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Polyadenine-Modulated DNA Conformation Monitored by Surface-
Enhanced Raman Scattering (SERS) on Multibranched Gold
Nanoparticles and Its Sensing Application
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/Abstract: This work proposes a facile way to modulate the
conformation of DNA from the “Lie-Down” to the “Stand-
Up” conformation on the surface of multibranched gold
nanoparticles (AuNPs). This is realized by regulating the
length of polyadenine (polyA) linked to the DNA sequence
and/or the hybridization of this sequence with the target
DNA, and can be monitored by the Raman signal owing to
the excellent performance of multibranched AuNPs (AuNSs)
as a surface-enhanced Raman scattering (SERS) substrate
and the distance change between the Raman reporter and
the substrate. The probable mechanism, which depends on

the repulsion of polyA from the sequence and the tip as-
sembly, has also been probed through theoretical simulation
using the finite difference time domain method. By virtue of
this  strategy, a conformation-transformation-based
DNA@AUNS sensor is constructed for the identification of
a specific oligonucleotide, which has been used for the de-
tection of DNA sequences associated with Severe Acute Res-
piratory Syndrome (SARS). This strategy leads to a novel
sensing platform with good extendibility for DNA analysis,
and provides a powerful protocol for facilitating the cogni-
tion of DNA conformation on metal surfaces. D

Introduction

Au nanoparticles (AuNPs), which possess distinct physical and
chemical attributes, present unique advantages in a large
number of applications."” Their characters can be tuned
easily by varying their size and shape. Various gold nanostruc-
tures such as nanospheres,®'” nanoshells,"""® nanorods,"*'®
multibranched AuNPs,"7-?2 and bimetallic nanoparticles® ¥
have been constructed for biosensing and biomedical applica-
tions. In recent years, multibranched AuNPs, including nano-
flowers,"”"® nanostars,"*?" and gold lace nanoshells,”? have
attracted considerable attention owing to their large surface
area, sharp tips, and the presence of branches. Both theoretical
calculations®?? and experimental measurements®®” have con-
firmed the occurrence of an enhanced electromagnetic field
near their surface, which is beneficial for the sensitivity of opti-
cal analysis. An ultrasensitive sensor based on the surface-en-
hanced Raman scattering (SERS) effect of nanostars has been
constructed for the detection of 1,5-naphthalenedithiol at the
zeptomole level.?® The SERS effect depends strongly on the
distance between the Raman molecule and the substrate,
which provides an opportunity to develop a distance-depen-
dent methodology for different applications.
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Because of their diverse structural and functional features,
DNA nanostructures have been exploited as excellent biomate-
rials for molecular recognition and microscopic manipula-
tions.”” Some nanostructures have become attractive systems
in biosensing applications through modulation of the DNA
conformation on DNA-functionalized gold nanoparticles
(DNA@AUNPs) to change the catalytic activity,*” and distance-
dependent signals, including color,®"*? fluorescence resonant
energy transfer,*>33 and SERS.”**3* A dynamic light scattering
method has also been developed to study the conformation
evolution of DNA on relatively uniform spherical AuNPs.”
However, the difficulty in modulating the DNA status and con-
formation on rough surfaces®*® leads to a lack of modulation
and sensing methodologies based on multibranched AuNPs,
though several SERS-based DNA hybridization detection meth-
ods with monotonously flat Au surfaces have been devel-
oped.?*" To overcome this difficulty, in this work we used
gold nanostars (AuNSs) as the model for assembling the
Raman molecule (Cy5)-labeled DNA, and developed a facile
way to modulate the DNA conformation, which allowed in situ
SERS monitoring of the DNA conformation change.

