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DNA origami-templated gold nanorod dimer
nanoantennas: enabling addressable optical
hotspots for single cancer biomarker SERS
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The convergence of DNA origami and surface-enhanced Raman spectroscopy (SERS) has opened a new
avenue in bioanalytical sciences, particularly in the detection of single-molecule proteins. This break-
through has enabled the development of advanced sensor technologies for diagnostics. DNA origami
offers a highly controllable framework for the precise positioning of nanostructures, resulting in superior
SERS signal amplification. In our investigation, we have successfully designed and synthesized DNA
origami-based gold nanorod monomer and dimer assemblies. Moreover, we have evaluated the potential
of dimer assemblies for label-free detection of a single biomolecule, namely epidermal growth factor
receptor (EGFR), a crucial biomarker in cancer research. Our findings have revealed that the significant
Raman amplification generated by DNA origami-assembled gold nanorod dimer nanoantennas facilitates
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the label-free identification of Raman peaks of single proteins, which is a prime aim in biomedical diag-
nostics. The present work represents a significant advancement in leveraging plasmonic nanoantennas to
realize single protein SERS for the detection of various cancer biomarkers with single-molecule
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1. Introduction

Biomarkers constitute a family of molecular entities which
serve as quantifiable indicators of various biological processes
and pathological states.' Proteins constitute a primary category
of biomarkers, alongside nucleic acids, lipids, glycans, and
volatile organic compounds.” Biomarkers are essential for
improving our comprehension of disease causes, enabling
prompt diagnosis, forecasting treatment outcomes, and
directing therapeutic actions.>* Various methodologies are
used in biomarker detection, each with a unique approach to
analyse biomolecular indicators of biological processes or
diseases.>® Immunoassays, nucleic acid amplification and
magnetic resonance imaging (MRI) techniques are the estab-
lished methodologies for detection of various biomarkers.”™
Furthermore, mass spectrometry, next-generation sequencing,
colorimetric assays, electrochemical sensing, and fluorescence
based techniques constitute an emerging field of strategies
useful for biomarker sensing.>'®'' However, there are some
serious limitations associated with these methods.
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Immunoassays and imaging techniques are majorly indirect
approaches relying on the use of antibodies and contrast
agents."” These techniques are labour intensive, require exten-
sive sample preparation, have longer acquisition times, and
have high data processing requirements.'> Moreover, false
positives and artifacts are other major problems, and hence,
all these constitute a serious hindrance to carrying out real-
time measurements with absolute accuracy.'**¢

Unlike these methods, Raman spectroscopy directly investi-
gates the chemical composition of samples, providing detailed
structural information.'” Each peak in the Raman spectrum
corresponds to a specific vibrational transition, providing a
unique “fingerprint” for the target molecule.’® It does not
require any labelling agent thus avoiding potential artifacts
and preserving sample integrity."® Furthermore, Raman spec-
troscopy can detect multiple biomolecules simultaneously in a
single measurement, offering comprehensive molecular profil-
ing without the need for separate assays or probes.””>" Hence,
Raman spectroscopy is a promising prospective tool for real-
time analysis of biomarkers providing immediate feedback
for diagnostic and therapeutic decision-making.>* Surface
enhanced Raman spectroscopy (SERS), while grounded in
Raman scattering principles, alleviates the poor cross-section
limitation and has emerged as a powerful technique renowned
for its substantial signal amplification and unparalleled detec-
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tion capabilities.>®>*> SERS exploits the distinctive plasmonic
characteristics of metallic nanostructures, such as gold and
silver, to create regions of heightened and localized electro-
magnetic fields.>* It has been reported that anisotropic nano-
structures with their sharp tips and rough edges contribute
more to the enhancement and hence are favoured for design-
ing SERS based sensing platforms.>® As strong plasmonic hot-
spots are generated, the target analyte experiences intensified
light-matter interactions, leading to markedly enhanced
Raman signal outputs.”® In recent years, numerous research
teams worldwide have effectively demonstrated the potential
of SERS using metallic nanostructures for detecting bio-
markers in various disease contexts, including Alzheimer’s
disease, and different forms of cancer.?”'?®

While the above-mentioned techniques like immunoassays,
MRI etc. possess sensitivity in the ranges of femtomolar to
attomolar concentrations of analyte biomarkers, it is note-
worthy to mention that SERS provides a unique opportunity to
detect biomarkers at the single molecule level.>**° This corro-
borates SERS as a powerful methodology for generating
sensing devices with the lowest possible detection limits
which are highly necessary for diagnosis of diseases at early
stages.’” To achieve single-molecule (SM) detection via Raman
spectroscopy, a substantial increase in Raman scattering inten-
sity, typically falling within the range of 107 to 10'°, is impera-
tive.?® It has been established that dimers of metallic aniso-
tropic nanostructures can produce such high electromagnetic
enhancements owing to their confinement of electric fields at
the sharp tips.?® Precise alignment of nanostructures and the
target analyte relative to each other is a critical prerequisite,
underscoring the importance of precision in the design
process.?” This issue is addressed through the utilization of a
relatively modern technique known as DNA origami.*® This
contemporary approach has become a crucial component of
DNA nanotechnology, facilitating the precise fabrication of
nanostructures and the creation of specific docking sites for
target molecules with unmatched sub-nanometer accuracy.**
Recently, DNA origami has been employed in the design of
plasmonic platforms, curating a class of powerful plasmonic
nanoantennas, featuring adjustable nanogaps, enabling
precise positioning of target molecules and facilitating single
molecule SERS experiments.>*® In a recent study, our group
integrated aptamer sequences in the DNA origami template to
capture and detect a single thrombin protein through single
molecule SERS.*” Tapio et al. employed DNA origami
assembled nanoparticle dimers to demonstrate single mole-
cule detection of cytochrome c and horseradish peroxidase
proteins.?® Very recently, Schuknecht et al. presented a unique
strategy in which rather than pre-immobilizing the analyte in
the hotspot, it was made to diffuse into the plasmonic hotspot
during the SERS measurements for sensing at the single mole-
cule level.*®

