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In the last decades, DNA has been considered far more than the system carrying the essential genetic instructions.
Indeed, because of the remarkable properties of the base-pairing specificity and thermoreversibility of the inter-
actions, DNA plays a central role in the design of innovative architectures at the nanoscale. Here, combining com-
plementary DNA strands with a custom-made solution of silver nanoparticles, we realize plasmonic aggregates to

exploit the sensitivity of Surface Enhanced Raman Spectroscopy (SERS) for the identification/detection of the dis-
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tinctive features of DNA hybridization, both in solution and on dried samples. Moreover, SERS allows monitoring
the DNA aggregation process by following the temperature variation of a specific spectroscopic marker associated
with the Watson-Crick hydrogen bond formation. This temperature-dependent behavior enables us to precisely
reconstruct the melting profile of the selected DNA sequences by spectroscopic measurements only.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The outstanding properties of DNA are drawing an increased interest
in distinguished applications in many research areas. The rapid progress
of cutting edge techniques, such as DNA origami [1,2], contributed to
unique scientific advances in structural DNA nanotechnology [3,4]. A
large variety of structures with tailored properties have been obtained
starting from static 2D or 3D nanostructures [5-10] up to dynamic
DNA nanomachines [11-13], feasible platforms for gene analysis, and
target detection [14-19]. These achievements result from careful engi-
neering and mastering of the hybridization events, i.e. the formation of
a DNA double-stranded complex from two or more complementary
single-stranded sequences [20]. Recent advances focus on the imple-
mentation of sophisticated and performing systems ensuing from the
combination of the self-recognition capability of DNA with the plas-
monic properties of metal nanoparticles (NPs). Indeed, the great ability
to confine light in a controlled manner at the nanoscale makes metal
NPs perfect building blocks for the implementation of smartly-
designed systems with peculiar optical properties for plasmonic and
photonic applications [21-25]. On the other hand, the DNA capability
to form specific pairing and, thus, well-defined nanoarchitectures, per-
fectly combines with the necessity of fine-tuning precise NP geometries.
This allows the optimization of the plasmonic properties of such
systems and ensures the realization of suitable platforms for
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surface-enhanced spectroscopies. Among them, Surface Enhanced
Raman Spectroscopy (SERS) [26-29] has emerged as the ideal tech-
nique for spectroscopic assessment and characterization of hybrid plas-
monic systems. Indeed, the nanoantenna effect in metal nanostructures,
producing a strong intensification of the electromagnetic field in the vi-
cinity of the metal surface, provides high sensitivity and impressive rec-
ognition capability to detect molecules even below micromolar
concentrations [30,31].

In this paper, we show how hybridization events between three
complementary and purposely programmed single-stranded DNA fila-
ments can be identified via their interaction with silver NPs. The spec-
troscopic signature of hybridization is thus revealed by the presence of
specific spectral markers, appearing in both solution and dried samples.
SERS also provides a route to control the hybridization of the comple-
mentary DNA strands in solution on varying temperature, thereby en-
abling the reconstruction of their melting profile. Indeed, as known,
the DNA melting is the cooperative unwinding process from a double-
stranded DNA complex into two single strands, which generally occurs
over a small range of temperature and depends on a variety of factors,
such as length of DNA [32], nucleotide sequence composition [33-35],
and salt concentration [33,34,36]. From the experimental standpoint,
different approaches have been adopted to determine the melting tem-
perature of complementary DNA sequences, including UV absorption
measurements [37], Differential Scanning Calorimetry studies [38-40],
and Circular Dichroism experiments [41]. Additional methods employ
specific intercalating fluorophores and quenchers to monitor the DNA
double-strand formation/dissociation coupled to the different
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fluorescent intensity profile, registered as a function of temperature
[42]. Fluorophore DNA probes are mainly used to obtain the DNA melt-
ing curves during the Polymerase Chain Reactions [43] or to reveal the
formation of DNA quadruplex [44], molecular beacon [45], and
nanoarchitectures [46]. A very recent experimental protocol proposes
the simultaneous optical and magnetophoretic monitoring of DNA hy-
bridization using super-paramagnetic and plasmonic colloids [47].