The assembly of DNA on AuNPs can usually be performed
by the binding of thiolated oligonucleotides through Au—S
chemistry® and the intrinsic affinity of polyadenine (polyA) for
the gold surface.”**? Moreover, the assembled polyA layer re-
tains electrostatic and steric repulsion to the oligonucleotide,
which promotes the extension of the oligonucleotide into so-
lution."¥ Here, a series of polyA-grafted oligonucleotides were
assembled on AuNSs. Through adjustment of the length of
polyA, this assembly led to a convenient way to achieve the
conformation transformation of DNA from the “Lie-Down” to
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the “Stand-Up” conformation on the AuNS surface (Scheme 1,
left). Clearly, the transformation changed the distance between
another DNA end and the AuNS surface. Thus, a methodology
could be produced by labeling the end with a Raman molecule
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Scheme 1. Schematic illustration of DNA conformation modulation with
polyA length on AuNS and in situ SERS monitoring of conformation transfor-
mation.

for in situ SERS monitoring of the conformation transformation.
As a proof of concept, a Cy5-labeled polyA-grafted oligonu-
cleotide was used as the probe to be assembled on the AuNS.
The recognition of the probe for the target DNA produced
a clear decrease in the SERS signal (Scheme 1, right), which led
to a distance-dependent SERS methodology for both biosens-
ing and in situ monitoring of DNA conformation. Unlike previ-
ous SERS-based DNA hybridization detection methods,?**" this
strategy could be performed in one step, indicating its poten-
tial applications in both biosensing and in situ monitoring of
DNA conformation.

Results and Discussion

AuNSs were synthesized according to the method described in
a previous report.*” The TEM image of the AuNSs shows their
uniformity (Figure 1A) with a core radius of 30.2+3.0 nm (Fig-
ure STA, Supporting Information) and numerous sharp tips
(Figure 1A, inset). The tip radius of curvature was measured to
be 2.95+0.63 nm (Figure S1B, Supporting Information). As ex-
pected, the AuNSs exhibited a very rough surface (Figure S2,
Supporting Information). The UV/Vis spectrum showed well-de-
fined localized surface plasmon features with an intense ab-
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Figure 1. A) TEM image of AuNS (scale bar: 200 nm). Inset: magnified image
of single AuNS (scale bar: 20 nm). B) UV/Vis spectrum of AuNS.
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sorbance band centered at 662 nm upon dispersion in buffer
solution (Figure 1B).

For realization of the “Lie-Down-to-Stand-Up” DNA confor-
mation change by modulating the polyA length, an oligonu-
cleotide sequence containing 26 bases (P1) labeled with
Raman reporter Cy5 at the 3’ end was grafted with seven dif-
ferent lengths of polyA as the tail at the 5" end (A5-P1, A10-P1,
A20-P1, A30-P1, A40-P1, A50-P1, and A60-P1), respectively.
After these Cy5-labeled oligonucleotides were assembled on
the AuNS surface, the SERS spectra of the formed
ssDNA@AUNS showed distinct Raman peaks at 932, 1121, 1215,
1264, 1362, 1404, 1467, 1496, and 1595 cm™' (Figure 2A),
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Figure 2. A, C) SERS spectra with exposure time of 1 s and 100 % laser power
under 633 nm after baseline subtraction, and B, D) peak intensities at

1362 cm™' for ssDNA@AUNS (A, B) and dsDNA@AUNS (C,D) with different
lengths of polyA: a) A5, b) A10, c) A20, d) A30, e) A40, f) A50, and g) A60.
Each spectrum in (A,C) and peak intensity in (B, D) is the mean of ten meas-
urements.

