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Abstract: Early stage detection of diseases caused by pathogens is
a prerequisite for expedient patient care. Due to the limited signal-to-
noise ratio, molecular diagnostics needs molecular signal
amplification after recognition of the target molecule. In this present
study, we demonstrate the design of plasmonically coupled
bimetallic Ag coated Au nanostar dimers with controlled nanogap
using rectangular DNA origami. We further report the utility of the
designed nanostar dimer structures as efficient SERS substrate for
the ultrasensitive and label-free detection of the pyocyanin molecule,
which is a biomarker of the opportunistic pathogenic bacteria,
Pseudomonas aeruginosa. The experimental results showed that the
detection limit of pyocyanin with such nanoantenna based biosensor

was 335 pM, which is much lower than the clinical range of detection.

Thus, fast, sensitive and label-free detection of pyocyanin at ultralow
concentration in an infected human body can pave a facile route for
early stage warning for severe bacterial infections.

1. Introduction

Highly sensitive, rapid and reliable detection of biomarkers is of
utmost importance to improve early stage diagnosis and
prevention of several bacterial infections and fatal diseases.!
Molecular recognition of microbial biomarkers released by
pathogens is highly required during early stage infection as it
facilitates the early diagnosis of the onset diseases, monitoring
their prognosis, and providing effective treatment.??l One of the
clinically important bacterial biomarkers requiring immediate
attention in this direction is pyocyanin. It is a toxin uniquely
released from Gram-negative bacterium Pseudomonas
aeruginosa which is considered as one of the most problematic
bacteria responsible for several infections.Bl Pyocyanin is
assumed as a virulence factor as well as a quorum sensing
signal for this microorganism which makes it an excellent
biomarker for diagnosing the condition of a patient. Pyocyanin is
involved in various important biological activities including gene
expression, and is known to cause severe respiratory tract
infections, especially in  immunocompromised patients.®!
Therefore significant information about the presence of this
pathogen and the state of progression of the infection in patients
can be gained through the rapid and sensitive detection of
pyocyanin in clinical samples.

Several biosensing techniques have been employed in the past
for efficient detection of pyocyanin, such as high-performance
liquid chromatography (HPLC) and Electrochemical sensing
approaches.® ¢ HPLC technique can quantify pyocyanin quite
efficiently by recording its absorbance after solvent extraction,
but involvement of expensive equipments and time-consuming
procedures for pre-purification make it unfavorable for rapid
detection of pyocyanin. Pyocyanin can also be directly quantified

in clinical samples through electrochemical sensing in real time
and in situ due to the redox-active nature of pyocyanin.l’]
However, the selective quantification of pyocyanin is restricted
by other redox-active molecules which are present in human
fluids and by other metabolites released by pathogenic bacteria.
Recently, Alatraktchi et al. demonstrated the fast selective
identification of pyocyanin using cyclic voltammetry in clinically
relevant concentration range of 2-100 uM.!®! In 2016, Sismaet et
al. prepared a disposable screen printed electrode to detect
pyocyanin in wound fluid from patients with chronic wounds.[®!
However, false negative results in a complex mixture and lower
sensitivity limit its practical applicability. Hence, in order to
enhance the quality of life for millions by enabling the specific
and rapid identification of analytes with high sensitivity, it is
highly desirable to develop fast label-free sensing techniques to
detect pyocyanin selectively in biological samples at ultra-low
concentrations. Surface-enhanced Raman scattering (SERS)
has recently emerged as a powerful analytical tool for the
sensing of small molecules and biomolecules,*% 11 by acquiring
the Raman spectral signature of an analyte molecule of interest.
The Raman spectrum of a molecule is a kind of fingerprint and
the vibrational fingerprint of each molecule is unique which
allows the identification and quantification of a molecule directly
and specifically. Due to low Raman cross section of molecules,
typically in the range of 1072% - 1073 ¢cm? which is more than 10
orders of magnitude less than the fluorescence cross section,
SERS technique has limited sensitivity.*? Therefore signal
enhancement through the electromagnetic field enhancement
resulting from excitation of localized surface plasmon resonance
(LSPR) of plasmonic nanostructures is essential for enabling
SERS technique to detect analyte molecules at low
concentration for broad applications ranging from chemical and
bio-molecular sensing to food safety.

