen in the figure,
in all experimental processes, wherever the terminology DI or
DI + PBS is indicated, it means that they were used only for
the purpose of obtaining the steady-state baseline before the
incorporation of any analyte or as a cleaning buffer after the
incubation. In process I (+ = 0—3000 s), first, the nanoparticle-
immobilized LSPR surface was prepared by incorporating a
colloidal AuNP solution in the sample chamber. The
immobilization was confirmed by observing the binding
dynamics of AuNPs (the process is presented in the
Experimental Section, Figure 1b). Then, in processes II (t =
3000—3826 s) and III (t = 3826—4864 s), the nanoparticle-
immobilized surface was further functionalized using cross-
linkers. First, they were functionalized by incubating with Cys
dihydrochloride (40 uL of 20 mM concentration) and then
with bi-functional GA (40 uL of 5% GA in DI water). The
primary linker Cys acts as a cross-linking molecule where one
end of the amine (—NH,) functional group is attached with
the AuNP surface and the other end with an aldehyde
(—CHO) functional group of GA. The thiol ligands of Cys can
be replaced by the citrate groups from the surface of anionic
AuNPs by electrostatic interaction.”” The other end of GA is
left free for receptor molecules that guarantee that the
prepared LSPR surface is ready for the HIgG receptor. In
process IV (¢ = 4864—7610 s), the PBS analyte (10 mM, pH =
7.4) containing the HIgG (40 uL, 0.2 mg/mL concentration)
antibody sample is introduced to prepare the receptor-
immobilized surface. The real-time increase in absorbance
due to HIgG antibody binding was observed compared to the
buffer. This monoclonal HIgG binds to the cross-linked surface
selectively via covalent immobilization’®™*” and reached the
LSPR absorbance plateau after 26 min. In the next process,
process V (t = 7610—7810 s), the unreacted aldehyde surface
or free binding sites were treated with BSA protein (40 uL, 4
mg/mL concentration) to prevent any non-specific binding
and then cleaned with PBS buffer after 15 min. Now, this
sensing surface is ready for the detection of target-specific
molecules. Finally, in process VI (t = 7810—9230 s), the FITC-
tagged Fc fragment-specific GaHIgG antigen solution (40 uL,
30 ug/mL concentration) was introduced into the sample
chamber. It was observed that the absorbance signal increases
exponentially due to specific binding with HIgG where a
similar absorbance plateau was reached after 20 min and then
unbound molecules were removed by rinsing with DI water.

Only for better illustration, the time-resolved absorbance
response of the complete detection process step of GaHIgG is
presented in Figure S8 (Supporting Information S4). After
each incubation process, the red shift in the LSPR peak was
observed, which confirmed the binding of cross-linkers,
receptors, and target molecules (Supporting Information S4,
Figure S9).

Two different time scales for the change in absorbance was
observed in HIgG binding. Instant change in absorbance was
observed immediately (within 3 s) after the HIgG sample was

introduced inside the chamber. This change in absorbance was
due to the different RI of the HIgG solution compared to the
buffer (DI + PBS) solution. The absorbance dynamics of HIgG
follow standard biomolecular association,”**” where expo-
nential growth in absorbance was observed.

In the case of GaHIgG, as observed in Figure 3b, the
absorbance A, was increased exponentially with time due to
molecular affinity between the antigen and the antibody that
follows the lock and key model.®®® A similar kind of
biomolecular binding was also observed in our previous
work.'”*® This affinity between the receptor and the target is
specific for the performance of the sensor. Because of the
instant change in absorbance due to the RI of the GaHIgG
solutions within 3 s, the actual binding kinetics was considered
after 3 s of incubation, and the change in absorbance only due
to binding (AA,) of GaHIgG was calculated using eq 2a.

AAb = At - Abaseline (23)

where A, is the peak absorbance at 540 nm wavelength, which
was recorded with time t (the incubation of GaHIgG was
considered for 10 min) and Ay, is the baseline of DI + PBS
buffer (after 3 s).

