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Abstract

DNA templated self-assembly of gold nanoparticles clustered in different configurations (n =
2-0) was investigated in colorimetric detection of TOLCNDV DNA using gold nanoparticle
conjugated bifunctional oligo probe. AuNP- bifunctional oligonucleotide probe conjugate
was prepared using citrate capped AuNPs (~19 nm) and virus specific ssoligo probes 1 and
2. Each conjugate consisting of ~ 105 ssoligo probes 1 and 2 specific for forward and reverse
strands of PCR amplified TOLCNDV dsDNA target. The intensity of UV-visible absorbance
spectra of AuNP-bifunctional oligonucleotide probe decreased gradually after hybridization
with different ratios of dsDNA targets (0.0-1.0). Hybridized AuNP-bifunctional
oligonucleotide probes showed gradual resistance against salt induced aggregation while
increasing concentrations of dsDNA target upto the ratio of 1.0. The color of solution was
remain in red even after hybridization of AuNP-bifunctional oligonucleotide probe with
dsDNA target. These hybridized AuNP-bifunctional oligonucleotide probes were found as
clusters with different configurations (n = 2—-11) in a defined interparticle distance (1.3-2.1

nm). This target DNA guided self-assembly of AuNP-bifunctional oligonucleotide probes is
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the reason for different optical absorbance properties of hybridized solution before and after
the salt treatment. Exciting finding of this investigation is that, the number of anchored
AuNP-bifunctional oligonucleotide probe on center core particle tends to form a AuNPs
cluster that varied from 1-6 and extended to 8 and 10 with an increasing size of core particle
diameter. Three dimensional DNA templated AuNP cluster assembly in flower and pyramid
shapes was possible in dsDNA target with AuNP-bifunctional oligonucleotide probe but not
in AuNP- monofunctional oligonucleotide probe. Limit of detection sensitivity of this bi-
functional nanoprobe assay was ~ 7.2 ng. Also, this AuNP-bifunctional oligonucleotide
probe can reduce the concentration of target DNA required for colorimetric detection to half
as it can recognise both strands in dsDNA target at simultaneously. The proof of this concept
will be used for further development of ultra sensitive nanoassay method and also applicable

for material science applications.

Keywords
AuNP-bifunctional oligonucleotide probe, AuNP cluster assembly, Hybridization and salt

induced aggregation.
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Introduction
Nanotechnology emphasizes materials in 10" meter scales, involving biotechnology,
material sciences and engineering applications.! In last decades, metal nanoparticles have

45 and nanoelectronics.®’

been widely used in the field of biosensor,** nanoassembly,
Particularly, gold nanoparticles (AuNPs) are extensively used in molecular diagnosis® '
because of their interesting physicochemical properties.“’13 The discovery of nanoparticles
conjugated oligonucleotide/ DNA (AuNPs-DNA) made a significant development in the field

8-10, 14
A

of clinical diagnosis through colorimetric detection of target DN single base

mismatch,">'® deletion and insertion," E.coli genomic DNA,*® White spot syndrome virus®'
detection and discrimination of Mycobacterium tuberculosis.”*** Where, AuNPs acting as an
optical sensing element and oligonucleotide probe serves as a recognition unit. Recently,
AuNPs conjugated oligonucleotide probes have been used for the detection of specific DNA
sequence in PCR amplified DNA.* The hybridization of AuNPs conjugated oligonucleotide
probe with its target DNA leads to self-assembly of plasmonic nanoparticles in defined three
dimensional structure and/or configuration. This DNA templated self-assembly of AuNPs has
been used to prepare new type of biomaterials. Also, it is a new area of research in the field
of bio-nanotechnology. Because, it is a merging research field of DNA and metal colloids
chemistries.**® DNA mediated self assembled binary nanoparticles network materials were
prepared in defined geometry using thiol modified two different oligonucleotide probes
functionalized on two different sizes of AuNPs and DNA linkers.”” Recently, triangle and
square cyclic assembly of AuNPs was achieved using DNA as template.”® Different sizes of
nanomaterials in self assembled nanonetwork, posses different SPR and SERS signal
characteristics which were used in the development of biosensor.”** So far two different

sizes of AuNPs and oligoes with mono-functionality were used to prepare DNA templated

assembled nanoclusters and the detection of target DNA. Mono-functional AuNP
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oligonucleotide probe is used to recognize a target sequence from any one strand of dsDNA
target and another strand left as free. In order to detect another strand of dsDNA target, it
requires another mono-functional AuNP-oligonucleotide probe conjugate. To address this, we
hypothesized that AuNP-oligonucleotide probe conjugate with bi-functionality is used for the
detection of both strands of dsDNA at the same time. Because, the selected probes hybridize
both strands of dsDNA targets and tend to form a defined geometry nanoclusters. This could
be reduced the concentration of target DNA and the types of nanomaterials required for the
development of detection methods. Because, AuNP conjugated bi-functional oligonucleotide

probe has two different oligo probes which are specific for both strands of dsDNA targets.