The unprecedented ability of SERS to detect a specific analyte
from a complex mixture with extremely high sensitivity has
fuelled the research in developing various SERS based sensing
platforms*® 4 using coupled plasmonic nanostructures as
SERS substrates, such as dimers and trimers with ultrasmall
nanojunctions (known as plasmonic nanoantennas)i*®, where
strong electromagnetic enhancement is observed due to
extremely small hotspot region. Despite significant advances,
SERS has shown limited feasibility for real-life applications,
largely due to unachieved challenges in the substrate designing
which includes gaining control over the nanogaps and precise
localization of the analyte in the hotspot. Fang et al.l'®! recently
reported that out of 10° SERS active sites only 63 yields high
enhancements indicating a rare occurrence of hotspots, so it is
imperative to design new SERS active substrates that can yield
high enhancement factors (EFs) with a narrow distribution and good
reproducibility.
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In recent years, the DNA origami technique has emerged as a
powerful nanofabrication method for assembling nanoparticles
into predesigned patterns with nanometer accuracy. Its ability to
position biomolecules such as proteins,*”] DNAs, 8 and RNAs[!
at a predefined position allows localization of the analytes at the
sensing region of the nanoantennas, difficult to achieve using
high-end methods such as electron-beam lithography. This is a
cost-effective alternative to the lithography technique, which
otherwise poses a significant limitation in designing sub-nm
resolution gaps.?? Till now, DNA origami has led to a class of
well-organized plasmonic nanoantennas such as Au
nanoparticle  dimers,?* 2 powtie nanoantenna,?® and
assembling Au nanolenses,?” some of which have been used
for concentration and manipulation of light into deep-
subwavelength volumes.?* 251 Our group has recently utilized
rectangular DNA origami to construct Au nanostar dimers which
were further used for single molecule SERS measurement of
single Texas red dye molecule.?8 In another study, Heck et al.
recently demonstrated SERS based detection of streptavidin
protein molecule specifically positioned in the plasmonic hotspot
of Ag nanolenses using triangular DNA origami.? The
programmable nature of DNA origami allows it to be used as an
engineering material for designing plasmonic based sensing
devices.

So far, nanostructures of Au and Ag metals have been the most
preferred choice for designing SERS substrates due to their
unique and highly tunable plasmonic resonance properties from
visible to near-infrared spectral range,”® which directly
translates into higher enhancements effects for molecules
having electronic transitions in this region.??! Over the past few
years, bimetallic Au@Ag nanoparticles have come out as an
excellent nanomaterial that displays interesting optical properties
in comparison to their metallic counterparts due to the unification
of properties of both the metals.?% Comparative studies have
shown that the SERS efficiency of Au@Ag bimetallic
nanoparticles is higher than pure Au and Ag nanoparticlesi®: 32
and has been attributed to a unique electronic transfer from the
Au core to the Ag shell.’¥l They also provide control over surface
plasmon resonance (SPR) band tunability by simply changing
the thickness of the Ag coating,® making them well suited for
surface enhanced resonant Raman scattering studies (SERRS).
It is well established that on-resonance measurements result in
higher EFs than normal SERS.B% In view of the multifunctional
properties of bimetallic Au-Ag nanostructures, considerable
efforts have been dedicated to explore their potential for SERS
based applications.*®381 |n particular, anisotropic shaped
nanostructures are of great interest owing to the presence of
multiple intrinsic hotspots and broadly tunable plasmonic
resonances.® To the best of our knowledge, there is no report
in literature till date on formation of Au core- Ag shell nanostar
dimer by using DNA origami technique.

Herein, we demonstrate the design of plasmonically coupled
bimetallic Ag coated Au nanostar (Au@Ag NS) dimers with
controlled nanogap using rectangular DNA origami. The
designed nanoantennas exhibit superior plasmonic effects of Ag
along with high chemical stability of Au. We have further
demonstrated the utility of the designed nanoantennas as
efficient SERS substrate for the ultrasensitive and label-free
detection of bacterial biomarker, pyocyanin. The limit of
detection of pyocyanin was found to be 335 pM, which is several
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orders less than the clinical range of detection (typically 7-130
l.lM).[39]