Regarding the possibility to reproduce the melting profile of specific
DNA sequences, we propose an innovative approach that exploits the
surface selectivity of SERS to control the aggregation/dissociation of
complementary sequences as a function of temperature, without using
any strand modifications or additional labels. We monitor the SERS re-
sponse of a specific spectral marker associated with the Watson-Crick
base-pairing interactions. The temperature behavior of such a peak,
which is well-defined when DNA occurs in the double-stranded config-
uration and nearly absent once the strands dissociate, allows reproduc-
ing the melting profile of the investigated sequences by the analysis of
the SERS spectra only. This original result provides an innovative path-
way for predicting the DNA melting temperature of complementary
and purposely-chosen DNA filaments via a spectroscopic technique
that takes advantage of a simple experimental protocol for sample prep-
aration and data collection.

2. Experimental methods
2.1. DNA sequences

DNA sequences are purchased from Integrated DNA Technologies
with HPLC purification. In our experiment, we use three different DNA
strands whose composition has been chosen in line with the seminal
work of J. J. Storhoff et al. [48], and to whom we refer as chain-A,
chain-B, and bridge, respectively. Chain-A and chain-B are 12-base oli-
gonucleotides, whereas the bridge is a 24-base oligomer, complemen-
tary to both previous sequences, which acts as a linker for the
plasmonic aggregate formation. The specific sequences are:

chain — A : 5’ — CGCATTCAGGAT — 3/,

chain — B: 5 — TCTCAACTCGTA — 3/,

bridge : 5' — TACGAGTTGAGAATCCTGAATGCG — 3'.

The lyophilized DNA samples are initially reconstituted in a DNAse-
free 0.15 M NaCl solution at a concentration of 300 uM each.

DNA double-stranded complexes (A + B + bridge) are assembled
by mixing equimolar quantities of the three single-stranded compo-
nents to a final concentration of 100 uM. The mixture is heated up to
75 °C, a temperature value that guarantees the breaking of hydrogen
bonds between complementary bases, thus ensuring each filament oc-
curring in the single-stranded configuration, thus leading to the sponta-
neous formation of the duplexes.

2.2. Hydroxylamine-reduced silver NPs

Borrowing from the synthesis protocol proposed by N. Leopold in
Ref. [49] and from the seminal works of S.E.J. Bell [50,51], we provide
for the realization of a silver NP (Ag-NP) colloidal solution reduced
with hydroxylamine. Such a method boasts of a standard reduction re-
action that can take place at room temperature and allows for the elim-
ination of the residual oxidation products. Moreover, it enables the
realization of large NP aggregates and does not produce interference
bands in crucial regions of the Raman spectrum [52].

Firstly, 5 mL of 0.1 M NaOH solution are mixed with 5 mL of aqueous
6 mM hydroxylamine hydrochloride. Parallely, 90 mL of DNAse-free
water are added to 17 mg of powdered AgNOs to a final 0.1 mM concen-
tration. The two solutions are then mixed up and stirred for about
20 min at room temperature to allow the spontaneous formation of
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the colloids [49,51]. The characterization of the silver colloids is re-
ported in Section S2 of the Supplementary data.

2.3. Raman and SERS measurements

For Raman and SERS measurements, a Horiba HR-Evolution
microspectrometer in backscattering geometry, equipped with a
He—Ne laser, N=632.8 nm, and 30 mW output power (~10 mW at
the sample surface) has been used. The detector is a Peltier-cooled
Charge-Coupled Device (CCD), and the resolution is better than
3 cm™! thanks to a 600 grooves/mm grating with 800 mm focal length.
The spectrometer is coupled with a confocal microscope supplied with a
set of interchangeable objectives with long working distances and dif-
ferent magnifications. 100x (N.A. = 0.9) and 10x (N.A. = 0.4) Olympus
objective lenses are used for the acquisitions on dried and solute sam-
ples, respectively. Further details on the experimental apparatus can
be found in Ref. [53].

Raman characterization is performed on dried samples by separately
dropcasting small volumes of the three different single-chain DNA stock
solutions and the hybridized A + B + bridge sample on a planar gold
leaf substrate. We then let the solutions dry at room temperature.

In the case of SERS measurements, we performed:

—-

. measurements in solution - to characterize the SERS fingerprint of the
three single DNA chains and of the hybridized system
(A + B + bridge), as well as for the reconstruction of the melting
profile of the complementary sequences;

ii. measurements on dried samples - to assess if the spectral information

obtained on solute samples still remain after the drying process.