which did not occur for AuNS (Figure S3, Supporting Informa-
tion). These Raman peaks should originate from Cy5. The
Raman peak at 1362 cm™' could be assigned to the methine
chain deformation of Cy52°*? and the peaks at 1215 and
1595 cm™" were assigned to »(C=C) (benzene) and v, (C—C)
(benzene ring) in Cy5, respectively.”” The peak intensity at
1362 cm™' decayed rapidly from A5 to A30, and then tended
to a steady value (Figure 2B). The peak intensities at 1215 and
1595 cm™' showed a similar variation tendency (Figure S4A,B,
Supporting Information). The SERS response is highly distance-
dependent, so these results indicate the conformation change
of the assembled DNA from the “Lie-Down” to the “Stand-Up”
conformation with increasing polyA length. This phenomenon
could be attributed to the electrostatic and steric repulsion of
polyA and P1.*Y After these grafted P1 were hybridized with
the sequence complementary to P1, the formed double-strand-
ed sequences were also assembled on AuNSs to observe the
change in SERS signal. The SERS spectra of the dsDNA@AuUNS
conjugates showed similar variation of the Cy5 SERS peaks,
but their peak intensities were much weaker than those of the
corresponding ssDNA@AuNS (Figure 2C,D and Figure S4C,D,
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Supporting Information), indicating the dually increasing dis-
tance between Cy5 and the AuNS surface owing to the repul-
sion of polyA to P1 and the formed double-stranded structure
for the conformation change from “Lie-Down” to “Stand-Up”.
For demonstration of the dependence of the SERS variation
on the DNA conformation transformation on the substrate sur-
face, two factors that may affect the SERS signal, that is, sub-
strate morphology and Cy5 concentration on the substrate,
should be excluded. First, the substrate morphology of
ssDNA@AuUNS and dsDNA@AuUNS conjugates was characterized
by TEM (Figure S5, Supporting Information). Even though the
radius of curvature is slightly annealed (3.37+0.58 nm, Fig-
ure S6), these conjugates maintained the same characteristic
multibranched structures of AuNS, which means that the
polyA length and DNA conformation transformation did not
change the AuNS morphology significantly. The surface density
of Cy5 on the conjugates could be quantified by using a dis-
placement-based fluorescence method;*® this did not show
any statistically significant change (< £10%) upon increasing
the length from A5 to A40 on both ssDNA@AuUNS and
dsDNA@AuUNS (Figure 3A). Compared with A10-P1T@AuNS, the
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Figure 3. A) Amounts of Cy5 on DNA@AuUNS surfaces and B) hydrodynamic
diameters of DNA@AUNS with different lengths of polyA.

SERS intensity of ssA20-P1@AuNS and dsA20-P1@AuNS de-
creased by 29.4 and 29.2%, respectively, whereas the amount
of Cy5 changed by only 3.3 and —9.7%, respectively. At A20,
further increasing the polyA length led to a similar change in
SERS intensity (by 30.0% from A20-P1 to A30-P1), and the
amount of Cy5 changed by 5.4%. Thus, the decrease in the
SERS signal is attributed mainly to the conformation change,
which increased the distance from Cy5 to the AuNS surface.
For further verification of this deduction, the sizes of the
DNA@AUNS conjugates were examined through dynamic light
scattering (DLS) measurements. The mean hydrodynamic diam-
eters of both ssDNA@AuUNS and dsDNA@AUNS conjugates in-
creased and gradually levelled off with increasing polyA length
(Figure 3B), indicating the extending of P1 away from the sur-
face. The peak position (4,,,,) of the localized surface plasmon
resonance (LSPR) spectrum can be used to assess the effective
layer thickness on the nanoparticle surface.*” As expected, the
Amax Value of ss/dsDNA@AUNS shifted to longer wavelengths
with increasing polyA length (Figure S7, Supporting Informa-
tion).

The amounts of Cy5 on dsDNA@AuNS were almost half
those on ssDNA@AuUNS (Figure 3 A). However, the SERS signals
were 3.5-5.5 times those of dsA20-P1@AuNS. This phenomen-
on can also be attributed to the further increase in conjugate
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size (Figure 3B) or the distance between Cy5 and the substrate
surface upon hybridization. Compared with ssDNA, dsDNA
adopted a more extended conformation at the AuNS surface.
The similar tendency of the change in SERS signal with the size
or distance suggests that SERS is a powerful tool for monitor-
ing DNA conformation transformation on metal surfaces.