Moreover, the application of nanotechnology in agriculture is still at an initial stage.
Specifically, nanosensor based detection of plant pathogens is not yet reported so far.
Particularly, plant viruses are major causative agents for many diseases in commercial crops
as well as other plants. Hence, white-fly transmitted single strand circular DNA Tomato leaf
curl virus (ToLCV) belongs to genus of Begomovirus and family of Geminivirdeae causing
severe leaf curl disease in tomato throughout the world including India and it leads 80-100 %
yield loss.”'*? Existing conventional methods like PCR and immunoassay has its own
disadvantages.>*>*** Therefore, development of cost effective detection method is to be
considered as very important for the early detection of viruses to control the disease. Herein,
we demonstrated our hypothesis of DNA templated 3D cluster assembly of AuNP conjugated
bi-functional oligonucleotide probe in the sequence specific colorimetric detection of Tomato

leaf curl New Delhi virus (ToLCNDV) dsDNA targets (Figure 1).

Materials and methods
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Materials: Trisodium citrate, hydrogen tetrachloroaurate trihydrate (HAuCls*4H,0),
disodium hydrogen phosphate (Na,HPO,), monosodium dihydrogen phosphate (NaH,PO,),
and sodium chloride (NaCl) were obtained from Loba Chemie (Mumbai, India). Ethylene
diamine tetraacetic acid (EDTA) and agarose were purchased from HiMedia Laboratories
Pvt. Ltd. (Mumbai, India). The primers encoding the coat protein (CP) gene (ToLCVFP/
ToLCVRP) synthesized commercially (Eurofins MWG Operon, India Pvt. Ltd., Bangalore,
India). Red dye PCR Master Mix was purchased from Ampliqon A/S (Denmark, Germany).
Polymerase Chain Reaction (PCR) was performed in L1996GGD Peltier Model
Thermocycler purchased from Lark Innovative Fine Teknowledge Pvt. Ltd. (India). Thiol
modified oligonucleotide probes were purchased from VBC-Biotech Service GmbH,

(Vienna, Austria).

Synthesis and characterization of citrate capped AuNPs

Citrate capped AuNPs were synthesized based on the previously described boiling
method.” In brief, 250 mL of round-bottom glass flask, a reflux condenser, and a large stir-
bar washed with aqua regia (3: 1, Conc HCI: Conc HNO; v/v) followed by thoroughly
washed with water. The glassware assembled on a heating mantle and a magnetic stirrer, and
put the stir-bar in the flask. 100 mL of ImM HAuCly; was added to flask and boiled the
solution to reflux (100 °C) with vigorous stirring. Then, 5 mL of 38.8 mM sodium citrate was
added to the solution at once and continue to boiling the solution for 20 min. When, yellow
color of solution turns to purple and then to deep red which indicated the formation of
AuNPs. Then, the solution was cooled at RT and filter through 0.45 gm nylon filter. Finally,
the solution was stored at RT in a glass container in the dark place. The solution cooled at RT

and characterized by UV-visible spectrophotometry (ShimadzuUV-1600, Japan).
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The size and shape of the synthesized AuNPs were analyzed by HR-TEM [(model Fei
Technai G* F30 S-TWIN) with 200 kV high-resolution (UHR) pole piece]. AuNPs solution
(2 uL) was dropped on a carbon coated copper grid and dried in air at RT. Then, copper gird
was placed in the sample holder and HR-TEM operated at an accelerating voltage of 200 kV
with high-resolution (UHR) pole piece, lattice images were recorded. Hydrodynamic
diameter and size distribution of synthesized AuNPs were analyzed using Malvern particle
size analyzer (Zetasizer Nano S). AuNPs solution (2 mL) was taken in a disposable cuvette
and placed in sample holder. Particle size analyzer operated at an accelerating 100 VA at
25 °C, count rate 232 kcps with duration of 60 s. The data were recorded by Zetasizer Ver.

620.

The concentration of synthesized AuNPs was calculated theoretically with the help of
particles diameter and molar concentration of gold salt solution.”® Assumed that NPs were
spherical in shape and uniform in size, the average number of gold atoms per nanoparticle
calculated using the following equation N = (Rejuster / Rmom)3 . Where R jusier — 1S the diameter
of NP in nanometer obtained from TEM analysis and Rgom = 0.137 nm — is the diameter of
gold. From the result of N, the amount of nanoparticles formed (Nnp) in a given concentration
of gold salt solution (1 dm® or 1 L of 1 mM: Moles of HAuCl; =1 x 1 x 10 = 1 x 10~ mol)
reduced by citrate was calculated through the estimation of number of gold atoms presented
in a given solution using equation Ny, = Moles of HAuCly x N4, where Ny — (Avogadro
number - 6.022 x 107). From the findings of N and Ny, the total number of NPs formed in
given solution was calculated through equation Nnp = Nyom / N. Hence, the final
concentration of the gold colloid (Cnp) was estimated by dividing Nyp through Avagadro’s

number (N,): Cxp = Nyp / Ny in mol dm™ (1 L).
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Preparation of AuNP conjugated bi-functional oligonucleotide probe

The synthesized AuNPs solution was used for the preparation of AuNP conjugated bi-
functional oligonucleotide probe. ToLCNDV specific probes sequences were designed
through the multiple sequence alignment of retrieved nucleotide sequences of different
isolates of TOLCNDV from NCBI. The identical and its complementary sequences were
selected from two different regions for the synthesis of probes and positive control from the
results of multiple sequence alignment using BioEdit software. The selected sequences were
subjected to self complementation and dimer formation analyses through online tools. The
designed probes (Forward probe 1 - 26 mer HS-5' -
GAATTCATGTCSAAGCGWCCRGCAGA-3' and Reverse probe 2 — 26 mer HS-5'-
GGTACCATTCTTMACAGTWGCAGTGC-3") were custom synthesized with thiol

functional group at 5' end for the preparation of conjugates.