For measurements described in point (i), we initially prepared three
diluted solutions of the three single DNA sequences at 100 pM, and we
heated up the samples to 60 °C for a minute to prevent and remove
undesired bindings among the sequences, thus guaranteeing the
almost-complete removal of intra-strand bindings (see Fig. S2 of the
Supplementary data to clarify the value of such selected temperature).
We then diluted 10 times the DNA solution (final concentration of 10
uM) adding hydroxylamine-reduced colloidal solution and 0.01 M of
MgSO,. In the case of the aggregate system, we mixed the three strands
ata 100 uM of A + B + bridge concentration, and we annealed the mix-
ture as previously described. Once the system has hybridized, we mixed
that solution with the Ag-NPs following the same preparation proce-
dure used for the single chains, reaching a final concentration of 10 pM.

MgS0, salt is used for facilitating the NP aggregation and ensuring
an electrostatic interaction of DNA with the metal surface. Indeed, de-
spite the higher stability of the chemically prepared silver colloids, a
partial aggregation is necessary for them to become SERS-active and
to create the hot-spots necessary for a high signal enhancement. This
aggregation leads to the coupling between the localized plasmonic
modes of the single NPs, resulting in the frequency shifts of the localized
surface plasmon resonance (LSPR) of the aggregated system towards
higher wavelengths [54,55], implying the use of a red laser.

SERS spectra were collected on 200uL of DNA-NP solutions, loaded
into separate polypropylene microplate wells (Greiner Bio-One). Con-
versely, to reconstruct the melting profile of the three complementary
sequences, we loaded a quartz cuvette with 200 piL of the Ag-NP solution
mixed with the A + B + bridge aggregate system. The simulated melt-
ing profile of the A + B + bridge sample at 10 M is shown in Fig. S3 of
the Supplementary data, including in the calculation the presence of the
additional MgSO,4 at 1 mM. We note that the value of the melting tem-
perature is Ty ~ 53 ° C and does not differ enough from the one calcu-
lated for the batch sample reported in Fig. S1. Measurements were
thus collected in a temperature range between T; ~ 20 ° C (when all
the duplexes are formed) to T~ 72 ° C (single-stranded configuration).

For measurements on dried samples pointed out in (ii), single drops
(~2 L) of the same samples (single chains and aggregate A + B + bridge
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system) measured in solution and described in point (i) are dropcasted
on a gold leaf substrate and let them dry at room temperature.

3. Results and discussion
3.1. Raman characterization

In Fig. 1, we show the Raman spectra of the three single chains
(chain-A, chain-B, and bridge) and of the aggregate system (hybridized
system: A + B + bridge), which is formed after the annealing process,
as described in the Experimental methods.

The measurements on dried samples provide to obtain Raman spec-
tra of the DNA sequences with a signal-to-noise ratio much higher than
data collected in water solution. Indeed, as reported in previous investi-
gations, large amounts of sample are typically required in solutions
[56,57] due to the low-Raman cross-section of DNA; conversely, in our
case, we work with well-purified sequences that allow obtaining spec-
tral information even on dried samples. All spectra are characterized
by an intense band at ~789 cm ™! ascribed to the vibration of both the
cytosine base and the O-P-O phosphate backbone, which, since its in-
variance to the melting, has already been used as a good reference
peak for normalization [39,58]. The high quality of the spectra allows
for the precise identification of the DNA spectral fingerprints associated
with the four different nitrogen bases, as highlighted by the vertical ar-
rows in Fig. 1. Specifically, the peaks at 729 cm ™" and 670 cm ™' refer to
the ring breathing modes of adenine (A) and guanine (G) respectively,
while the contribution at 594 cm™! is relative to cytosine (C), and the
one at 1370 cm™! to thymine (T).

The presence of the spectroscopic marker of hybridization at
~1680 cm ™', relative to the Watson-Crick complementary pairing via
hydrogen bonds [39,57] and evident in the spectrum of the aggregate
system (A + B + bridge), allows to finely distinguish the single- and
double-stranded DNA species (see the vertical dashed line in Fig. 1).
We notice that, although the occurrence of the hybridization spectro-
scopic marker is quite evident in the aggregate spectrum, weak shoul-
ders can also be observed in the spectra of the single chains,
particularly in the bridge. Since spectra are collected from dried sam-
ples, the effective pairing process is not precisely controlled, and spuri-
ous hydrogen bonds between complementary bases, belonging to the
same or distinct strands (i.e. self- or inter-chain folding), can mainly
occur for the bridge, which is the longest DNA sequence.