Although the progress achieved thus far has been com-
mendable, notable limitations have emerged. Obtaining
signals from proteins lacking chromophores poses a challenge,
as the majority of proteins do not possess chromophores.*>*°
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Additionally, achieving an optimal balance between protein
size and hotspot volume becomes increasingly problematic as
the protein size increases.®® These two principal factors have
considerably constrained the efficacy of SM-SERS in real-time
clinical diagnostics of diseases such as cancer, Alzheimer’s
disease, cardiovascular diseases, etc. Moreover, the retrieval of
inherent Raman signals from prospective biomarkers utilizing
a label-free methodology is of substantial significance, particu-
larly in the context of complex diseases like cancer, character-
ized by multiple biomarkers. The adoption of a label-free
approach is imperative to circumvent potential artifacts and
interference arising from the use of labelling agents.

Hence, this report delves into addressing these challenges
using the Epidermal Growth Factor Receptor (EGFR) protein, a
clinically significant biomarker of cancer.*’ Notably, EGFR
lacks a chromophore and, with a size exceeding the conven-
tional 2-3 nm commonly used in SM-SERS measurements,
poses a considerable obstacle. By designing DNA origami-
assembled Au NR dimers with tuneable nanogaps in the range
of 3-10 nm, we have demonstrated the specific placement of
EGFR in the hotspot and detection with single-molecule sensi-
tivity through a label-free SERS approach. To the best of our
knowledge, this is the first report detailing the label-free single
molecule identification of an important cancer biomarker
based on DNA origami-assembled plasmonic nanoantennas.

2. Materials and methods
2.1. Materials

Gold(m) chloride trihydrate (HAuCly-3H,0, >99.9%), silver
nitrate (AgNO;), ascorbic acid, sodium borohydride (NaBH,),
sodium dodecyl sulphate (SDS), tris(hydroxymethyl)amino-
methane (Tris base), disodium ethylenediaminetetraacetic
acid (EDTA), tris(carboxyethyl)phosphine hydrochloride
(TCEP-HCl), sodium chloride (NaCl), and magnesium chloride
hexahydrate (MgCl,-6H,0) were obtained from Sigma-Aldrich.
Cetyltrimethylammonium bromide (CTAB, 99%) was pur-
chased from SRL. Recombinant human epidermal growth
factor receptor (EGFR, extracellular domain) was purchased
from PeproTech (ThermoFisher). M13mp18 single-stranded
DNA was procured from New England Biolabs (NEB) and used
without purification. The staple strands, modified staples and
aptamer sequence were procured from Integrated DNA
Technologies (IDT) and used without further purification.
HPLC purified thiolated DNA oligonucleotides and modified
staple strands were obtained from Metabion (Germany).
Sephacryl S-300 high resolution resin was purchased from GE
Healthcare. Carbon coated Cu TEM grids were purchased from
Ted Pella and Si wafer was procured from Ekta Marketing
Corporation. AFM mica discs of V1 quality were bought from
Agar Scientific. Micro bio spin chromatography columns for
packing of resin were purchased from Bio-Rad. All the experi-
ments were done using ultrapure Milli-Q water (resistivity 18.2
MQ cm ™). All glassware used for the experiment were washed
with aqua regia and dried appropriately before use.
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2.2. Methods

2.2.1. Synthesis of rectangular DNA origami. The for-
mation of rectangular DNA origami monomer and dimer struc-
tures was executed in accordance with the methodology
detailed in our previously published study.”” In summary, the
m13mp18 scaffold was combined with 237 short staple strands
in 1x Tris-acetate-EDTA (TAE) buffer supplemented with
12.5 mM MgCl,, and subjected to annealing followed by
gradual cooling in a polymerase chain reaction (PCR) thermo-
cycler (1.5 h program). Subsequently, unpurified solutions of
DNA origami monomers were mixed to synthesize dimerized
rectangular DNA origami by adding 24 branching staple
strands and left for incubation at room temperature for 24 h in
50x TAE with 12.5 mM MgCl,. The resultant DNA origami
dimer was subsequently purified by Sephacryl S-300 resin
filtration.