2. Results and Discussion

2.1 Synthesis and DNA functionalization of bimetallic
Au@Ag NSs

Bimetallic Au@Ag NSs used in this study were synthesized by
the epitaxial growth of Ag over preformed Au NSs as illustrated
in figure 1a.B Similar lattice parameters (0.40786 nm for Au and
0.40862 nm for Ag) lead to epitaxial growth of Ag over Au NP
core providing a high degree of control over shape and size of
the nanoparticles and has been widely explored. % 4% During
the synthesis of the Au@Ag NSs, the major challenge was to
achieve a uniform coating of Ag over the previously synthesized
Au NSs such that the sharpness of the tips remains unaltered.
However, we were able to overcome the aforementioned
challenge by precise control of the concentration of Ag in the
coating solution. The Au NSs used for the synthesis were
prepared according to our previously published report.l?¢ In the
coating solution, AgNO3; was the precursor of Ag and ascorbic
acid was used as the reducing agent. The reduction of Ag*ions
to Ag® by ascorbic acid was commenced on addition of NH,OH
solution, as evidenced by the change in color of the solution
from blue to pinkish purple (Inset of Figure 1b). The redox
potential of ascorbic acid is not sufficient to reduce Ag ions at
low or neutral pH, hence, addition of NH,OH immediately
changed the pH of the reaction mixture to basic (pH~9) thereby
initiating the reaction.Y The overlapping UV-Visible absorption
spectra of the Au NSs before and after Ag coating (Figure 1b)
show a blue shifting of SPR band of Au NSs from 715 nm to 552
nm covering almost the entire visible region. The blue shift with
no change in the shape of the spectrum indicated a successful
coating of Ag over Au NSs with no change in the morphology.
Further, from the TEM images of NSs (Figure 1c and 1d), it was
evident that Ag is getting deposited on the surface of Au NSs
and no separate nucleation is taking place. Due to significant
similarity in the lattice fringe width of both the metals“d Ag was
deposited uniformly over the Au NSs leaving the sharpness of
tips unaltered (as shown in Figure 1c and 1d). By the statistical
analysis of 20 different structures, the average size of AU@Ag
NSs (tip to tip distance of same NS) was determined to be 70 +
5 nm and the thickness of the Ag shell was approximately 2.5
nm with an estimated error of £ 0.5 nm (Figure S1). The Ag
coating thickness on Au NSs as monitored by TEM images and
their plasmon maximum depicted by UV-Vis spectra were
consistent with the previous reports on Au-Ag hybrid
nanostructures.® 43 44 |t is important to note that electronic
interactions between the Au core and Ag shell depend on the
thickness of the Ag shell, lesser the thickness of Ag coating
better is the stability and plasmonic enhancement effects of the
Au@Ag bimetallic structure.d Very recently, Feng et al. found
that an Ag shell thickness of 2.4 nm is optimum for getting the
highest charge transfer effects and biocompatibility (both in vitro
and in vivo).dl Further, to ascertain the presence of Au and Ag
in the synthesized Au@Ag NSs, energy dispersive X-ray (EDX)
analysis of the nanostructures was done (as shown in Figure
S2). The EDX spectrum showed characteristic peaks for both
the metals in the bimetallic Au@Ag NSs.
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Figure 1. (a) Schematic depiction of the synthesis of Au@Ag NSs, (b) UV-Vis
absorption spectra of Au NSs, and Au@Ag NSs (inset shows digital images of
nanostar solutions), and (c and d) TEM images of Au@Ag NSs.

After the successful synthesis of the Au@Ag NSs, the next step
was to functionalize the NSs with thiolated oligonucleotides. The
DNA functionalization was carried out using the well-established
method of salt aging with some modifications (Figure S3a). The
initial step of attachment of thiolated DNA to Au@Ag NSs was
carried out at pH 3 to overcome the problem of low adsorption of
DNA on Ag surface at neutral pH.[“”l Charge repulsion between
phosphate backbones of adjacent DNA oligonucleotides was
further reduced by increasing the salt concentration of solution
very slowly to 750 mM. The UV-Vis spectra (Figure S3c) of
Au@Ag NSs before and after DNA functionalization show a
slight red shift of ~ 8 nm, which can be attributed to the change
in the dielectric constant of surrounding medium after DNA
conjugation.*®l During the immobilization of nanoparticles on
DNA origami, buffer solutions having salt concentration as high
as 500 mM NaCl were used. Hence, it was imperative to check
the stability of the as-synthesized Au@Ag NSs in high salt
concentration. We found that the DNA conjugated Au@Ag NSs
solutions were able to withstand the salt concentration
conditions required for immobilization on DNA origami (as
shown in Figure S3a and S3b). The stability of Au@Ag NSs
without DNA functionalization was also checked under different
NaCl concentration and it was found that the absorption intensity
dramatically reduced with the addition of 200mM NaCl and kept
on decreasing with increase in the concentration of NaCl (Figure
S4). This indicated that the synthesized Au@Ag NSs are highly
unstable in  high salt concentrations without DNA
functionalization.