AuNP conjugated bi-functional oligonucleotide probe was prepared based on the
earlier described method with slight modifications.””® In detail, 50 pM of probe 1 for
forward strand and 50 pM of probe 2 for reverse strand were mixed with 0.1 M of Phosphate-
buffered saline (PBS) (10 mM of NaCl with 0.01% SDS, pH 7) and volume was made up to 1
mL with of citrate capped AuNPs and incubated at 50 °C for 24 h. After the incubation, the
solution was subjected to aging process using 1 M of NaCl as the final concentration with
phosphate buffer (pH 7) for 24 h at 50 °C. Unbounded probes were removed from the
solution by centrifugation at 14,000 rpm for 25 min and the supernatant was replaced with 1
mL of the phosphate buffer for two times. The centrifugate was collected and redispersed into
0.5 mL using phosphate buffer to make a stock solution, which was used for further

experiments. The amount of DNA probes immobilized on the AuNPs surface was calculated
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by measuring optical absorbance at 260 nm using UV-visible spectrophotometer. Morevoer,
the prepared AuNP bifunctional probe was also characterized by HR-TEM and DLS.

AuNP conjugated bi-functional oligonucleotide probe was characterized by Raman
spectroscopy (Raman-11; Nanophoton, Japan) after a coating with Raman probe (Rodamine
6G- R6G).” The conjugated solution was concentrated by centrifugation at 10,000 rpm for
15 min. Supernatant was discarded and oily red color pellet was diluted with 500 uL of 20
4M R6G and incubated for 4 h at RT. Unbounded R6G was removed by centrifugation at
high speed for 15 min, the pellet was collected and diluted with 100 uL ddH,O. The solutions
were spotted on a cleaned glass slide and dried in air at RT. The samples were subjected to
confocal Raman microscopy analysis by the illumination of laser light (532 nm) at 40 mW
for the excitation as well as imaging. Finally, scattered lights spectra were recorded and

images were captured using CCD camera.

Isolation and amplification of TOLCNDV DNA

Total genomic DNA was extracted from ToLCNDV infected tomato leaf sample
based on previously described method.* The isolated DNA was analyzed by 0.8% agarose
gel electrophoresis and quantified by UV-visible spectrophotometer. 800 bp of the CP gene
fragment was amplified from ToLCNDV DNA with geminivirus specific common primers
using PCR. The reaction mixture was prepared to the total reaction volume of 50 uL by the
addition 25 uL of 2x red dye PCR Master Mix, 22.5 uL. DNase/RNase free deionized water,
ToLCV specific primers (100 pM of 0.625 uL forward primer and 0.625 uL reverse primer)
and 1.25 uL of template DNA. The amplification program consist the following steps which
are the initial denaturation at 94 °C for 5 min followed by denaturation at 94 °C for 1 min,
annealing at 60 °C for CP gene (ToLCVFP/ToLCVRP) for 1 min, extension at 72 °C for 2

min with 25 cycles and a final extension at 72 °C for 5 min. Amplified PCR products were
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extracted from the reaction mixture by addition of 5 uL of sodium acetate solution (pH 4.2)
and 100 uL of 95 % ethanol to 50 4L of the PCR reaction tube. The mixture was vortexed
gently and incubated at —20 °C for 40 min. Then the mixture was centrifuged at 10,000 rpm
for 20 min. The supernatant was discarded carefully and the pellet washed with 70 % (v/v)
ethanol. After washing, the pellet was air dried at RT and suspended in 50 L. RNase/DNase
free deionized water for further studies. Extracted products were electrophoresed in 1.2 %
(w/v) agarose gel, visualized under the UV light and quantified using UV-visible

spectrophotometer. This extracted DNA was used for further experiments.

Hybridization assay and gold nanocluster self-assembly

To optimize the hybridization assay, 10 4L of AuNPs- bifunctional oligonucleotide
probe was mixed with different concentrations of NaCl (0—6 M) in the presence of 5 uL of
hybridization buffer (10 mM phosphate buffer, 0.1 M NaCl containing 1| mM EDTA; pH
7.2), and the volume was made up to 20 uL using deionized water. The solution was mixed
well and kept for 10 min at RT. Subsequently, the absorbance was measured using UV-
visible spectrophotometer and the salt concentration was optimized for the hybridization
assay. Different concentrations of PCR amplified dsDNA target (0.0, 0.2, 0.4, 0.6, 0.8 and 1.0
ratios v/v) were mixed with AuNP conjugated bifunctional oligonucleotide probe and
incubated initially at 95 °C for 5 min followed by another round of incubation at 37 °C for 55
min in the presence of hybridization buffer. After the incubation, optimized concentration of
salt was added to the solution and kept at RT for 10 min and the color changes were
observed. Optical absorbance of all the solutions were analyzed by UV-visible
spectrophotometer before and after the addition of salt. After the hybridization assay,

completely hybridized (1.0 ratio) and control samples were also analyzed by HR-TEM.
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Results and discussion
Synthesis and characterization of citrate capped AuNPs