2.2.2. Synthesis of gold nanorods (Au NRs). Gold nanorods
were synthesized employing a seed-mediated approach follow-
ing a previously documented procedure.*® Initially, 125 ul of
10 mM HAuCl, was introduced into 5 ml of CTAB solution
(100 mM) within a glass vial while continuously stirring.
Subsequently, after a lapse of 2 minutes, 300 pl of a 10 mM
ice-cold solution of NaBH, was swiftly added, resulting in the
formation of a brownish yellow solution. For the growth of Au
NRs, 5 ml of 100 mM CTAB solution was taken in a glass vial.
To this, 33.75 pl AgNO;(10 mM), 250 pl HAuCl, (10 mM), and
56.25 pl ascorbic acid (64 mM) were sequentially added fol-
lowed by the addition of the prepared seed solution. The solu-
tion was left undisturbed for growth. To obtain purified Au
NRs, 500 pl solution was washed twice at 7000 rpm for
25 minutes.

2.2.3. Synthesis of DNA functionalized Au NRs. Two dis-
tinct sequences of thiolated DNA, namely 5-SH-CGTCGTAT-
TCGATAGCTTAG-3' and 5-SH-TTGGTGGTGGTGGTGGTGGT-3',
were employed for the functionalization of gold nanorods
(Au NRs). TCEP was used for deprotection of thiolated DNA
sequences. The deprotected DNA was subsequently introduced
into a purified solution of Au NRs in water containing 0.01%
SDS following a previously described procedure with slight
modifications.** The solution was incubated overnight. 10x
TBE solution was then added to get the final buffer concen-
tration down to 1x TBE. After making this modification, a 5 M
NaCl solution was added bit by bit until a final NaCl concen-
tration of 500 mM was reached. To eliminate any residual
DNA, three rounds of iterative centrifugation (at 6000 rpm for
15 minutes each) followed by re-suspension in 1x TBE buffer
were performed. The stability of the synthesized functionalized
Au NRs was assessed utilizing a salt test, specifically PBS with
500 mM NaCl.

2.2.4. Immobilization of Au NRs on DNA origami. DNA
functionalized Au NRs were mixed with the dimerized rec-
tangular DNA origami in a molar ratio of 2:1 and 4:1 to
prepare monomer and dimer assemblies. To prepare dimer-
ized rectangular DNA origami, two monomer units, each with
a different set of capturing strands were used. For preparing
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Au NR monomer assemblies, this dimerized DNA origami was
mixed with one set of prepared DNA functionalized Au NRs.
However, the dimerized DNA origami was mixed with the two
sets of DNA functionalized Au NRs to prepare DNA origami
based Au NR dimers. The solutions were prepared in TBE
buffer containing 300 mM NaCl and subjected to repeated
heating cycles between 20 °C and 40 °C over a period of
approximately 12 hours in PCR. Structural characterization
was performed with an atomic force microscope (AFM) and a
transmission electron microscope (TEM).

2.2.5. Incorporation of EGFR binding aptamers on DNA
origami. The entire sequence of synthesis of DNA origami was
the same, with just the modification of replacing two staple
strands with sequences comprising of aptamers.’’” One
aptamer modified sequence was added during the synthesis of
an origami monomer unit while the other aptamer modified
staple was added as a branching staple during the dimeriza-
tion of monomer units. To an equimolar mixture of two
unpurified origami solutions, 23 branching staples and 1
aptamer-modified branching staples were added in 40-fold
excess, and the mixture was incubated at room temperature for
24 h in 50x TAE buffer containing 12.5 mM MgCl,. The dimer-
ized rectangular DNA origami having EGFR binding aptamers
was then purified using Sephacryl S-300 resin. The DNA
origami comprising of integrated aptamers was characterized
by AFM and TEM measurements.

2.2.6. Immobilization of a single EGFR protein in the plas-
monic hotspot of Au NR dimer nanoantennas. In strategy I,
after the PCR-based synthesis of DNA origami immobilized Au
NR dimer assemblies, the EGFR protein was added to the
mixture. This mixture was left for incubation at room tempera-
ture for 5 h. It was then diluted in 10x TAE-200 mM MgCl, and
incubated on a plasma cleaned Si wafer for 2 h in a moist
chamber. The samples were further used for AFM correlated
Raman measurements.

In an alternative strategy (herein strategy II), after the purifi-
cation of the dimerized DNA origami, it was combined with
EGFR in a molar ratio of 1:5 and incubated at room tempera-
ture for 8 hours. Subsequently, these conjugates were incu-
bated with DNA-functionalized Au NRs for 12 hours. The
resulting hybrid nanostructures were diluted in 10x TAE buffer
containing 150 mM MgCl, and then incubated on a plasma-
cleaned silicon (Si) wafer for 2 hours in a moist chamber.
Following washing steps, the samples were utilized for AFM
correlated Raman measurements.

2.2.7. AFM-correlated Raman measurements. The colocali-
zation was performed in accordance with our previously
reported publications.>”** In detail, the silicon wafers were
first marked using a diamond cutter, creating shapes such as a
criss-cross, a line, and the letter ‘A’. Additionally, the wafer
edges were also labelled with a pen marker to facilitate the co-
localization process. The silicon wafers were then cleaned and
plasma-treated for 10 minutes, followed by depositing the
dimer-protein solution onto the marked silicon wafers.