For a better understanding of the modulation process of
DNA conformation on the AuNS surface by regulating the
polyA length, the EM field distribution of the single
DNA@AUNS nanostructure in an aqueous environment was an-
alyzed through the finite-difference time domain (FDTD)
method.”® An enhancement of the Raman cross-section is pro-
portional to the fourth power of the field enhancement (| E|*),
so it is clear that the Raman “hot spots” are located almost at
the tips of branches under 633 nm excitation (Figure S8, Sup-
porting Information). Thus, it could be speculated that the
DNA conformation transformation revealed by SERS probably
occurs in the tip area. Owing to the nanoscale radius curva-
ture, the tip area of branches in AuNS possesses high surface
energy for the attachment of polyA, and the tip is more ex-
posed to the surroundings, making polyA easy to reach. Thus,
the experimental results showed different phenomena from
those reported on spherical gold nanoparticles.®**! Upon in-
creasing the polyA length, the number of adenine deoxynu-
cleotides (dA) at the tip area of the DNA@AUNS conjugates in-
creased and then tended to the maximum values (Figure S9,
Supporting Information), indicating that polyA-based sequen-
ces are more likely to be attached on this area than other re-
gions to achieve the tip assembly. With increasing dA number,
the electrostatic and steric repulsion from the dA layer is grad-
ually enhanced, leading to the DNA conformation transforma-
tion from “Lie-Down” to “Stand-Up”. Owing to its duplex struc-
ture, dsDNA suffered more repulsion from polyA. Both the re-
pulsion and the rigid structure of dsDNA contribute to its pref-
erence for a relatively upright conformation.

For verification of the modulation mechanism, thiolated P1
(P1-SH) and its double-stranded structure were designed to be
assembled on AuNS. These showed similar SERS signals (Fig-
ure S10, Supporting Information), indicating a similar distance
between the labeled Cy5 and the Au substrate. This could be
attributed to the complete coverage of thiolated probes on
the AuNS surface through Au—S bonds and the presence of
the multibranches, which meant that the formation of the
double-stranded rigid structure did not change the average
distance between Cy5 and the Au surface. Thus, both the re-
pulsion from polyA and the tip assembly of the probe on the
AuNS played important roles in the transformation from the
“Lie-Down” conformation.

The DNA-conformation-dependent SERS signal could be
used for sensitive identification of the formation of a double-
stranded structure by hybridization of the polyA grafted probe
with its target. Using a sequence associated with Severe Acute
Respiratory Syndrome (SARS) as the model target, its probe
(P2) was first grafted with polyA of different lengths. Upon hy-
bridization, the decrease in SERS signal showed a maximum
value at A20 (Figure S11, Supporting Information). Therefore,
A20-P2 was used for preparation of the sensor by assembling

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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it on the AuNS. The SERS intensity of Cy5 decreased with in-
creasing target (T) concentration, and the peak intensity at
1362 cm™' was logarithmically proportional to the concentra-
tion from 0.1 to 500 nm with a detection limit of 45.7 pM (Fig-
ure 4A,B). Furthermore, after incubation of the sensor with
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Figure 4. SERS spectra of A20-P2@AuNS sensor with exposure time of 1s
and 100% laser power under 633 nm after baseline subtraction in response
to A,B) 0.1, 1.0, 10, 100, 200, and 500 nm target DNA (a—f), C,D) a) T, b) smT,
c) tmT, d) nT (non-complementary T) at 50 nm, and e) blank. B,D) Mean peak
intensities are measured at 1362 cm ™' five times to “Stand-Up” conforma-
tion.

50 nm T, single-base mismatched T (smT), and three-base mis-
matched T (tmT) for 6 h, the target presented a decrease in
SERS signal of 41.3% at 1362 cm™', and smT and tmT showed
a decrease of 15.9 and 14.1%, respectively (Figure 4C,D), indi-
cating the more upright conformation of the double-stranded
structure and the excellent selectivity of the SERS sensor for
DNA detection. Furthermore, after storage of the sensor at 4°C
for one week, a signal change of less than 6% was measured,
indicating acceptable stability.