AuNPs were synthesized according to previously described method.”” In brief, the
yellow color of the reaction solution (HAuCly) was gradually changed to purple and then to
red after the addition of sodium citrate at the boiling condition which indicates that the
formation of AuNPs as shown in Figure 2A. Where, sodium citrate acts as reducing as well as
capping agent which is controlled the further nucleation growth of NPs.*'** The intense red
color of synthesized AuNPs is due to the interaction of incident light with a collective
oscillation of free electrons in the particles (localized surface plasmon resonance-SPR).* The
synthesized AuNPs solution was analyzed by UV-visible spectrophotometer. The maximum
absorbance for red colored AuNPs solution was found at 520 nm with the sharp peak as

shown in Figure 2B. This is mainly due to the size dependent SPR of metal nanoparticles.****

The size and shape of synthesized AuNPs were analyzed by HR-TEM. Figure 2C HR-
TEM image shows monodispersed spherical AuNPs with diameter of ~19 nm. The growth of
spherical nanoparticles take place by the reduction and subsequent deposition of reduced Au’
metal atoms. Intially, reduced metal forms a cluster followed by continuous deposition for the
growth of particles in a defined shape and size, which is regulated by capping agent.*'***’
Hydrodynamic diameter of synthesized citrate capped AuNPs was also revealed using DLS
method. The average hydrodynamic diameter of synthesized AuNPs was found to be ~30 nm
as shown in Figure 2D. Measurement of particle size by DLS method was found to be higher
than particles size measured by HR-TEM method. This is due to the presence of layer of
hydrogen bonds between particles surface and solvent.*® Molar concentration of synthesized

citrate capped AuNPs was calculated based on previously described method.*® Initially, the

average number of gold atoms per nanoparticle was calculated using the diameter of
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synthesized AuNPs (D= ~19 nm). The number of gold atoms per nanoparticle “N” was found
to be 2667418.5. From the result of N, the total number of nanoparticles (Nxp) formed in a
given molarity of solution (1 x 10 ° mol) of HAuCl, was calculated (Nxp = 2.26 x 10"). The
final concentration of AuNPs (Cnp) was estimated by Nyp/Avagadro’s number (N,) and
concentration of AuNPs was found to be Cxp= ~ 3.75 x 10"° mol dm > (1 L) or 3.75 nmol.
AuNPs concentration is vary accordingly to the size of particles in diameter. As increases in

the number of gold atoms per nanoparticle is leads to decrease in the concentration of AuNPs.

Preparation of AuNP conjugated bi-functional oligonucleotide probe
AuNP conjugated bi-functional oligonucleotide probe was prepared based on Au-SH

3738 5 thiol modified oligonucleotide probe was chemisorbed and formed thiol

chemistry.
monolayer on the AuNPs surface as depicted in Figure 1. Chemisorption of thiol modified
oligo probes 1 and 2 on AuNPs surface was enhanced by reducing the intermolecular and
interparticle repulsion forces between ssDNA oligonucleotide probes and AuNPs using PBS.
Oligo thiol attached AuNPs shows strong resistance against salt induced aggregation
in aging process and unbounded AuNPs get aggregated. Figure 3A, photographic image
shows synthesized AuNPs as reference (a), AuNP conjugated bi-funcional oligonucleotide
probe (b) and (c) aggregated AuNPs as control. Intense red color of AuNPs in aqueous
solution is due to the negative repulsion force based monodispesity and SPR.* After the
addition of salt, a complete aggregation of AuNPs was found only in solution ‘c’ and color of
the solution was changed to blue. Whereas, this color change was not observed in solution ‘b’
(AuNP conjugates bi-functional oligo probe) even in the presence of high salt concentration.
Particles in solution ‘b’ were found to be monodisperse and red in color. It proves that ssoligo

probes 1 and 2 were attached on AuNP surface through Au-SH chemistry and tend to form a

thiol monolayer on NPs. Because, thiol groups show the high affinity towards noble metal
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surfaces, particularly gold.”®' In addition, surface bound ssDNA oligo probes enhance
interparticle electronegative repulsion force between NPs and it helps to maintain an
appropriate interparticles distance between the conjugates and it prevents the aggregation.52’53
Optical absorbance properties of AuNP conjugated bi-functional oligonucleotide probe was
analyzed by UV-visible spectrophotometer with control and reference. Figure 3B shows UV-
visible absorbance spectra ‘a’, ‘b’ and ‘c’ for AuNPs (Ref), AuNP conjugated bi-functional
oligonucleotide probe (b) and AuNPs (control) (c) after the aging process, respectively.
AuNPs shows different light absorbance properties with and without the salt treatment. In the
absence of salt, AuNPs show sharp peak at 520 nm with higher intensity (Fig. 3B spectra ‘a’).
In the presence of salt, AuNPs show broadening peak towards longer wavelength region
(above 600 nm) with small peak at 520 nm (Fig. 3B specta ‘c’). This peak broadening could
be due to the aggregation, color changes and SPR band shift of AuNPs.>* Absorbance spectra
of AuNP conjugated bi-functional oligonuclotide probe shows SPR band at 524 nm even
after the salt treatment (Fig. 3B spectra ‘b’). The red shift of AuNPs was found from 520 nm
to 524 nm after the conjugation of AuNPs with thiol modified oligonucleotide probes. This
could be due to the change of refractive index surrounding of AuNPs and the formation of
dielectric layers around AuNPs.>> Further, it implies that successful chemisorption of ssDNA
probes onto the surface of AuNPs.”>*®7 It also increases the electronegativity and stability
of AuNPs- conjugated probe, significantly.”