The silicon wafer surface was scanned using AFM to locate
the marked labels. Using AFM, the areas near the labels were
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scanned to obtain images of the protein bound Au NR dimer
assemblies. Such regions were selected in which single dimer
structures were appropriately scattered to ease the process of
overlapping regions. For SERS measurements, the labels
served as references, enabling proper identification of the
areas containing the dimer structures. The AFM and Raman
images were then co-localized manually, identifying the spots.
The intrinsic spots on the sample surface further assisted in
co-localizing the AFM and SERS imaging. After this, surface-
enhanced Raman scattering (SERS) spectra were obtained
using a confocal Raman microscope (Witec alpha 300 R)
equipped with an upright optical microscope (Zeiss). The
measurements were conducted in air, irradiated with a 633 nm
laser with a 100x objective (NA = 0.9), focusing on a diffrac-
tion-limited spot of approximately 1 pm” on a Si wafer. The
laser power was set to 2 mW with an integration time 1 s and
accumulations of 5.

2.3. Characterization

2.3.1. Instrumentation. UV-Visible (UV-Vis) absorption
spectra were captured utilizing a Shimadzu UV-2600 spectro-
photometer. AFM imaging was conducted employing a Bruker
Multimode 8 scanning probe microscope equipped with TAP
150-Al-G cantilevers (budget sensor). TEM imaging was exe-
cuted using a JEOL 2100 microscope with a lanthanum hex-
aboride (LaBg) filament, operated at accelerating voltages of
200 kv and 120 kV for Au NRs and DNA origami samples,
respectively. Raman measurements were carried out utilizing a
Witec-alpha 300 R instrument equipped with an upright
optical Zeiss microscope employing 633 nm excitation and a
100x objective (NA = 0.9) at ambient temperature.

2.4. Sample preparation

2.4.1. TEM imaging. The process involved drop-casting the
Au NR solution directly onto carbon-coated copper (Cu) grids,
followed by drying in a vacuum desiccator. For the fabrication
of both simple DNA origami and DNA origami-based AuNR
assemblies, the carbon-coated Cu grids underwent activation
using 1 M MgCl,. Subsequently, the sample was added to the
grid, followed by the negative staining of DNA origami using
uranyl acetate solution (2% w/v).

2.4.2. AFM and Raman imaging. AFM analysis of plain
DNA origami structures was conducted on mica substrates of
V1 grade. To make the surface hydrophilic, freshly cleaved
mica disks underwent incubation in a 50 mM MgCl, solution
for a duration of 10 minutes, followed by thorough rinsing
with water. Subsequently, the substrate was dried using N, gas,
and 20 pL of purified origami solution was deposited onto it
for a period of 10 minutes. This was followed by rinsing with
water and gentle drying using a stream of N,. For investi-
gations involving DNA origami-based dimer assemblies and
those further immobilized with protein, plasma-cleaned Si
wafers were utilized. The samples were appropriately diluted
and subjected to 2 hour incubation on the Si wafers within a
moist chamber environment. Following incubation, the
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samples underwent rinsing and were then prepared for AFM
and Raman imaging.

3. Results and discussion

Anisotropic nanostructure dimers possess the capacity to
amplify electromagnetic fields through two principal mecha-
nisms. Firstly, the concentration of charge density at sharp
tips or irregular edges of anisotropic nanostructures, eluci-
dated by the lightning rod effect, contributes significantly to
this enhancement.*> Secondly, the interaction between
plasmon modes of the adjacent nanostructures results in the
formation of novel hybridized modes.*® These phenomena,
collectively, play pivotal roles in the creation of plasmonic hot-
spots characterized by enhancements ranging from several
hundred- to thousand-fold.*” Consequently, these sites of con-
fined energy emerge as favourable loci for conducting single
molecule measurements."®

3.1. Synthesis of a DNA origami based aptasensor

DNA origami and Au nanostructures are two integral com-
ponents of designing and fabricating optical nanoantennas
with specific hotspots that could be accessed for target analyte
binding. However, to achieve single-molecule detection of bio-
molecules, it is imperative to incorporate a selective and highly
specific targeting mechanism within the nanoantenna system.
In this regard, an aptamer-based approach was employed, in
which aptamer sequences were incorporated in the DNA
origami dimer. Aptamers, a class of nucleic acids, assume
well-defined three-dimensional conformations crucial for
binding to target molecules via molecular interactions, includ-
ing shape complementarity.*®**® They have garnered signifi-
cant attention as economical alternatives to antibodies. Not
only do aptamers exhibit robust binding affinity and non-
immunogenicity, but they also demonstrate notable specificity
by discerning structurally similar proteins with shared
epitopes.”®