2.2 Assembly of Au@Ag NS dimers on DNA origami

After successful conjugation of synthesized Au@Ag NSs with
DNA oligonucleotides, they were immobilized on rectangular
DNA origami at a predefined position with the help of extended
capturing DNA_sequences.?®l The formation of DNA origami
monomers and dimers was confirmed by agarose gel
electrophoresis (represented in Figure S5), where clear bands
corresponding to origami monomers and dimers were visible.
The AFM and TEM images of dimerized rectangular DNA
origami are depicted in figure S6 of the supporting information.
For the construction of a plasmonically coupled Au@Ag dimer
structure, two capturing sites were created, one on each
monomeric unit of the dimerized DNA origami template. Each
attachment site comprised of 5 capture sequences extended at
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3' end with a sequence complementary to that of ssDNAs
attached on Au@Ag NSs. The positions of the capturing DNA
strands are given in table S1 of supporting information.!?s! The
Au@Ag NS dimer structures were synthesized as described in
the experimental section. Preliminary structural characterization
of the synthesized dimer structures was done using AFM
imaging. AFM images and the corresponding height profile
presented in Figure 2a confirmed the formation of dimer
structures. TEM images confirmed that the dimer structures are
forming with no change in the morphology of Au@Ag NSs after
conjugation on the DNA origami template (Figure 2b and 2c). In
case of Au nanostar dimer on origami, the origami template is
faintly visible because the template probably got hidden behind
the Au nanostar assemblies. The average size of single Au@Ag
NSs (=70 nm) is comparable with the size of DNA origami
monomer (~90 x 60 nm).. However it was clearly visible in case
of Au@Ag NSs monomer on DNA origami dimer (Figure S7).
Furthermore, to obtain more insights into the elemental
composition of the designed Au@Ag NS dimers, we
characterized the designed nanoantenna using STEM-EDX
mapping (shown in figure 2d, 2e and 2f). It showed that there
was no change in the Ag coating after immobilization on DNA
origami, suggesting that the coating is stable and is not getting
removed during the DNA functionalization and assembly
process. The EDX spectrum of Au@Ag NS dimers also showed
peaks corresponding to phosphorus (P) and oxygen (O) along
with Ag and Au, which is indicative of the presence of DNA on
the nanostructures (Figure S8). The formation of desired
nanostar dimer structures was prominent as evidenced from
TEM images shown in Figure 1 and Figure S9. Since 2:1 ratio of
Au@Ag NSs and DNA origami was used while immobilization,
there was formation of monomers as well as trimers of Au@Ag
NSs on DNA origami dimer along with other assemblies such as
unbound origami, unbound Au@Ag NSs and few aggregated
structures (Figure S9). Critical examination of the assembled
structures revealed the formation of dimeric assemblies with
high yield of 65% along with a few fractions of other assemblies
on DNA origami (shown in Figure S10 and enlisted in Table S2)
which was consistent with the previous report on assembly of
nanoparticles dimer on DNA origami.[8],

00 200
X (nm)

50 nm

Height 600.0 nm

Electron Image 1 Au Lal

Ag Lal

Figure 2. (a) AFM images of Au@Ag NS dimer structures (inset shows
corresponding height profile), (b and ¢) TEM images of dimer structures of an
average interparticle gap of 10 nm assembled on dimerized rectangular DNA
origami, and (d) Dark field STEM mapping image of an Au@Ag NS dimer
structure, and (e and f) the corresponding elemental mapping images.
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The average interparticle gap (nanostar core to core distance)
between the Au@Ag NS dimer structures was calculated by
evaluating at least 20 different TEM images of the dimeric
structures and was found to be 10 + 1 nm (Figure S11). The tip
to tip distances in the conjunction region that is present between
tips and cores of two nanostars after considering several TEM
images of nanostar dimer structures was also calculated and it
was found to lie in the range of (~1 nm < d < 3.1 nm) as depicted
in Figure S12.