Conclusion

In this work we have developed a facile method for the modu-
lation of DNA conformation from the “Lie-Down” to the
“Stand-Up” conformation on a AuNS surface by adjusting the
length of tip-assembled polyA grafted to the DNA sequence.
The process of conformation transformation can be monitored
precisely in situ by the SERS signal. Moreover, the in situ SERS
monitoring methodology can be employed to identify target
DNA from mismatched sequences with good sensitivity and se-
lectivity through their conformation change after hybridization.
This strategy can be extended for the design of new distance-
dependent sensing methodologies with multibranched nano-
particles, and provides a powerful tool for the study of DNA
conformation.
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Experimental Section
Materials and reagents

Ethanol, N,N-dimethylformamide (DMF), ethylenediamine tetraace-
tic acid (EDTA), trisodium citrate, and hydrochloric acid (HCI) were
obtained from Sinopharm Chemical Reagent Co., Ltd (China).
Chloroauric acid (HAuCl,:3H,0), -mercaptoethanol, tris (hydroxy-
methyl) amino-methane, tris (2-carboxyethyl) phosphine hydro-
chloride solution (0.5m, pH 7.0) (TCEP), and polyvinylpyrrolidone
(PVP) were purchased from Sigma-Aldrich Inc. (USA). Tris-EDTA
buffer containing 10 mm Tris-HCl and 1 mm EDTA (TE, pH 7.40, con-
taining 0.005% Tween-20) was used as reaction buffer. All other re-
agents were of analytical grade. All aqueous solutions were pre-
pared using ultrapure water (18 MQ, Milli-Q, Millipore). All oligonu-
cleotides used in this work were purchased from Sangon Biological
Engineering Technology & Co. Ltd. (Shanghai, China). Their sequen-
ces are displayed in Table S1, Supporting Information.

Apparatus

Raman spectra were recorded on a Renishaw InVia confocal Raman
microscope (Renishaw, UK) using 633 nm excitation with 100%
laser power. A 50x telephoto objective was used for observation
and spectral measurements. The transmission electron microscopic
(TEM) and scanning electron microscopic (SEM) images were
gained on a JEM-2100 transmission electron microscope (JEOL
Ltd., Japan) and S-4800 scanning electron microscope (HITACHI,
Japan), respectively. The TEM images were analyzed by Image )
software to estimate the core size and the tip radius of curvature.
Dynamic light scattering (DLS) was performed on 90 Plus/BI-MAS
equipment (Brookhaven, USA). The localized surface plasmon reso-
nance (LSPR) absorption spectra were recorded on a UV-3600 UV/
Vis/NIR spectrophotometer (SHIMADZU, Japan), and the fluores-
cence experiments were performed on F-7000 fluorescence spec-
trophotometer (HITACHI, Japan).

Synthesis of gold nanostars (AuNSs)

The synthesis of AuNSs was based on a previous report.* In brief,
the 15 nm PVP-coated Au seeds were prepared by adding trisodi-
um citrate (5mL, 1 wt%) into boiling HAuCl, solution (100 mL,
0.5 mm) and cooling to room temperature. PVP (8.6 mL, 25.6 gL',
M,,=10000) was added dropwise and the mixture was allowed to
stand overnight. The obtained Au seeds were rinsed with ethanol
by centrifugation (4000 rpm, 90 min) and dispersed in ethanol. The
concentration of the dispersion was determined by using UV/Vis
absorption spectrometry.”" The AuNSs were synthesized by adding
ethanol solution (43 pL) of Au seeds (4.2 mwm) into a DMF solution
(15 mL) of HAuCl, (0.3 mm) and PVP (10 mm) under rapid stirring
at room temperature. The resulting AuNSs were washed three
times by centrifugation (6000 rpm, 10 min) and redispersed in eth-
anol.