Confocal Raman microscopy have been used to analyze the surface of AuNPs bi-
functional oligonucleotide probe using Rhodamine 6G (R6G) as Raman probe. SERS spectra
of R6G, R6G with AuNPs and AuNP conjugated bi-functional oligonucleotide probe as
shown in Figure 3C. Raman probe R6G showed major peaks at 608, 769, 1186, 1357, 1533,
1565 and 1645 cm ' which are the characteristic peaks of C-C-C, C-H, C-C, C-N and ring

plane assignments of R6G.*” Raman probe bounded AuNPs shows slight shift of SERS peaks
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(+ 2-6 cm ') at 608 — 610 cm ', 918—920 cm ', 1017— 1013 cm ', 1121— 1119 cm ',
1186 — 1188 cm ', 1299 — 1305 cm ', 1357 — 1359 cm ', 1413 — 1417 cm ', 1500 —
1502 cm 1533 — 1531 cm ',1593 — 1591 cm ' with enhanced intensity and new peak was
appeared at 824 cm ' (Fig. 2C, AuNPs + R6G spectra). This could be due to the adsorption of
R6G" molecules on AuNPs surface through electrostatic forces. Enhancement of SERS bands
from 500 — 2000 cm ' by the result of parallel to inclined orientational change which can
enhance Raman bands from vibrational modes that perpendicular to the xanthines plane
mode. It suggests that R6G molecules show closed proximity with Au metal surfaces.
Because, it may locate 0-4 nm close to the substrate surface or the electromagnetic field.
These interactions between R6G and AuNPs surfaces cause larger scattering which may lead

to changes in the Raman spectra.” °'

Similarly, thiol modified oligonucleotide probe
functionalized AuNP with R6G spectra showed SERS band shifts like 1184, 1355, 1529,
1568 and 1643 cm ' (Fig. 3C, AuNP-bifunctional oligonucleotide probe conjugate with
R6G). The intensity peaks of R6G bound AuNP conjugated bi-functional oligonucleotide
probe is lower than the AuNPs with R6G peak intensity and higher than the R6G peaks
intensity except at 551 and 918 cm ' However, the intensity of SERS peaks was gradually
increased in the order from R6G to AuNP- bifunctional oligonucleotide probe
conjugate+R6G and to AuNPs + R6G. The number of R6G molecules bound on the surface
of AuNPs could be the reason for increase in the intensity of SERS peaks in the abovesaid
order. SERS peaks intensity at 1500 and 1645 cm ' is proportional to the number of Raman
probe bound on the AuNPs surface. Number of R6G molecules bound on the unmodified
AuNPs surface was found to be very high. This could be a reason for increase in the peaks
intensity of AuNPs + R6G when compared with R6G spectra. SERS peaks shift was occurred

due to the weaker interactions of R6G on AuNPs surface in inclined plane. Decreased

intensity of SERS peaks of AuNP conjugated bi-functional oligonucleotide probe with R6G
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is might be due to the presence of thiol monolayer and nonspecific interactions of
oligonucleotide probes on AuNPs surface in flat plane orientation. This might be interfered
with the interaction of R6G molecules with AuNPs surface. The shifts of SERS peaks with
decreased intensity of AuNP conjugated bi-functional oligonucleotide probe is due to the
result of chemisorptions of ssoligo probes.®*** The corresponding Raman confocal images of
R6G and R6G with AuNPs, AuNP conjugated bi-functional oligonucleotide probe as shown
in Figure 3C inset image with scale bar. Intense red, pink and blue color indicates that the

presence of R6G, AuNPs and clean surface, respectively.

AuNP conjugated bi-functional oligonucleotide probe was also investigated by HR-
TEM. Figure 3D represents HR-TEM images of AuNP conjugated bi-functional
oligonucleotide probe in two dimensional arrangements. This 2D arrangements of AuNP-
bifunctional oligonucleotide probe conjugates were mainly due to the weaker interactions
between the conjugates. Figure 3C inset image shows the presence of a thin outer layer of 1.6
nm around the nanoparticle. It also proves that the presence of surface bound oligonucleotide
probes which favour of 2D assembly of NPs 564 Dispersibility and aggregation of AuNP
conjugated bi-functional oligonucleotide probe in high salt concentration were analyzed by
measuring hydrodynamic diameter of particles in aqueous medium through DLS along with
control and reference as shown in Figure 3E. The average hydrodynamic diameter of AuNP
conjugated bi-functional oligonucleotide probe after the salt treatment was found to be ~65
nm. This clearly shows that AuNP conjugated bi-functional oligonucleotide probe resist the
salt induced aggregation. This could be due to the functionalization of probe which increases
the electronegativity and stability of AuNPs in high salt concentration. However, the sizes of

AuNP conjugated bi-functional oligonucleotide probe was two fold higher than the size of
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synthesized AuNPs. This could be due to the weaker interactions between AuNP-bifunctional

oligonucleotide probe conjugates.