Herein, two aptamers were used which have been specifi-
cally designed for the EGFR protein: 5-ACCAGTGCGATGC-
TCAGTGCCGTTTCTTCTCTTTCGCTTTTTTTGCTTTTGAGCATG-
CTGACGCATTCGGTTGAC-3' and 5-UGCCGCUAUAAUGCACG-
GAUUUAAUCGCCGUAGAAAAGCAUGUCAAAGCCG-3'. These
have been previously documented for their affinity to the pro-
tein’s extracellular domain.’>** These aptamers have been
thoroughly characterized and utilized for targeting and captur-
ing the EGFR protein in diverse biological samples, including
serum, cell lines, and exosomes.’*™” The integration of apta-
mers into the origami structure was meticulously designed to
ensure a centre-to-centre distance of ~10 nm between the two
aptamers. This distance was selected in order to allow a single
protein for binding in the interparticle gap. It is significant to
mention here that a single aptamer can also be used if it has a
low dissociation constant (Ky) value. However, in our employed
protocol (strategy I), where the protein molecule was added
after the synthesis of nanorod dimer assemblies, it should be
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noted that the orientation of the dimer significantly affects the
protein’s accessibility to the aptamer.*® Additionally, there
may be misalignment of the aptamer strands during the for-
mation of the nanorod dimer assembly. Therefore, two apta-
mers were used to maximize the probability of capturing a
single protein biomarker in the hotspot. A dimerized rectangu-
lar DNA origami integrated with aptamer sequences was syn-
thesized using our previously demonstrated approach with few
modifications. The detailed sequence and position of staple
strand sequences modified with aptamers have been depicted
in Table S1 and Fig. S1.f Fig. S2 and S3} display the TEM
images of aptamer modified DNA origami monomers and
dimers. The results showed that the morphology of the dimer-
ized rectangular DNA origami remained intact after aptamers
were incorporated into the origami template.

3.2. Synthesis and DNA functionalization of Au NRs

Au NRs were synthesised by following a previously reported
methodology. Au seeds were obtained using NaBH, as a redu-
cing agent.”®> The Au seeds were then injected into a growth
solution containing CTAB, AgNO;, HAuCl, and ascorbic acid.
The ratio of seeds to gold salt along with the concentration of
silver ions plays a significant role in determining the aspect
ratio of the Au NRs.”® Later, the solution was washed twice to
obtain purified Au NRs. Fig. 1(a) depicts the UV-Visible spec-
trum of the prepared Au NRs. The spectrum shows two
plasmon bands (transverse-512 nm, longitudinal-690 nm), a
characteristic feature exhibited by Au NRs. Fig. 1(b) and (c)
shows TEM images of Au NRs, further proving successful syn-
thesis. The dimensions of Au NRs were carefully examined
using TEM images, with length (/) found to be in the range of
30 <1 <45 nm and width (w) in the range of 8 <w < 18 nm.
The average aspect ratio was calculated to be ~3.

The next step involved the coating of purified Au NRs with
thiolated DNA sequences. Two sets of DNA functionalized Au
NRs were prepared, each functionalized with thiolated DNA
sequences complementary to the specific capturing strands in
the dimer. Fig. S4(a)f displays the schematic illustration of the
DNA functionalization of Au NRs. The characteristic spectrum
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shape of Au NRs was maintained in the UV-Visible spectrum
of DNA functionalized Au NRs implicating no morphological
aberrations [Fig. S4(b)t]. Also, a red shifting of ~13 nm was
observed owing to the change in the dielectric environment.
These Au NRs were also found to be stable in high salt con-
ditions [Fig. S4(c)f].

3.3. Design of the Au NR monomer and dimer structures on
DNA origami

The controlled assembly of Au NRs on the dimerized rectangu-
lar DNA origami to form monomers and dimers was based on
the complementarity between capturing ssDNA extensions pro-
truding from DNA origami and ssDNA functionalized with Au
NRs. Each origami monomer consisted of a set of five staple
strands extended at the 3' end with a sequence complementary
to the thiolated DNA sequence coated on Au NRs. These posi-
tions hence served as conjugation sites for precise positioning
of Au NRs on the origami to customize the arrangement and
tune the interparticle gap. Scheme 1 shows the illustration of
DNA origami dimer templated Au NRs. The position of captur-
ing strands on the origami dimer is shown in Fig. S5.1 Tables
S2 and S371 depict detailed sequences of thiolated ssDNA and
capturing strand sequences respectively.

Fig. 2 shows the structural characterization results for a
single Au NR immobilized on an origami dimer. The AFM
images show Au NR monomers assembled on a dimerized rec-
tangular DNA origami. The images also reveal the presence of
a DNA origami template in Au NR monomer structures. The
corresponding height profiles have also been given which cor-
roborate the successful binding of Au NR monomers on the
dimerized DNA origami template. Along with it, the TEM
image of a single Au NR monomer is also shown in Fig. 2c,
which confirms the presence of an origami template. Fig. S6
shows additional TEM images of single Au NRs on the dimer-
ized rectangular DNA origami.

Fig. 3(a) shows the AFM images of DNA origami templated
Au NR dimers. The corresponding height profiles of the two
representative structures are also shown, further proving the
assembly of two nanorods. Fig. 3(c) represents the TEM image

o
©

690 nm

—
QD
N

Absorbance
o
S

0900 500 600 700 800
Wavelength (nm)

Fig. 1 (a) UV-Visible spectrum of Au NRs and TEM images of (b) Au NRs (scale bar: 200 nm), (c) a single Au NR (scale bar: 10 nm).
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image of a single Au NR immobilized on a DNA origami dimer (scale bar: 50 nm).