2.3 Label-free SERS based detection of pyocyanin using
Au@Ag NS dimer structures

After the successful synthesis and characterization of the
designed nanoantenna, we have utilized our designed
nanoantenna structures for label-free SERS-based detection of
bacterial biomarker pyocyanin. The detection of pyocyanin was
done using AFM correlated Raman measurements using a 633

Height

1.0 ym

10.1002/cphc.202000805

WILEY-VCH

nm laser excitation source for 1 second acquisition time (Figure
3). The AFM correlated Raman measurements were done using
the similar procedure reported earlier.?®! For the measurements,
at first, the assembled Au@Ag nanostar dimers were
immobilized on Si wafer. The Si wafer was then scanned by
AFM imaging for identification and localization of the features on
the substrate. Later, the wafer was incubated with a drop of
known concentration of pyocyanin (between 1 uM and 500 pM)
to form a monolayer of pyocyanin over the Au@Ag NS dimers.
The Raman spectra was then acquired by scanning the same
area as depicted in AFM images identified by means of
prominent features acting as marker on both the images. The
SERS measurements were conducted by means of identification
of a marker on Si wafer and then scanning the same area by
confocal Raman microscope for capturing Raman signatures.
During the measurements, the laser power was kept low (1 mW)
so as to avoid any damage to the DNA origami template.
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Figure 3. (a), and (b) Optical images captured using AFM and Raman microscope. (c) AFM image of Au@Ag NS dimers assembled on dimerized rectangular
DNA origami, (d) and (e) High resolution AFM images of single Au@Ag NS dimeric structures, and (f) their corresponding SERS spectrum for pyocyanin.

Figure 4a illustrates the schematic depiction of the sensing of
pyocyanin on Au@Ag NSs dimer nanoantennas. The UV-Vis
absorption spectrum of pyocyanin shows a broad absorption
band in the visible region (Figure 4b) with Amax around 688 nm
which is close to the laser excitation wavelength of 633 nm.
Therefore, the Raman spectra recorded using the designed
Au@Ag NS dimer nanoantennas were actually due to SERRS
rather than SERS. Figure 4c shows the obtained concentration-
dependent Raman spectra of pyocyanin. We were able to record
detectable SERS signals over a concentration range of 1 uM to
500 pM with the intensities of the dominant peaks varying
linearly with change in the concentration of pyocyanin. In order
to identify the Raman signatures of pyocyanin and to ascertain
that the recorded Raman signals are of pyocyanin only, we
recorded the reference SERS spectrum of pyocyanin using 50
nm Ag nanoparticles (Figure 4d). The peaks in the reference
spectrum matched well with the peaks obtained from our AFM
correlated Raman measurements. The peak at 1357 cm
corresponds to the combined C-C stretch, C-N stretch, and C-H
in plane bending modes of the aromatic ring.“® The band

around 1607 cm™ is ascribed to the ring deformations and C-C
stretching.[*9

Further, we confirmed that the recorded SERS signals were
coming only from the pyocyanin molecules which are present on
the Au@Ag NSs dimer nanoantennas. We have recorded
normal Raman spectra of pyocyanin with varying the
concentrations from 10 uM to 500 pM (shown in Figure S13). No
characteristic Raman peaks were obtained for all the three
concentrations of pyocyanin which proved that the intense
SERS signal coming from pyocyanin molecules in the presence
of Au@Ag NSs is due to the significant enhancement of the
Raman signals by the hotspots of the nanoantennas. The
appearance of the Raman signatures of pyocyanin molecules at
500 pM concentration confirms the suitability of Au@Ag NSs
dimer structures on DNA origami as an excellent SERS
substrate for detection of biomolecules at ultralow concentration.
We had also performed the concentration dependent SERS
measurements of pyocyanin in the junction of dimeric Au NSs
assembled on DNA origami for comparison with Au@Ag NSs
assembled dimeric structures (Figure S14). We were not able to
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obtain the SERS spectra of pyocyanin below 10 nM
concentration using Au NSs dimer on DNA origami. Furthermore,
the SERS intensity corresponding to same pyocyanin
concentration was lower in case of Au NSs dimers compared to
Au@Ag NSs dimeric structures. Hence, better enhancement in
Raman signals was observed due to Ag coating on Au NSs.
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Figure 4. (a) Schematic depiction of pyocyanin sensing on the Au@Ag NSs
dimer nanoantenna, (b) UV-Vis absorption spectrum of pyocyanin, (c)
concentration-dependent SERS spectra of pyocyanin molecules placed on
dimer nanoantennas, and (d) reference Raman spectrum of pyocyanin (1.5
mM) recorded on 50 nm Ag NPs.