Quantification of surface bound oligonucleotide probes on AulNPs

Number of oligonucleotide probes chemisorbed on a AuNP surface (~19 nm) was
calculated with aid of UV-visible spectroscopy method. AuNP conjugated oligonucleotide
probes were treated with B-mercaptoethanol and salt. Where, B-mercaptoethanol is a strong
reducing agent breaks Au—SH bond between NPs and ssoligos. Then, AuNPs was aggregated
and ssoligos were released to the solution. Optical absorbance of collected supernatant at 260
nm was measured and it was found to be 1.62 OD. Total weight of ssoligo bound on AuNPs
surface was calculated to 32.4 ug (ssOligo: 1 at ODyg, Unit = 20 pg). Using this, molar
concentration of immobilized oligomers was calculated and it was found to be 3.96 x 10 ° M,
Number of ssoligo probes present in the given concentration of ssoligo stock solution was
calculated (23.8 x 1014). With assistance of molar concentration of AuNPs and number of
AuNPs present in the solution, the number of oligonucleotide probes immobilized on a AuNP
was calculated and it was found to be ~105 numbers. The number of ssoligo probes
immobilized on AuNP is depends on the length of oligomer, size and surface area of
particles. The number of ssoligo probes bound on NP surface was increased while increasing
the size of nanoparticles. Similarly, short oligomer can be conjugated in faster with higher
numbers than the longer length. This is due to the inter-strand steric interference between

ssoligos and self coiled secondary structure of long ssoligos.®> ®’

Hybridization assay and DNA guided gold nanoparticles cluster self-assembly
The salt concentration was optimized for the complete aggregation of AuNP

conjugated bi-functional oligonucleotide probe using different concentrations of NaCl (0—6
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M). Figure 4A photographic image shows the color of AuNP conjugated bi-functional
oligonucleotide probe changed from red to purple and blue after the addition of NaCl. The
color of AuNP conjugated bi-functional oligonucleotide probe was found in purple at 2 and 3
M NaCl which was completely changed to blue at 4 M NaCl and above. The complete
aggregation and black precipitation of AuNPs was found at 6 M. From these results, 4 M
NaCl was taken as optimizied salt concentration for further hybridization assay which is
approximately four times higher than the NaCl required for the complete aggregation of
unfunctionalized AuNPs. The corresponding UV-visible absorbance spectra of different
concentrations of salt (0—6 M) treated AuNP conjugated bi-functional oligonucleotide probe
as shown in Figure 4B. Absorbance maxima of AuNP-bifunctional oligonucleotide probe was
found at 525 nm which has gradually decreased with SPR band shift towards longer
wavelength (above 600 nm) while increasing the concentration of NaCl from 1 M to 6 M. A
significant SPR shift was started from 4 M to 6 M NaCl and it indicated the complete
aggregation of AuNP- bifunctional oligonucleotide probe conjugate. This color transition of
AuNP- bifunctional oligonucleotide probe conjugates was mainly due to the salt induced

aggre gation.68

Double stranded target DNA was amplified from ToLCNDYV infected positive sample
using TOLNDV CP gene specific primers (ToOLCVFP/ToLCVRP) and analyzed by 1.2%
agarose gel electrophoresis. Amplified PCR product was extracted, quantified
spectrometrically (180.4 ng/ul.) and 100 times diluted PCR DNA used for further study (data
not shown). AuNP-bifunctional oligonucleotide probe conjugate was subjected to
hybridization with PCR amplified dsDNA target of TOLCNDV CP gene in different ratios
(0.2, 04, 0.6, 0.8 and 1.0 v/v). Figure 5A shows hybridized AuNP-bifunctional

oligonucleotide probe with dsDNA target in different ratios without any significant color
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changes and all were observed in red color. But, the corresponding UV- visible spectra shows
that gradual decreases in the intensity of absorbance at 525 nm while increasing
concentration of dsDNA targets from ratio 0.2 to 1.0 (Fig. 5B spectra ‘a-¢’). This is due to the
distance dependent surface plasmon resonance of hybridized AuNP- bifunctional
oligonucleotide probe with its dSDNA target.

AuNP-bifunctional oligonucleotide probe with 0.2 ratio of target dsDNA and control
showed the absorbance maximum at 525 nm with high intensity which indicates the
interpartilce distance between AuNP- bifunctional oligonucleotide probe conjugates could be
found in maximum. Because, the number of unhybridized AuNP- bifunctional
oligonucleotide probe is greater than the number of hybridized AuNP- bifunctional
oligonucleotide probe conjugate with dsDNA target at lower concentration. The unhybridized
AuNP- bifunctional oligonucleotide probes in solution repulse to each other and it maintains
maximum interparticles distance. This could be influenced by the maximum absorbance of
incident light rather than the scattering. While increasing the concentration of dsSDNA target
up to ratio 1.0, AuNP- bifunctional oligonucleotide probe conjugates were completely
hybridized with its target to form a satellite like gold nanoparticle cluster structure which
leads to significant reduction of interparticles distance.®*® This could increase the scattering
of incident light rather than the absorbance as a result the intensity of absorbance was
gradually reduced significantly from ratio 0.2 to 1.0 (Fig. 5C). A significant color change was
observed after the addition of optimized salt concentration to the hybridized AuNP
conjugated bi-functional oligo probe — dsDNA targets complex solutions. The color of
AuNP- bifunctional oligonucleotide probe conjugate solution in red was completely changed
into blue at ratio 0.0 after the addition of 4 M NaCl as shown Figure 6A. This is due to salt
induced aggregation of AuNP-bifunctional oligonucleotide probe by the complete absence of