(a) AFM images of a single Au NR immobilized on a DNA origami dimer, (b) with their corresponding height profiles (i and ii) and, (c) TEM
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Fig. 3

a single Au NR dimer on an origami dimer (scale bar: 50 nm). Blue dotted circles represent Au NR dimer assemblies.

of a single Au NR dimer. This confirms the successful syn-
thesis of the dimer assemblies. Fig. S71 shows additional TEM
images of Au NR dimers and Fig. S81 depicts high resolution
AFM images of Au NR dimers. A thorough analysis of the high-
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(a) AFM images of Au NR dimers immobilized on a DNA origami dimers, (b) their corresponding height profiles (i and ii) and, (c) TEM image of

resolution TEM images allowed for the determination of the
interparticle gap (d), revealing a measurement of 2 < d <
10 nm. Fig. S91 presents the histogram depicting the gap size
distribution of the nanorod dimer assemblies.
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3.4. Targeting of EGFR by a DNA origami aptasensor

EGFR is a multidomain protein which has been implicated in
numerous types of cancers like gliomas and breast, lung and
pancreatic cancers. Physiologically, the protein is involved in
the division, differentiation and growth of cells. However, mul-
tiple mutations cause aberrations leading to cancer pro-
gression. Hence, it is a clinically relevant biomarker and many
antibodies are designed for this protein, the majority of which
target its extracellular domain. As already mentioned, the
average interparticle gap was obtained to be ~6-7 nm and the
centre-to-centre aptamer distance was ~10 nm, both design
considerations taken into account to align with the size of the
EGFR protein which is reported to be ~5-8 nm.>® Fig. 4
depicts the AFM images of the dimer origami with the EGFR
protein bound at the targeted site (Fig. 4b and c), alongside
the AFM images of the EGFR protein alone (Fig. 4a). The
height profiles of the free protein and protein bound to the
origami dimer are presented in Fig. S10.1 The height profile of
the dimer-bound protein closely resembles that of the free
protein, further proving the successful immobilization of the
protein on the origami aptasensor.

3.5. Single molecule SERS of EGFR bound to aptasensors

Scheme 2 provides the illustrative depiction of the Au NR-DNA
origami based nanoantenna system for aptamer mediated
binding and SERS based sensing of EGFR. Subsequently, the
investigation delved into utilizing Au NR dimer assemblies for
the detection of single EGFR proteins. Two distinct approaches
were pursued: one involved immobilizing the protein prior to
synthesizing the Au NR dimer, while the other involved immo-
bilization post-dimer generation. The protein immobilized
hybrid nanoantennas, were first pinpointed via AFM imaging,
after which the same region was scanned with a confocal
Raman microscope to detect Raman signals. During all SERS
measurements, a laser with an excitation wavelength of
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633 nm was employed to align with the localized surface
plasmon resonance (LSPR) absorption peak of Au NRs, which
occurred at 700 nm, thereby creating near-resonant conditions.
However in the context of the protein molecule, the SERS
measurements were conducted under off-resonant con-
ditions.®® Fig. 5 displays the AFM correlated Raman measure-
ments for Au NR dimer nanoantennas bound to the EGFR
protein using strategy I. The plasmon coupling arising from
the precise placement of the Au NR dimer with the target
protein molecule in the centre enabled by the nanoscale pre-
cision provided by DNA origami template engenders an
effective and robust sensing platform capable of eliciting
intrinsic Raman signals from the molecule. The SERS
measurements were obtained after 3-4 h of protein immobiliz-
ation. The single molecule Raman spectra obtained were care-
fully examined to identify the characteristic peaks of EGFR.
Additional data corresponding to AFM correlated Raman
measurements are shown in Fig. S117 (Strategy I). In the single
molecule SERS spectrum of the EGFR protein, the peaks
corresponding to phenylalanine-tyrosine (1183 cm™),
tryptophan-a helix (1315 ecm™"), a helix (1365 cm™"), trypto-
phan (1515 ecm ™), and amide (1651 cm™") are visible,**®*~%*
Moreover, to verify the identity of the Raman signal
obtained as originating from the EGFR protein, reference SERS
spectrum of EGFR was recorded. This was achieved by non-
specifically adsorbing the protein solution (1 pM) onto Au
nanoparticles deposited on a Si wafer (Fig. S12t). The resultant
peaks corresponded closely with the characteristic peaks of
EGFR obtained from AFM correlated SERS measurements. It
must be noted that there is a slight variation in the spectral
peaks obtained in the case of correlated data and reference
data. These spectral modifications may be attributed to the
interaction of the protein molecule with the plasmonic nano-
structures and DNA origami structure.®>®® The orientation of
the protein molecules relative to the nanoparticle surface
affects the accessibility of specific vibrational modes to inci-

(a) (b)

8.0 nm

Height 150.0 nm Height

(c)

5.47

5.0 nm

0.0

190.0 nm

Fig. 4 (a) AFM images of single EGFR proteins, (b) AFM images of the EGFR protein bound to a DNA origami dimer and (c) AFM image of a single
DNA origami dimer bound to the EGFR protein. Red dotted circles represent single EGFR proteins and EGFR bound to an origami dimer in (a) and