AAy depends on the concentration of GaHIgG and the
incubation time. Therefore, the effect of concentration on
LSPR absorption was found by varying GaHIgG concen-
trations from 50 to 0.5 ug/mL (Figure 3c). The concentration-
dependent binding followed the expected Langmuir adsorption
kinetics” because of HIgG—GaHIgG binding.

Furthermore, to confirm the GaHIgG binding, fluorescence
analysis was performed by observing samples under a
microscope (Cal Zeiss, Axio Imager Z1) after incubation
(Figure 3d). As observed from the figure, the accumulated
fluorescence intensity becomes prominent, and it increased
sequentially from a lower concentration to a higher
concentration (0.5—50 ug/mL) of GaHIgG with respect to
the blank sample. A similar variation in fluorescence intensity
has been reported for FITC-labeled IgG antibody—antigen
reactions.””” ">

To illustrate the effectiveness in absorbance measurement,
Asio = A, (at time t = 10 min) and AA, were calculated using
eq 2a. Figure 3e demonstrates the double Y axes graph (con. vs
A, along XY, and con. vs AA, along XY,) of experimentally
observed absorbance A; and AA;. Both absorbances were
found to be linearly proportional to the concentration of
GaHIgG, which can explain the transport kinetics of molecular
interactions.”*”> The change in A, sometimes may give false
results during nanoparticle immobilization, as well as when
receptor binding was improper or any surface damage occurred
during experimental procedures. However, the calculation of
AA, by subtracting the buffer line after recording the
absorbance response even for a lower concentration of target
analytes precisely confirmed the binding and thus ensured the
detection of target molecules.

The antibody—antigen complex molecules that have
been captured on the surface due to binding can be described
by a relation given in eq 2b when dissociation is negligible for
10 min of incubation where RHIgG(s) denotes the solid phase
of the HIgG receptor immobilized on the surface, Tg,gc(aq)
is the GaHIgG target sample in aqueous medium, and
RTy146—Gatirgg(s) is the immobilized HIgG—GaHIgG complex.
Also, the rate [d(AA,)/dt] at which the LSPR absorption
increases due to selective binding of GaHIgG can be calculated
from eq 2c.
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RHIgG(S) + TGaHIgG(aq) = RTHIgG—GaHIgG(S) (2b)
d(a4,)

=K, X Ci(Cg — C
dt a T( R RT) (ZC)

where K, is the absorption rate, Cy is the surface concentration
of immobilized HIgG, Cr is the concentration of GaHIgG
target molecules, and Cyyr is the surface concentration of
receptor—target complex molecules after binding of GaHIgG
with HIgG.

The value of A, is decided by the amount of GaHIgG
immobilized on the surface, which was found to be around 10
times higher for a 50 pg/mL sample than for a 0.5 pug/mL
sample. This indicates that K, depends on the type of target
molecules and the degree of affinity with its receptor as well as
concentration,”*”*

First, to understand the absorption rate d(AA4,)/dt, all
experimental curves were fitted within the linear region of
GaHIgG association (Supporting Information S4, Figure S10).
Then, all calculated slope values (¢t = 10 min of incubation)
were further fitted linearly with concentration [Cy vs d(AA,)/
dt] according to eq 2c, and the binding constant was calculated
from the slope of the graph (Supporting Information S4,
Figure S11), which was found to be K, = 1.83 X 107> (ug™
mL s7'). A similar order of association rate constant was
reported due to absorption of GaHIgG on the AuNP
surface.””*

Since this platform is based on RI sensing, the effective bulk
RI of the surroundings of the nanoparticles is calculated using
eq 1 after each process. The absolute Rls in each step for
AuNPs, Cys, GA, HIgG, BSA, and GaHIgG at different
concentrations were calculated and are presented in Table S1
(Supporting Information S4).