target DNA. The degree of salt induced aggregation was reduced significantly and bluish
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light purple color of AuNP- bifunctional oligonucleotide probe solution at ratio 0.2 was
gradually retains its original redish purple color while increasing the concentration of target
DNA from ratio 0.2, 0.4, 0.6, 0.8 and 1.0 as shown Figure 6A. After the hybridization of
AuNP- bifunctional oligonucleotide probe and with targets, small stretches of double helix
structure was formed between the probe and target which provides a strong resistance force
against salt induced aggregation and maintains significant interparticles distance between
AuNP- bifunctional oligonucleotide probes. This also prevents particles aggregation and
overlapping. An optical absorbance properties of corresponding hybridized solutions (Ref,
ratios at 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were shown in Figure 6B UV-vis spectra ‘a-f’,
respectively. The intensity of optical absorbance at 525 nm for spectra ‘a-f” were found to be
increased gradually as the concentrations of dsDNA target increased from 0.0 to 1.0 ratios,
respectively after the salt treatment. The absorbance intensity of ‘Ref” solution was found to
be very high because it is free from salt treatment. Figure 6C, represents relationship between
concentration of dsDNA target and optical absorbance properties of AuNP-bifunctional
oligonucleotide probe. The absorbance intensity of AuNPs solutions at 525 nm was increased
with respect to increase of dsDNA targets (0.0 — 1.0 ratios) at high salt concentration. This is
due to increase in the number of hybridized AuNP- bifunctional oligonucleotide probe
conjugates with its target dsSDNA and it tend to form a satellite structure as depicted in
schematic representation (Figure 1). These distance dependent SPR is reasonable for different
optical absorbance properties of hybridized AuNP- bifunctional oligonucleotide probe

conjugates with target DNA at different concentrations.'*®

The detection sensitivity limit of
this bi-functional nanoprobe assay was determined and it was found to be ~7.2 -18 ng, which

is two times higher than the earlier report.*’
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While nanoparticle cluster assembly of AuNP-bifunctional oligonucleotide probe was
found in the presence of targets DNA, conjugates were found to be aggregated in the absence
of target DNA as shown in Figure 7A and B (HR-TEM images) respectively. Cluster like
assembly of AuNP- bifunctional oligonucleotide probe was obtained by the sequence specific
hybridization with its dsSDNA target. Hence, AuNP-bifunctional oligonucleotide probe has
probe 1 and 2 which were specific for 3' end of forward and 5' end of reverse stands of
dsDNA target. Probe 1 of one conjugate get hybridized with 3' end of dsDNA target and
probe 2 of another particles get hybridized with 5' end of dsDNA target. Similarly each
AuNP conjugated bi-functional oligonucleotide probe has more numbers of probes 1 and 2,
which were hybridized with its dsDNA target to form a very large size AuNPs cluster
through DNA template self-assembly in configuration (n= o). The inter-particle distance
(~1.3 nm to 2.3 nm) between AuNP- bifunctional oligonucleotide probe was maintained by
double helix form of dsDNA target and conjugated probe at high salt concentration.
Moreover, different configurations of AuNP- bifunctional oligonucleotide probe cluster
assemblies were found in HR-TEM analysis after the hybridization with dsDNA target and
individual cluster comprising 2—11 nanoparticles as shown in Figure 8. Nanoparticle cluster
assembly of AuNP-bifunctional oligonucleotide probe consisting single AuNPs-bifunctional
conjugate core anchored with mono (a), dimer (b), trimmers (¢ & d), tetramer (e), hexamer
(f), octamer (g) and decamer (h) AuNP-bifunctional oligonucleotide probe conjugates
through hybridization with dsDNA targets as shown in Figure 8 (a-h with n=2—11
configurations, respectively). In addition, a pyramid like assembly of AuNP-bifunctional
oligonucleotide probe conjugate (n= 10) was observed in HR-TEM analysis (Fig. 8- 1). Step-
wise assembly of nanocluster was achieved by anchored six AuNP-bifunctional
oligonucleotide probe conjugates with single core AuNP-bifunctional oligonucleotide

conjugate in a defined nano flower like structure in the presence of dsDNA targets (Fig. 8. a-
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f). However, number of AuNP- bifunctional oligonucleotide probe conjugate anchored with
single core was extended to 8 and 10 due to increases in the size of core from ~19 nm to 55
nm and 63 nm, respectively. These increased size of AuNP- bifunctional oligonucleotide
probe core were found accidently in TEM analysis in the form of self assembled gold
nanocluster. This accidental findings proves that the increase in the size of AuNP core also
increases the number of AuNPs anchoring on its surface. The defined flower-like nano gold
cluster assembly was observed only in the presence of target dSDNA. It confirms that this
dsDNA target guiding to nano cluster assembly of AuNP-bifunctional oligonucleotide probe
through hybridization when it showed perfect complementary matche between AuNP-
bifunctional oligonucleotide probe and targets.”””® Further, dsDNA target also guiding to
pyramid like structure assembly of AuNP-bifunctional oligonucleotide probe was found in
HR-TEM analysis (Fig. 8-1). Moreover interparticles distance between core and anchored
AuNP-bifunctional oligonucleotide probe conjugates was found to be 0.9 nm to 1.2 nm in all
assembled nanocluster structures and this could be maintained by the presence of dsDNA

targets between AuNP-bifunctional oligonucleotide probe conjugates after the hybridization.