(b), respectively.
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Fig. 5 Single molecule SERS measurements of the EGFR protein immobilized in the Au NR dimer nanoantenna system, (a and b) optical images
recorded using an AFM (10x objective) and confocal Raman microscope (100x objective), respectively, (c) AFM images of Au NR dimer with the
corresponding height profile in the inset and (d) the corresponding SERS spectrum of an EGFR molecule with the AFM image of a single nanoan-
tenna in presented inset. (Strategy 1) The blue dotted circle represents the dimer structure probed for analysis.
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dent photons, leading to variations in the observed Raman
signals.®””"® Furthermore, changes in protein conformation
induced by interactions with the nanoparticle surface can also
alter the vibrational modes.”® Still, there is good evidence of
reproducibility in the Raman spectra attained. The minimum
percentage of dimer nanoantennas giving single molecule
SERS based on strategy I was estimated roughly to be ~7-8%.
Although this yield is relatively low, it is important to consider
that the alignment of gold nanorod dimers and the precise
gap size between them are critical factors influencing the SERS
output for single EGFR proteins. Significant improvements in
the alignment of DNA origami-templated nanorod dimers
could enhance the field within the gap. Moreover, achieving
an optimally precise nanogap is essential to balance the trade-
off between a smaller gap size (which increases field enhance-
ment but may not accommodate proteins) and a larger gap
size (which accommodates proteins but significantly reduces
the field). Additionally, the alignment of nanorod dimer
assemblies might restrict protein accessibility to aptamers due
to potential strain and misalignment of the aptamer strands.

Strategy II was also employed to obtain single molecule
SERS measurements of the EGFR protein. Fig. S13f presents
the AFM correlated SERS measurements for the EGFR protein
bound dimer assemblies prepared following the protocol men-
tioned in strategy II. The SERS signals correspond closely with
the reference SERS spectrum of EGFR proteins, displaying
clear and discernible peaks. However, the proportion of dimer
structures contributing to the SERS output using this strategy
was found to be very low. In this approach, when the protein
binds first with the DNA origami, it may obstruct the proper
binding of the nanorods to the DNA origami. This can result
in orientation defects, significantly reducing the single-mole-
cule sensitivity of the plasmonic nanoantenna system.
Therefore, for further experimentation and analysis, strategy I
was used only. Also, strategy I offers better potential for use in
real-time clinical settings, as it allows for the addition of bio-
fluids containing the target biomarker to the plasmonic
nanoantenna system at a later stage.

Additionally, some control measurements were also per-
formed. Fig. S147 displays the Raman spectrum of the EGFR
protein in which 1 pM protein was directly employed for
Raman measurements under the same laser settings. No dis-
cernible signals were obtained. This clearly demonstrates that
the anisotropic nanorod-induced plasmonic system is crucial
for providing the electromagnetic field enhancements necess-
ary to amplify the Raman signal to the single-molecule level.
Furthermore, Fig. S15 shows some control measurements of
DNA origami based Au NR dimer nanoantennas. Fig. S15(a)f
shows the Raman spectrum of a single Au NR dimer based
nanoantenna with the EGFR aptamer but without addition of
EGFR. Similarly, Fig. S15(b)} shows the Raman spectrum of Au
NR dimer based nanoantenna without the integrated aptamers
but EGFR added to the mixture. All control SERS spectra show
the appearance of no characteristic peaks of the EGFR.

Additional single-molecule SERS measurements for the
EGFR protein bound to Au NR dimer-based plasmonic system
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are also displayed in Fig. S16 and S17.1 These figures illustrate
how different orientations of the dimer structure influence the
single-molecule SERS of the immobilized analyte. Fig. S16F
provides the AFM image of a dimer assembly which has been
correlated with the FESEM image and the Raman image. In
Fig. S17,1 the AFM images provide an empirical understanding
of the possible orientation and geometry of dimers whereas
the corresponding SERS signals illustrate how the geometry
affects the single molecule SERS spectrum. It is evident that
the orientation of the dimer impacts the protein’s accessibility
for binding with the aptamer and alters the protein’s orien-
tation relative to the electromagnetic field. It has also been
observed that the spectral features are extremely sensitive to
the relative orientations and even a slight change in the
angular orientation can significantly alter the enhancements
produced.*®”*

Also, time dependent SERS measurements were performed
for the Au NR dimer nanoantenna system with the single
EGFR protein displayed in Fig. 6. The SERS peaks remained
nearly stable for up to 30 seconds, after which some peaks
began to broaden (e.g., at 1653 cm™"), and a few new peaks
emerged (at 1002 cm ™", 1084 cm™", 1242 cm™, 1665 cm™ " and
1453 cm™). Additionally, the peaks at 1365 cm™' and
1514 cm™" disappeared at 30 seconds but reappeared slightly
at 75 seconds. No discernible signals were found after 75
seconds except for the 942 cm™" peak (DNA). The peak at
1002 cm™" is related to the symmetric CC ring stretching in
phenylalanine, 1084 cm™" for the C-N bond in proteins,
1242 cm™! for the Amide III bond, 1665 cm™ for the Amide
I/-sheet and 1453 cm™' for &(C-H), 6(CH,/CH;) in
proteins.”>”””

The fluctuations represent the behaviour of single mole-
cules and demonstrate their interactions with the SERS sub-
strate. The movement of the adsorbed molecule on the
surface, due to photo desorption events, clearly affects the
orientation of the vibrational modes. This, in turn, causes
shifts in the frequency and intensity of the peaks in the single-
molecule SERS spectrum.”®”°