Further, the limit of detection (LOD) was calculated according to
well-known method of LOD estimation by International Union for
Pure and Applied Chemistry (IUPAC) (Equation S1 of
supplementary information).’® The peak with the highest
intensity at 1620 cm? in the obtained SERS spectra of
pyocyanin was identified for the LOD calculation. The enlarged
spectra around the highest peak intensity (1620 cm™) of the
concentration dependent SERS plot of pyocyanin is depicted in
Figure 5a and the relation between the concentration of
pyocyanin and SERS intensity is shown by the scatter plot
(Figure 5b). The average value of three repeated measurements
for same concentration is depicted by each point on calibration
curve, where the error bar represents the standard deviation.
The plot clearly reveals a linear regime between the
concentration and intensity, which can be expressed by relation,

l1s20 = 6.815%log C + 3.714 (R?= 0.979) Equation 1

where, lis20 is the SERS intensity at 1620 cm™ and C is the
corresponding concentration of pyocyanin in nM. By solving
equation 1, the LOD of pyocyanin was determined to be 335 pM
when pyocyanin was placed in the hotspot of Au@Ag NS dimer
nanoantennas (Details in Supporting information).
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Figure 5. (a) SERS spectra monitored at 1620 cm™ peak for different
concentrations of pyocyanin, and (b) The SERS intensity at 1620 cm™ as a
function of pyocyanin concentration with linear fitting.

The obtained LOD was found to be lower than previously
reported detection limit achieved using SERS and non-SERS
based pyocyanin detection platforms.[3% 4 51 For example, the
detection limit of electrochemical sensor designed using
palladium hydride electrode by Webster et al. was found to be
0.597 upM.BA  Apd that of Au/Ag nanoalloy modified
thermoresistive polymer developed by Cernat et al. was 0.04
uM.B3 Recently, Jia et al. developed a biodegradable SERS
platform using Au-coated zein film decorated with AuNPs and
were able to achieve detection limit in micromolar range.5 Nam
et al. prepared monomeric Ag nanoarrays, which were directly
self-assembled into anodized aluminium oxide (AAO) nanopores
for SERS detection of pyocyanin upto 0.5 uM.5® The array of
Au@SiO, supercrystal developed by Bodelon et al. 5% and Au
nanorods by Hanske et al.’7 yielded 10* M and 10 M
sensitivity respectively, but the fabrication of such supercrystal
and assembled SERS substrates required complex, expensive
and time-consuming lithographic technique. In our case, we
were able to get a sensitivity of 335 pM with a single Au@Ag
dimer nanoantenna structure developed by using simple solution
based technique. Table 1 depicts the comparative analysis of
the LOD achieved using plasmonic sensor developed by our
group with the previously reported ones. It clearly reveals that
Au@Ag NS dimer nanoantenna self-assembled using DNA
origami based approach offers a simple solution-based and
biocompatible route for designing a highly sensitive pyocyanin
detection platform, ruling out complex fabrication strategies and
time-consuming techniques. We emphasize that the LOD can
further be lowered and extended to other important biomarkers
by specifically placing the analyte molecule by a target capturing
probe molecule into the plasmonic hotspot.
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Table 1. Comparison of different methods of pyocyanin detection
Material Used Method Used LOD Reference
Ag NPs SERS 500 nM 129
Zein/Au-Au NPs SERS 25000 nM 154
Ag NP@AAO SERS 500 nM 1551
Au@SiO: supercrystal array SERS 0.00001 nM 1561
Au nanorods array SERS 0.001 nM 1571
Bimetallic Ag/Au NPs on Si nanowire SERS 6250 nM 58]
Pillar[5]ene stabilized Au NPs SERS 100 nM 51
Ag nanorod array SERS 23.8nM 1491
Au nanospheres SERS 4.8 nM 159
Au and Ag electrodes Cyclic voltammetry (CV) 2000 nM 8]
Palladium hydride electrode Square wave and differential pulse voltammetry 597 nM 152
Au/Ag nanoalloy modified electrodes Electrochemical impedance spectroscopy (EIS) 40 nM 53]
PANI/Au NPs/ITO modified electrodes cv 500 nM (601
Carbon fibre two electrodes Square wave voltammetry (SWV) 30 nM 161
Mixture of water-trifluoroacetic acid and HPLC 13 ng Bl
acetonitrile-watertrifluoroacetic acid
Au@Ag NSs dimer nanoantenna SERS 0.5nM Present paper