Preparation of DNA@AUNS conjugates

The as-prepared AuNSs (1 nm, concentrated in 1XTE buffer) were
sonicated for 1 h and then mixed with polyA-based DNA (A5-P1,
A5-P2, A10-P1, A10-P2, A20-P1, A20-P2, A30-P1, A30-P2, A40-P1,
A40-P2, A50-P1, A50-P2, A60-P1, A60-P2, and their hybridized
dsDNA) for 16 h at 37°C. The mixtures were brought to 1xTE
buffer (pH 7.4, 0.005% Tween-20) containing 0.1m NaCl and incu-
bated at 37°C for 40 h. Subsequently, the obtained polyA-based
DNA@AUNS conjugates were washed three times in 1xTE buffer
(pH 7.4, 0.005% Tween-20) through centrifugation (6000 rpm,
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10 min) to remove excess DNA, and resuspended in T mL 1xTE
buffer (pH 7.4, 0.005 % Tween-20, 0.1 m NaCl).

For the preparation of P1-SH@AuUNS, P1-SH was first activated with
TCEP at a DNA/TCEP molar ratio of 50:1 for 1 h, mixed with the as-
prepared AuNSs (1 nm) for 16 h at 37°C, and then added dropwise
to NaCl (2m) to a concentration of 0.05M. The mixture was al-
lowed to stand for 4 h, then this process was repeated thrice, and
finally salted to 0.2 m NaCl. The obtained P1-SH@AuNS was washed
and resuspended through a procedure similar to that for the
polyA-based conjugates. The dsDNA@AuUNS was prepared by acti-
vating its hybridized dsDNA through the same procedure.

For the identification of the recognition of P2 for its target SARS
DNA, A20-P2 was mixed with AuNSs for 16 h at 37 °C, then brought
to 1xTE buffer (pH 7.4, 0.005% Tween-20) containing 0.1m NaCl
and incubated at 37°C for 40 h. The obtained DNA@AUNS sensor
was washed and resuspended by following the same procedure as
described above. Different concentrations of Tand 50 nm smT, tmT,
and nT were mixed with 1 mL A20-P2@AuNS, respectively, and in-
cubated for 6 h at 37°C to perform the Raman measurements. The
blank group was made by incubating A20-P2@AuNS with TE
buffer.

Raman measurements

The DNA@AUNS conjugates were dropped on a glass slide for
SERS measurements. The SERS spectra of the samples were ob-
tained by the spectral acquisition mode using the static scan type
at a center wavenumber of 1300 cm™' with an exposure time of
1 s and 100% laser power at 633 nm. The data were analyzed with
WIRE 3.4 software.

Quantification of polyA-based DNA surface density on
AuNSs

Because the amounts of polyA-based DNA and Cy5 were identical,
their surface densities could be quantitated by using the protocol
described by G. Viswanadham et al.*®' In brief, f-mercaptoethanol
(0.88 uL, final concentration 12 mm) was added to polyA-based
DNA@AUNS conjugates (1 mL) and incubated overnight with
gentle shaking. Then, the AuNSs and released DNA were separated
by centrifugation (6000 rpm, 10 min). The supernatant that con-
tained the polyA-based DNA labeled by Cy5 was measured with
a fluorescence spectrometer to obtain the concentration of Cy5
from a linear calibration curve, from which the surface density of
polyA-based DNA on the conjugates could be obtained.

Finite-difference time domain (FDTD) simulation of
DNA@AUNS structure

The FDTD simulation was performed with the commercial FDTD
software package Lumerical@FDTD Solution 8.6. The DNA@AUNS
structure model was 30 nm in radius and had 12 points around the
core, and was referred to the TEM images (Figure S5, Supporting
Information). To approach the real environment, one DNA@AuUNS
conjugate was located at the center of a 1(x)x1(y)x1 um(z) box
that represents the water surrounding media with an index of 1.33.
The simulation object had periodic boundary conditions in y and z
and a PML boundary condition in x. A plane wave was used as the
excitation source of 633 nm in wavelength propagated along the
X axis with its polarization along the y direction. Note that the
mesh size around the corners was 0.3 nm, and the cross-section
view of the simulation region was monitored from the XY plane.
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