n, is defined as an effective RI of the surrounding medium of
nanoparticles after 10 min of GaHIgG incubation (Figure 3b).
It was found that the effective RI of the LSPR surface was
modified from m,e = 1.36 (DI + PBS buffer line) to n, =
1.3648 for 50 pg/mL of the GaHIgG sample. Also, the change
of RI Any[Any = n, — fyueme) due to HIgG and GaHIgG
binding was calculated using the calibration equation (eq 1)
and is plotted in Figure 3f. It was observed that Any, increased
linearly (R* = 0.98) when the GaHIgG concentration varied
from 0.5 to 50 pug/mL. By observing the absorbance dynamics
of the lowest sample concentration (0.5 pg/mL), the
biosensing performance of this LSPR sensor was quantitatively
evaluated and thus the LOD of the GaHIgG was analyzed. As
seen in Figure 3c, there is a clear LSPR binding response for
the 0.5 pug/mL sample above the buffer line (PBS + DI).
Therefore, the LOD of GaHIgG for this sensor was found to
be 0.5 ug/mL from this antibody—antigen study. Recently, the
reported LOD of IgG in the PBS buffer was demonstrated
between 0.1 to 0.2 yug/mL.*"*

Detection of the Plant Virus (ChiLCV). After a successful
demonstration of the ATR-LSPR platform as a potential
biosensor, it was further employed to detect the plant virus,
where ChiLCV DNA was chosen as the target molecule. The
schematic of the nucleotide base pairs of target-specific viral
ssDNA, receptor DNA, that is, the complementary DNA of the
viral sample (cDNA), and non-specific ssDNA sample is
presented in Figure 4a to get an idea of positive (true) and
negative (false) detection of ChiLCV.

For positive detection, the probe was prepared with cDNA
(8 CATCAGAGCATTCTCACT 3’). The prepared LSPR

Conjugation
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Figure 4. Schematic representation of (a) nucleobase pair sequences
of cDNA, viral DNA (ssDNA), and healthy DNA (non-specific
ssDNA), (b) allowed conjugation for specific DNA binding, and (c)
forbidden conjugation because of non-specific DNA binding with the
cDNA-immobilized LSPR probe.

probe will be allowed to conjugate only with viral ssDNA (3’
GTAGTCTCGTAAGAGTGA §'), as depicted in Figure 4b
(schematic). Whereas conjugation will be forbidden for the
healthy leaf DNA sample or other viral DNA base pairs due to
similar base pairs or non-specific base pairs and thus the
detection will be negative for any non-specific DNA sample
(Figure 4c). This specific and non-specific binding of DNAs
will have an effect on absorbance dynamics, which confirms the
detection of ChiLCV. In this detection process, the
immobilized ¢cDNA on the functionalized AuNPs having
complementary bases with respect to ChiLCV DNA form
hydrogen bonds during the pairing/hybridization.”*™>* The
absorbance Ay, increased exponentially during this pairing.
The amino acid sequence of this target ssDNA shows the
maximum (96.1%) matching identity to its primer fragments.”*
The conjugation initiated from the 5’ (sense) to the 3’ (anti-
sense) direction and thus hybridization continued up to a
maximum viral ssDNA sequence matching for 68—88% with
cDNA sequence similarity.

cDNA-Immobilized LSPR Probe. First, the cDNA
(primer) binding on the LSPR surface was studied (Figure
Sa). In this experiment, the nanoparticles and immobilization
of cross-linkers Cys and GA were confirmed similarly by
monitoring the LSPR absorbance, as explained in the previous
sensogram (see GaHIgG detection, processes I, II, and III).

Next, to prepare the receptor surface, the TE buffer (Tris—
EDTA; 100 pM, pH 7.2) solution containing a short
nucleotide of cDNA (40 uL, 4.5 ug/mL concentration) was
introduced into the sample cavity. As seen in process IV,
shown in the inset of Figure Sa, the cDNA exhibited an
exponential increase in absorbance response due to GA-
mediated interaction. The excess amount of cDNA was
removed by rinsing with DI water. This interaction is known
as Schiff base interaction between the aldehyde-functionalized
surface””” and amine functional groups present in cNDA
nucleotides. The cDNA covalently binds to amine-active sites
on the ssDNA bases by hydrogen bonds'**~'%* and thus the
cDNA-immobilized LSPR probe is prepared. The change in
the RI during this cDNA probe preparation is given in Table
S2 (Supporting Information S5). In the next step, to detect the
viral ssDNA, the concentration of cDNA on the LPSR probe
was maintained at 4.5 pug/mL.
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Figure 5. (a) Time-resolved absorbance response steps during the cDNA (4.5 pig/mL) probe preparation on the AuNP probe surface, and the inset
image shows the extended view of cDNA absorbance dynamics (starting point ¢ = tyo¢0 to t = ts349 for 23 min), (b) time-resolved absorbance
response binding dynamics of four different concentrations of ChiLCV ssDNA (inset: extended view of the binding starting point ¢ = ts590 to t =
te100 for 10 min), (c) double Y axes graph of viral ssDNA concentration vs observed normalized absorbance (con. vs AAYNG™ along the left axis;
XY;), and ssDNA concentration vs change in the RI An surrounding the medium of immobilized AuNPs was calculated after binding viral DNA