3. Conclusion

In summary, we have presented the design of bimetallic Au@Ag
nanostars dimers assembled on DNA origami template.
Bimetallic Au@Ag NSs were prepared by epitaxial growth of Ag
over Au NSs that allowed extraordinary control over plasmon
tunability and overall morphology of the nanostructures. The
DNA origami substrates greatly facilitated a systematic route to
model the nanostructures, arranging two 70 nm Au@Ag NSs on
rectangular DNA origami with an average interparticle gap size
of 10 nm. The designed dimer nanoantenna was utilized as a
platform for SERS based label-free sensing of clinically
important bacterial biomarker, pyocyanin. SERS spectrum
clearly showed the distinguished bands assigned to pyocyanin
at a concentration as low as 500 pM. It was found that our
designed single dimeric assembly was able to detect pyocyanin
with a limit of detection of 335 pM, which will aid in fast, label-
free, and highly sensitive detection of pyocyanin and thus
leading to rapid diagnosis of P. aeruginosa infections. Such DNA
origami based self-assembled plasmonic nanosensors have the
potentiality to open up new horizon in label-free detection of
clinically important biomarkers with sensitivity down to single-
molecule level.

Experimental Section
Materials

M13mp18 single stranded DNA was procured from New England Biolabs
and was used without further purification. All the DNA oligonucleotides
were purchased from Integrated DNA technologies (IDT) with HPLC
purification. Gold chloride trihydrate ( HAuCls.3H20, purity = 99.9%),
trisodium citrate dihydrate (NasCsHsO7), L-Ascorbic acid, silver nitrate
(AgNOs), sodium dodecyl sulphate (SDS), tris-(carboxyethyl) phosphine
hydrochloride  (TCEP.HCI),  Magnesium chloride  hexahydrate
(MgCl2.6H20), pyocyanin, and sodium chloride (NaCl) were purchased
from Sigma-Aldrich and used without further purification. Buffer solutions
tris(hydroxymethyl)aminomethane (Tris base), 1 M potassium phosphate
monobasic solution (KH2PO4), 1 M potassium phosphate dibasic solution
(K2HPOg), ethylenediaminetetraacetic acid disodium (EDTA), HEPES
buffer solution (pH-5) were purchased from Sigma Aldrich and used as
received and Agarose was purchased from Himedia. Ammonium
hydroxide (NH4OH, 25%), hydrochloric acid (HCI), Tween 20, and acetic
acid (CHsCOOH) were purchased from Merck. Sephacryl S-300 high
resolution resin was bought from GE Healthcare. All the experiments
were carried out in MilliQ water. Glasswares were thoroughly cleaned
with aqua regia, water, and MilliQ water before using for experiments.

Synthesis of DNA origami

The rectangular DNA origami monomer was synthesized as previously
described design proposed by Rothemund.[®? Briefly, M13mp18 scaffold
was mixed with ~200 short staple strands and annealed in a PCR
thermocycler followed by slow cooling using a 1.5 hour program. The
folding was done using 10 fold excess staple sequences and 20 fold
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excess modified staples in 1 x TAE buffer containing 12.5 mM MgCl2 with
scaffold concentration of 2 nM.

Rectangular DNA origami was dimerized as described in earlier report.[28]
Briefly, two rectangular origami monomers were mixed with 40 fold
excess of 24 branching staples in 50 x TAE buffer having 12.5mM MgCl.
The solution was left undisturbed for 24 hours at room temperature to
complete the process of dimerization. For further use, the excess
unbound staples were removed by filtration using Sephacryl S-300 resin
as described earlier.[28]

Synthesis of Au@Ag NSs

The Au nanostars (Au NSs) were synthesized using previously reported
procedure.?®! To prepare Ag coated Au nanostars, 1 pL of 0.1 M AgNOs,
1 pL of 0.1 M Ascorbic acid, and 1 pL of NHisOH solution were
subsequently added to 1 mL solution of Au NSs. Upon the addition of
NH4OH solution, the color of the solution changed from blue to purple
indicating the coating of Ag on Au NSs. Then, 40 pL of 0.1 M SDS
solution was added and the solution was kept on stirring for 10 minutes.
Further, Au@Ag NSs solution was centrifuged at 4000 rcf for 10 minutes
and the precipitate was redispersed in 5 mM HEPES buffer (pH 3).