3.2. SERS measurements on solution samples
SERS spectra of both single chains and aggregate system are shown

in Fig. 2. According to the Raman spectra of Fig. 1, the spectroscopic fea-
tures associated with the principal vibrational modes of the nucleotides
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Fig. 1. Raman spectra of the three complementary chains, chain-A (orange), chain-B
(green) and bridge (pink), and the aggregate system (A + B + bridge, blue). All spectra
are collected on dried samples. The arrows indicate the principal vibrational modes
relative to the single bases (A: adenine, C: cytosine, G: guanine, T: thymine). The dashed
line highlights the spectroscopic marker of hybridization at ~1680 cm ™.
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Fig. 2. SERS spectra of the three complementary chains, chain-A (orange), chain-B (green),
and bridge (pink), and of the combined system (A + B + bridge, blue). The main
differences between single- and double-stranded chains are evidenced.

are evident in all the SERS spectra. Some of them appear enhanced and
red-shifted due to the SERS effect promoted by the metal NPs [59].

The first eye-catching difference in the spectrum of the aggregate
system with respect to single chains is the higher intensity of the peak
at ~730 cm™! (adenine in-plane ring vibration). This enhancement of
the ring breathing mode suggests, according to previous literature,
that the adenine base aligns perpendicularly to the metal surface, even
in the double helix configuration [60]. A close inspection of Fig. 2 points
out a clean hybridization process without spurious pairing as the hydro-
gen bond peak is observed for the aggregate system only. This provides
for a high SERS sensitivity to hybridization events, and SERS, in turn, can
be exploited to control the correct pairing of the three DNA complemen-
tary strands. Such a high sensitivity allowed us to monitor the temper-
ature dependence of the system aggregation and to check the
reversibility of the hybridization process. In particular, we aim at con-
trolling the pairing/unpairing processes below and above the DNA melt-
ing temperature of the studied strands, which falls at Ty, ~ 53°C, as
reported in Fig. S3 of the Supplementary data.

To this purpose, we started from a solution of Ag-NPs and DNA hy-
bridized system (A + B + bridge) at room temperature (T; < Ty). Fol-
lowing, we raise the temperature up to T¢ ~72°C (T¢ > Ty;), ensuring
the unwinding of double-stranded complexes. The unpairing of the
double strands in favor of single chains is actually expected on increas-
ing temperature from T;. The resulting spectra are shown in Fig. 3 as a
function of temperature. A clear temperature trend emerges from the
collected measurements: the spectroscopic marker of hybridization at
~1680 cm ™!, which is well-visible in the low-temperature region, starts
to disappear around 50°C, namely at a temperature closer to the melting
temperature of the three strands. The peak almost disappears above Ty,
although a small contribution is still observed in the spectrum collected

Intensity (a.u.)

1 1 1 1 1

1100 1200 1300 1400 1500 1600 1700

Raman Shift (cm™)

Fig. 3. SERS spectra of the three hybridized complementary strands (A + B + bridge) for
selected temperature values, in the enlarged 1050-1750 cm ™! spectral range. The green

box highlights the spectroscopic marker of hybridization at ~1680 cm™.
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at T, where, in principle, only single strands should exist. A possible ex-
planation of this behavior is suggested by the complexity of the system
under investigation: indeed, the DNA strands trapped inside the NP ag-
gregates can not freely diffuse and completely dissociate in solution,
resulting in a small fraction of double-stranded species still present at
high-temperature.

The reversibility of the process is found by repeating the same mea-
surements on slowly cooling down the solution to room temperature.
An accurate fit of the experimental data in the [1500-1750] cm ™' spec-
tral range with Gaussian functions was performed to analyze the inten-
sity variation of the hybridization spectroscopic marker at ~1680 cm™?,
which allows to quantitatively describe the temperature behavior of the
system. Indeed, as shown in Fig. 4, we evaluated the peak area on in-
creasing (blue points) and on decreasing (red points) the temperature.
Further details regarding the fitting procedure can be found in
Section S3 of the Supplementary data. In Fig. 4, we also show the theo-
retical melting profile (gray line), extrapolated from NUPACK oligo sim-
ulator, an online platform that provides to compute the melting
temperature of complementary DNA sequences at the precise strand
and salt concentrations [61]. A very good agreement is found between
the theoretical curve and the experimental data collected on increasing
the temperature (blue points), while, on decreasing the temperature
(red points), a sort of hysteresis behavior is observed, suggesting that
steric hindrance effects could influence the kinetics of the melting pro-
cess on cooling, resulting in different amounts of hybridized sequences.

In summary, a clear and quite evident effect on varying temperature
is observed, strongly suggesting that SERS spectroscopy can be effi-
ciently applied to monitor the melting behavior of complementary
DNA chains.