(con. vs An).

Table 1. Comparison of LOD Values between the Existing Methods and the New ATR-LSPR Method

ref no. sensing method receptor molecules target molecules sensitivity
68 PCR amplification DNA A and DNA B genome mungbean yellow mosaic 1.5-2.0 ng/uL
India virus
72 TAS-ELISAs recombinant coat protein (CP) of tomato yellow leaf curl 0.25 pg/mL
tomato leaf curl virus virus
13 ATR-FTIR using germanium crystal biotin-coupled PE-BTN streptavidin 10 pM
103 ELISA recombinant capsid CP of ChiVMV chilli veinal mottle virus 4.38—6.43 ng/uL
(ChivMV)
87 quartz crystal microgravimetry-based SPR Staphylococcus aureus protein A and HIgG 0.01-0.05 mg/mL
Streptococcus protein G
20 U-bent fiber optic probe HIgG GaHIgG 0.1 pg/mL
104 gold and silver nanoparticle-based direct DNA thiol-modified oligonucleotide form tomato leaf curl New Delhi 1 nM to 100 pM
hybridization assay-scanometric detection CP gene virus ssDNA

in this AuNPs-based ART-LSPR
work

oligonucleotide from CP gene

ChiLCV ssDNA 0.5 pg/mL

Target Viral DNA Detection. Once the cDNA was
immobilized on the surface, the ssDNA from the chilli plant
infected with ChiLCV was introduced on the surface and the
real-time change in the LSPR absorption dynamics was
observed. First, the sample having 3.5 pg/mL concentration
was introduced into the sample chamber and the change in
absorbance was observed with time (Supporting Information
SS, Figure S12).

Since the ssDNA binding mechanism depends on the
homogeneous distribution of cDNA on the AuNP surface, the
concentration of the ssDNA was varied from 0.5 to 3.5 ug/mL
(in steps of 1.0 ug/mL) to find the binding limit (Figure Sb).
The initial binding dynamics at lower concentrations did not
have a clear exponential growth, but it follows good
exponential behavior at higher concentrations. From this
study, the normalized absorbance AAYY™ due to ssDNA
binding was calculated (eq 1), which was found to vary linearly
with the concentration (Figure Sc, along the left axis). For this
absorbance, the corresponding RI change Any, for ssDNA
binding was calculated and found to vary from 2.4 X 107* to
8.7 X 10™* RIU with the concentration (Figure Sc, along right
axis), and the linear correlation between the concentration, RI,
and absorbance of viral DNA was established. The change in
RI during the concentration variation is listed in Table S2
(Supporting Information S5). Furthermore, the absorption rate
or the hybridization rate of ssDNA was found using a similar
concept as described above (eq 2c) and found to be K, = 0.64
x 107* (/4g_l mL s71).

The minimum detectable concentration of the ChiLCV
ssDNA from the ATR-LSPR probe was found to be 0.5 ug/
mL, and the LOD from Figure Sc was found to be at least 2
times higher, that is, 1.0 yg/mL, than the minimum detectable
concentration.