Synthesis of DNA coated Au@Ag NSs

At first, disulfide protected DNA oligonucleotides were incubated with
200x molar excess of TCEP.HCI at room temperature for 3 hours. DNA
functionalized Au@Ag NSs were then prepared using a modified fast pH
assisted method as reported elsewhere.*”] Briefly, 1 mL solution of
Au@Ag NSs dispersed in HEPES (pH 3) buffer was mixed with 5' thiol
terminated deprotected DNA oligonucleotides with the DNA sequence: 5'-
SH-CGTCGTATTCGATAGCTTAG-3' followed by constant stirring for 1
hour. Then, 10% Tween 20 solution and 4:5 mixture solution of KH2PO4
and KoHPO4 buffers were added to the solution. After overnight
incubation, stepwise addition of PBS solution having 2M NaCl and 0.1%
Tween was done till the final concentration of NaCl reached 750 mM.
The solution was further kept for overnight stirring at room temperature
and purified by centrifugation followed by redispersion in 0.5 x TAE. The
stability of resulting DNA-Au@Ag NS conjugates was determined using
salt test.

Synthesis of DNA origami-Au@Ag NSs assemblies

The DNA conjugated Au@Ag NSs were hybridized with dimerized
rectangular DNA origami by mixing in 2:1 molar ratio in 0.5 x TAE buffer
with 300 mM NaCl. The mixed solution was kept in PCR and heated
repeatedly between 20 °C and 40 °C for around 12 hours. Further, these
assemblies were characterized using Atomic force microscopy (AFM)
and Transmission electron microscopy (TEM) imaging.

UV-Visible spectroscopy

Ultraviolet-Visible (UV-Vis) absorption spectra of the synthesized Au,
Au@Ag nanostructures and oligonucleotide modified Au@Ag NSs were
recorded with a Shimadzu UV-2600 spectrophotometer.

TEM imaging

TEM imaging was done using a JEOL 2100 microscope at an
accelerating voltage of 200 kV for Au@Ag NSs and 120 kV for DNA
origami samples. For TEM imaging of Au@Ag NSs, sample was directly
drop-casted onto carbon coated Cu grids followed by drying in a vacuum
desiccator. The DNA origami samples were prepared by firstly activating
the grid with 6 pL of MgClz and then drop casting DNA origami sample (6
L) on TEM grid. Negative staining was done using (2 % w/v) uranyl
acetate solution. HAADF-STEM imaging of Au@Ag NS dimer on DNA
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origami was performed using JEOL, JEM-2100F microscope at an
operating voltage of 200 kV equipped with EDX attachment.

AFM Imaging

AFM imaging was done using a Bruker Multimode 8 scanning probe
microscope with TAP 150-Al-G cantilevers (Budget sensor). The AFM
samples for DNA origami nanostructures were prepared on mica sheets
of V1 quality. At first, freshly peeled mica surface was activated with 50
UM MgCl2 solution for 10 minutes followed by washing with water and
drying using N2 gas. Then, 20 pL of purified origami dimer sample was
drop casted onto the dried mica surface and incubated for 10 minutes.
Further, the mica substrate was washed with MilliQ water followed by
drying with N2 gas.

To prepare AFM samples for Au@Ag NSs on DNA origami assemblies, 1
x 1 cm? Si wafers were plasma cleaned using Plasma bonder from
Omicron scientific equipment Co. for 10 min to make the surface
hydrophilic. The wafers were further cleaned with 1:1 solution of ethanol
and MilliQ water and then incubated with dilute solution of sample in
10xTAE, 200mM MgCl for approximately 2 hours. Afterwards, the wafer
was washed excessively with MilliQ water to remove the unbound
sample and further dried using Nz gas.

Detection of pyocyanin using DNA origami-Au@Ag NSs assemblies

A stock solution of 1 mM pyocyanin was prepared by diluting the
commercial pyocyanin solution in MilliQ water. Further, 10 fold diluted
solutions were prepared by the subsequent dilutions of the stock solution.
The Au@Ag NSs dimer sample was immobilized on Si wafer as
described above and dimeric structures were identified using AFM.
Further, 20 pL aliquot of different concentrations of pyocyanin solutions
were drop-casted on Si wafer and wicked away after 30 minutes followed
by drying with gentle breeze of N2. By means of a scratch on Si wafer,
the same area was scanned using Raman spectroscopy and the
corresponding Raman spectra from the dimer structures were recorded
using 633 nm laser (ImW) for 1 second acquisition time.
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Au@Ag nanostar dimer nanoantenna

SERRS based detection of pyocyanin

The bimetallic plasmonic nanoantennas are a viable source to profoundly enhance the electromagnetic fields at the hotspot. Based
on DNA origami nanofabrication route, this study demonstrate the ultrasensitive SERS based detection of bacterial biomarker
pyocyanin using a single Au@Ag NS dimeric structure on DNA origami.
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