Conclusion

DNA templated 3D self-assembly of AuNPs cluster in different configurations in
colorimetric detection of plant viral DNA using AuNP-bifunctional oligonucleotide probe is
investigated and discussed in present work. Citrate capped gold nanoparticles of ~19 nm was
synthesized for the preparation of AuNP-bifunctional oligonucleotide probe conjugates.
Equal concentrations of thiolated oligo probe 1 and 2 specific for TOLCNDV CP gene were
immobilized on AuNP through Au-SH chemistry. Total number of ssoligo probes 1 and 2
chemisorbed on each nanoparticle was found to be ~105 numbers. AuNP conjugated bi-

functional oligonucleotide prob was used to detect both strands of dsDNA target
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simultaneously. AuNP-bifunctional oligonucleotide probes hybridized with the different
concentrations of TOLCNDV DNA (ratios 0.0—1.0). The intensity of optical absorbance of
conjugates was gradually decreased with increase of dSDNA concentration in ratios 0.0—1.0
after the hybridization. AuNP- bifunctional oligonucleotide probe was self assembled with
dsDNA target in close proximity and reduce the inter-particle distance. This leads to changes
in optical absorbance properties without significant color change. After the salt treatment,
free AuNP-bifunctional oligonucleotide probe aggregates and causing color changes from red
to blue. Hybridized AuNP-bifunctional oligonucleotide probe was not aggregated and
showed stability in high salt concentration. The resistance against salt induced aggregation
was increased gradually with increasing the concentration of dsDNA target from ratio 0.2 to
1.0 and the red color was retained as such. Also this dsDNA target guiding to 3D self-
assembly of gold nanoparticle cluster with different configuration (n=2—11 and o) in flower
and pyramid shape. The number of anchored AuNP-bifunctional oligonucleotide probe on
centre core cluster is varied from 6 to 8 and 10 and it is due to increases in the size of core
AuNP. The results prove that AuNP-bifunctional oligonucleotide probe detect the both
forward and reverse strands of dsDNA target and reduces the concentration of DNA target
required for the nanoassay. Limit of detection sensitivity of the bi-functional nanoprobe assay
was 7.2 ng, which was twofold higher than earlier report. This method is simple and rapid
than the existing conventional methods. This work also provide new insight for the
preparation of gold nanoparticle cluster in defined shape and size using single type of AuNPs.
This probe of concept helps to develop an ultra sensitive nanoassay method and preparation

of gold nanoparticles cluster for material science applications.
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List of figure captions:

Figure 1. Schematic representation of colorimetric detection of TOLCNDV DNA using AuNP

conjugated bi-functional oligonucleotide probe and self-assembly of gold cluster.

Figure 2. Synthesis and characterizations of citrate capped AuNPs. (A) Deep red color of
synthesized citrate capped AulNPs, (B) UV-Visible spectra of citrate capped AuNPs with
absorbance maximum at 520 nm, (C) HR-TEM image of spherical shaped AuNPs with ~ 19

nm in size and (D) hydrodynamic diameter of citrate capped AuNPs (~ 30 nm).

Figure 3. Preparation and characterization of AuNP conjugated bi-functional oligonucleotide
probe. (A) Photographic image of AuNP-bifunctional oligonucleotide probe “a” AuNPs
without NaCl treatment, “b” AuNP-bifunctional oligonucleotide probe after salt treatment
and “c” Salt induced aggregated AuNPs. Corresponding UV- visible spectra (a-c) for AuNPs,
AuNP-bifunctional oligonucleotide probe and aggregated AuNPs (B). (C) Surface enhanced
Raman spectra of R6G, R6G with AuNP-bifunctional oligonucleotide probe and R6G with
AuNPs and corresponding Raman images with scale bar. (D) HRTEM image of AuNP
conjugated bi-functional oligonucleotide probe and (E) Average hydrodynamic diameter of

AuNP-bifunctional oligonucleotide probe (~ 65nm).

Figure 4 Optimization of salt concentration for the complete aggregation of AuNP-
bifunctional oligonucleotide probe. (A) Photographic image of aggregation of AuNP-
bifunctional oligonucleotide probe at different concentrations (1- 6 M) with control “C”. (B)
UV-visible spectra of AuNP-bifunctional oligonucleotide probe with different concentrations

of salt (C, 1-6M).

Figure 5. Hybridization of AuNP-bifunctional oligonucleotide probe with dsDNA target at

different ratios (0.0- 1.0). (A) Photographic image of hybridized AuNP-bifunctional
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oligonucleotide probe with dsDNA targets, (B) corresponding UV-visible absorbance spectra

before the salt treatment and (C) Bargraph of degree of absorbance at 525 nm.

Figure 6. Colorimetric detection of ToLCNDV DNA wusing AuNP- bifunctional
oligonucleotide probe. (A) Photographic image of hybridized AuNP-bifunctional
oligonucleotide probe with dsDNA targets at different ratios (0.0- 1.0) after the salt treatment,
(B) corresponding UV-visible absorbance spectra and (C) Bargraph of degree of absorbance

at 525 nm.

Figure 7. HR-TEM images of hybridized AuNP-bifunctional oligonucleotide probe with its
dsDNA target (A) and with out dsDNA target (B) after the salt treatment. dSDNA templated
self assembled large AuNP cluster and aggregated AuNP-bifunctional oligonucleotide probe

in the presence and absence of dsDNA target after the salt treatment, respectively.

Figure 8. DNA templated self-assembly of AuNP cluster through hybridization of AuNP-
bifunctional oligonucleotide probe and dsDNA target flower and pyramid structures. An
individual cluster comprising 2-11 nanoparticles as petals. Flower like cluster assembly of
AuNP-bifunctional  oligonucleotide  probe consisting single = AuNP-bifunctional
oligonucleotide probe conjugate core anchored with mono (a), dimer (b), trimmers (c&d),
tetramer (e), hexamer (f), octamer (g) and decamer (h). (i) Pyramid like structure assembly of

AuNPs.
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