A comparison in detection limit has been performed
between the existing methods and the new ATR-LSPR method
and is summarized in Table 1. As seen in the table, the PCR
method is able to detect less than 1.5 ng/uL or (pM)
concentration of a plant virus. This antibody test is very
specific to a short segment of begomovirus nucleic acid, which
prevents any false result and ensures quantitative standard
detection. However, this method is costly, time-consuming,
and laboratory-specific. Whereas, the ELISA method is a very
specific antigen—antibody reaction, and the detection limit is
about 10—100 ng/uL. The AuNP-based complementary
oligonucleotide-immobilized probe technique using the ATR-
based evanescent wave absorption method by monitoring
LSPR has been studied to detect the begomovirus DNAs. This
platform has potential for rapid, label-free, low-cost detection
of plant pathogens for the development of plasmonic-based
biosensors.

Selectivity Study. After confirming the detection of
ChiLCV, the specificity of the developed sensor was examined
by using an unknown DNA sequence (non-specific DNA
sample), which was derived from the healthy chilli leaf. The
healthy leaf ssDNA binding test was studied on separate sensor
probes after immobilizing cDNA on the functionalized AuNP
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surface. An aliquot of 1.0 ug/mL concentration of healthy
DNA was used for this experiment. After incubating with
healthy chilli ssDNA on the detector-linked surface, no
prominent change in LSPR absorbance was observed, as
shown in Figure 6 (olive green curve), compared to the lowest

0.462 4 Target specific ssSDNA  Non-Specific sample ssDNA
e 1.0 pg/ml 1.0 pg/ml
— — 0.5 pg/mi
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Figure 6. Real-time change in absorbance due to specific (viral

ssDNA) binding and non-specific (healthy DNA) binding with
cDNA-immobilized LSPR probes.

concentration (0.5 pg/mL) of viral DNA from the ChiLCV-
infected leaf sample. The binding of ChiLCV-intercalated chilli
leaf DNA with its probe cDNA is very specific because of the
complementary nature of nucleobases. Other than this, the
nucleotide sequence of any unknown DNAs could not initiate
the hybridization process and hence no absorbance kinetics
was observed for healthy leaf DNA. The time resolved
absorbance response for allowed and forbidden conjugation
is shown in Figure S13 (Supporting Information SS). A minor
instant change in absorbance was observed, which was due to
the analyte’s RI change. Hence, it is demonstrated that the
developed sensor can detect the specific target plant viral
pathogen.

B CONCLUSIONS

In this work, an ATR-LSPR-based optical platform was
employed to demonstrate the detection of ChiLCV. It has
been shown here that even with a small volume (20—40 uL) of
sample, the LSPR absorbance signal could be monitored using
this optical platform, so it has potential to be developed as a
LSPR-based microdevice for biomedical applications. The
LOD of this sensor was found to be 0.5 pg/mL for the IgG
antigen—antibody-based interaction, which is the actual LOD
of this LSPR probe. However, for the plant viral DNA sample,
the LOD is 1.0 pg/mL where a distinct binding dynamics was
observed as compared to non-specific DNA. Furthermore, the
sensitivity of the proposed ATR-LSPR sensor could be
improved by increasing the immobilization density of
AuNPs. This biosensing platform could be used for the
detection of other micro-organisms such as proteins, nucleic
acids, viruses, bacteria, and fungi. A more comprehensive study
is needed to identify other begomoviruses with a view of a
control strategy for the management of economically
important crop plants.

B MATERIALS

old (IIT) chloride trihydrate (30% wt of HAuCl, in dilute
hydrochloric acid), ys (HS—C,H,—NH,), APTES
(99%), PBS, and Tris—EDTA (TE) buffer were purchased

from Sigma-Aldrich. Trisodium citrate (NayCqH;;04,), acetic
acid, and sucrose powder were procured from SD Fine-
Chemicals Limited. The linkers GA (25% aqueous; OHC—
CH,—CH,—CH,—CHO) and Cys dihydrochloride (96%;
C4H;N,S,-2HCl) were bought from Merck Life Science Pvt.
Ltd. The HIgG antibody, GaHIgG, and BSA were procured
from Bangalore Genei Private Limited. Microscopic coverslips
were purchased from Blue Star. All the solutions were prepared
using DI water from the Milli-Q filtration system.
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