3.3. SERS measurements on dried samples

To evaluate if hybridization between complementary sequences re-
mains stable during the drying process and if the relative spectroscopic
signature can be observed even in dried samples, we performed SERS
measurements of the single chains and aggregate system after deposi-
tion and drying of the respective solutions. The obtained spectra are
shown in Fig. 5, where the DNA peaks are clearly observable, but some
contributions ascribed to the hydroxylamine, the molecule used for
the Ag-NP synthesis (see Experimental methods), can also be identified.
The hydroxylamine spectrum is shown in the inset of Fig. 5 for compar-
ison (see Fig. S5 of the Supplementary data for the spectrum in the ex-
tended range and the assignment of the principal bands). We note
that the peaks corresponding to hydroxylamine, visible in the spectra
of Fig. 5, are not observed in the solution samples plotted in Fig. 2.

O increasing T
O decreasing T
o simulated melting curve
s
<
N’
=y
n
=]
2
=
—
1 1 1 1 ) _I
20 30 40 50 60 70 80
T (°C)

Fig. 4. Area of the peak at 1680 cm ™~ on increasing (blue dots) and on lowering (red dots)
the temperature. The theoretical melting curve of the system is reported for comparison
(gray line). Error bars are estimated as the area of the tails that intersect the overall area
of the considered peak in the fitting procedure (see Section S3 of the Supplementary
data). The dashed red line represents a guide to the eye for the experimental data
obtained on lowering the temperature. Overlapping dots are the result of repeated
measurements.
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Fig. 5. SERS spectra of the single chains and the aggregate system in dried form. The green
boxes indicate the spectral differences between single- and double-stranded
conformations. The contributions relative to the hydroxylamine molecule, coming from
the preparation protocol of Ag-NPs, are highlighted by dashed lines. The entire
hydroxylamine spectrum is reported in the inset.

This evidence can be attributed to the drying process, during which a
closer packing of the NPs and the hydroxylamine molecules can occur.

However, the presence of the spectroscopic marker associated with
the hybridization at ~1680 cm ™! is still visible in the spectrum of the ag-
gregate sample, and it is not affected by the presence of hydroxylamine.
This proves that the double-stranded complexes formed in solution at
low temperature remain paired during the drying process.

Moreover, as in the SERS spectra of solution samples, reported in
Fig. 2, the adenine peak at ~730 cm™! results more intense than the con-
tribution registered in the single chains, suggesting an intrinsic modifi-
cation of the system due to the geometrical packing of the chains on the
metal surface: the double strands take on a more packed geometry on
the metal surface with respect to the single filaments.

All these effects, observed in the dried samples, are consistent with
those obtained in solution samples, proving the efficacy of SERS spec-
troscopy for discriminating the hybridization occurrence both in solu-
tion and on dried samples.

4. Conclusions

Over the last years, great attention has been focused on the imple-
mentation of different methodologies for the production of plasmonic
nanoarchitectures with tailored and controllable properties. Here,
SERS spectroscopy is exploited and turns out to be a powerful technique
to characterize the spectroscopic signal of complementary DNA se-
quences electrostatically interacting with a solution of silver NPs. The
obtained results arise from a fruitful combination of an experimental
procedure for the rapid, cost-effective synthesis of metal NPs and a sim-
ple data acquisition. The high sensitivity of the technique is exploited to
detect the conformational changes of DNA, from the single- to the
double-stranded configuration, proven by the presence of the specific
peak ascribed to the formation of hydrogen bonds between comple-
mentary bases. The fingerprint of hybridization is revealed in both solu-
tion and dried samples. Moreover, since the DNA pairing is a reversible
process, we controlled the temperature dependence of the aggregation/
dissociation of our complementary sequences without making use of
any strand modifications or additional labels.

Analyzing the intensity of the spectroscopic feature associated with
the occurring hybridization as a function of temperature, we are able
to reproduce the melting profile of the DNA strands. The temperature
behavior of the system, resulting from a different response in the col-
lected SERS spectra, reveals a clear change in the DNA conformation
switching from a completely bound to an almost disentangled structure.

In conclusion, the ability to monitor and control the DNA melting
process constitutes a challenging effort for the outstanding implications
aiming at deciphering molecular details of replication and transcription
[62,63], gene expression [64,65], DNA mutations [66,67], and, more
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generally, genome organization [68]. Further improvements and at-
tempts are therefore well worthwhile for the broad perspectives and
possible applications in several research fields, addressing to the design
and development of more complex nanostructures with appealing
properties for sensing and nanotechnological devices.
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