Furthermore, the effectiveness of dimer assemblies in
detecting the EGFR protein at the single-molecule level across
various concentrations was evaluated to determine the detec-
tion limit of the sensor system. Single-molecule SERS measure-
ments were conducted at EGFR concentrations of 20 nM, 10
nM, 1 nM, 0.2 nM, and 20 pM. Concentration dependent SERS
measurements are presented in Fig. 7. Single-molecule SERS
signals were obtained down to a concentration limit of 0.2 nM.
Serum levels of the EGFR protein in healthy individuals were
found to be 0.326 nM, whereas, in patients with non-small cell
lung cancer (NSCLC), EGFR levels were observed to be 0.231
nM.%" Thus, our detection limit (LOD) of 0.2 nM aligns well
with the sensitivity required for EGFR detection in cancer diag-
nostics. It is noteworthy that these experiments involve the
specific binding of the protein biomarker at the hotspot.
Consequently, these signals correspond to single protein mole-
cules, thereby corroborating the single-molecule sensitivity of
the plasmonic nanoantenna system. However, optimizing the
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Fig. 7 Concentration-dependent single molecule SERS measurements
of an EGFR protein using Au NR dimer assemblies.

dimer geometry and ensuring the proper orientation of the
biomarker within the hotspot volume could significantly
improve the LOD, thereby enhancing the sensor system’s
utility for detecting various other cancer biomarkers, even
when they are expressed at significantly lower levels.

Au NR monomer assemblies were also examined for single
molecule detection of the protein molecule. But no clear and
discernible SERS signals for the EGFR protein were obtained.
Fig. S18 and S19t display the AFM correlated SERS measure-
ments for the EGFR protein based on monomer assemblies.
While signals were not detected using a single gold nanorod-
based system, the use of a DNA origami-based single gold
nanostar substrate might enable protein detection due to the
enhanced field provided by nanostars with multiple sharp
tips, as prepared in our previous studies.’”*> The SERS
efficiency of a single gold nanostar surpasses that of a single
gold nanorod.**> However, plasmonic coupling in gold nanorod

This journal is © The Royal Society of Chemistry 2024

dimers configured tip-to-tip results in highly localized energy
and a notable increase in electromagnetic enhancement.®™*>
For nanostar dimers also, the conformation significantly
impacts performance, with coplanar tip-to-tip and tip-to-valley
arrangements being more effective than nanorod dimers,
whereas valley-to-tip contacts do not generate intense
enhancement.®*#* Thus, for dimers, conformation is crucial in
determining enhancement. Overall, when these plasmonic
nanostructures are arranged in the optimal orientation, they
exhibit significant potential to amplify SERS signals, achieving
single-molecule sensitivity.

3.6. Study for specificity of the EGFR aptasensor

Next, the dimer assemblies were tested for their specificity and
recognition capabilities. It is important to test these plasmonic
platforms with some other protein molecules usually found in
body fluids. Experiments were carried out following the
already described strategy I, with the only modification being
replacing EGFR with BSA and myoglobin. The dimer assem-
blies were all the same with the EGFR aptamers integrated. All
other experimental parameters were kept the same for each
analyte investigated. BSA is an analogue of HSA which is a very
common protein in human blood with a size of 4.8 nm.*”"*®
On the other hand, myoglobin is a pigment containing promi-
nent protein with the size of 3.5 nm.* Fig. 8 depicts the SERS
spectra of Au NR dimer assemblies with BSA and myoglobin,
revealing no discernible features apart from a peak around
950, corresponding to the peak observed solely with the DNA
origami structure. This observation confirms the presence of
dimer assemblies during the measurements. Fig. 8 also shows
the SERS spectra of dimer assemblies tested with VEGF
protein. But no peaks were obtained. These findings under-
score the high selectivity and specificity capabilities of our
designed plasmonic sensing template. Fig. S20-S221 depict in
detail the AFM correlated SERS measurements performed for
the three proteins. 150 dimer structures were probed for the
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Fig. 8 SERS spectra of Au NR dimer assemblies (EGFR aptamers inte-
grated) with BSA, myoglobin and VEGF.

EGFR protein. For BSA and myoglobin, 50 structures were
investigated. For VEGF, over 30 dimer assemblies were probed.

4. Conclusion

Our study presents the development of a plasmonic nano-bio-
sensor that utilizes DNA origami as a structural platform and
Au NRs as active SERS materials. This combination results in
the creation of a highly sensitive SERS substrate with orien-
tation specificity and addressable hotspots. The Au NRs act as
nanoantennas, creating hotspot regions with enhanced elec-
tromagnetic fields, particularly at their midpoint where plas-
monic coupling occurs. This configuration provides an ideal
nanogap for single protein detection using an aptamer-based
approach. By correlating Raman spectroscopy with atomic
force microscopy (AFM) characterization, we were able to
obtain SERS signals from single epidermal growth factor recep-
tor (EGFR) protein. The present work is the first report on
label-free and specific detection of single cancerous proteins
and holds great promise for ultrasensitive cancer diagnosis,
potentially reducing the mortality rates. Such DNA origami-
assembled nanoantenna based SERS substrates with accessible
and tunable hotspots can pave the way for broader utilization
of the SERS technique in single-molecule cancer diagnostics.
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