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ABSTRACT: A long-term reusable sensor that provides the

opportunity to easily regenerate the active surface and minimize Na*

the occurrence of undesired absorption events is an appealing Mg?*
solution that helps to cut down the costs and improve the device

performances. Impressive advances have been made in the past \_
years concerning the development of novel cutting-edge sensors, but —

the reusability can currently represent a challenge. Direct shielding

of the sensor surface is not always applicable, because it can impact

the device performance. This study reports an antiadhesive layer

(AAL) made of 90 mg/mL DNA sodium salt from salmon testes

(ssstDNA) for passivating gold plasmonic sensor surfaces. Our gold

two-dimensional (2D) nanostructured plasmonic metasurfaces

modified with AAL were used for DNA quantification. AAL is

thin enough that the plasmonic sensor remains sensitive to subsequent deposition of DNA, which serves as an analyte. AAL protects
the gold surface from unwanted nonspecific adsorption by enabling wash-off of the deposited analyte after analysis and thus recovery
of the LSPR peak position (rLSPR). The calibration curve obtained on a single nanostructure (Achiral Octupolar, 100 nm pitch)
gave an LOD = 105 ng/mL and an extraordinary dynamic range, performances comparable or superior to those of commercial UV—
vis spectrometers for acid nucleic dosage. Two different analytes were tested: ssstDNA (~2000 bp) in deionized water and double-
strand DNA (dsDNA) of 546—1614 bp in 100 mM Tris buffer and 10 mM MgCl,. The two nanostructures (Achiral Octupolar 25
and 100) were found to have the same sensitivity to DNA in deionized water but different sensitivity to DNA in a salt/buffer
solution, opening a potential for solute discrimination. To the best of our knowledge, this is the first report on the use of AAL made
of several kilobase-pairs-long dsDNA to produce a reusable plasmonic sensor. The working principle and limitations are drawn based
on the LSPR and SERS study.

1. INTRODUCTION resonance (LSPR), the working principle requires a close
proximity of the analyte to the metal surface acting as a
transducing element. The analyte at a few-nanometers distance
from the plasmonic area causes refractive index (RI) variations
detectable by evaluating the red shift of the plasmonic
absorption peak. Clearly, the RI variation is not specifically
related to the presence of the analyte of interest; anyway, the
specificity of the detection can be simply achieved by
immobilizing receptors on the metal surface, which allows
the exclusive capture of the target analyte.’™’

Inspired by popular protein antiadsorption layers on metal
oxides made of PLL—g—PEG,g’9 we chose a DNA sodium salt

Reusability is one of the most desired features of commercially
available sensors. Proper regeneration of the sensing surface
and the minimization of undesired absorption events can
currently represent an important limit for detection purposes,
despite the recent impressive advances made in the sensor
field, in particular for medical applications."” Covers or
membranes constitute a fundamental construction element
preventing damage or cross-talk, but they are not the optimal
solution to each case.

High-performance plasmonic sensors have been widely
appreciated in the past decades for their versatility and ability
to allow label-free, simple, sensitive, fast, and cost-effective
analysis, and the recent cutting-edge literature on the subject Received:  March 7, 2022
proves the still vibrant research interest in plasmonic systems Accepted:  May 12, 2022
for different sensing purposes.”” Published: August 30, 2022

Direct shielding of the plasmonic sensor surface is not an
effective strategy to limit unwanted absorption and/or favor
the reusability. In the specific case of localized surface plasmon
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from salmon testes (ssstDNA) as a protective antiadhesive
layer (AAL) for gold plasmonic sensing surfaces. It serves as a
very thin separation between the analyte and the sensor surface
and thus maintains the sensitivity of the plasmonic sensor. The
performances of the proposed AAL have been here tested by
exploiting a gold two-dimensional (2D) nanostructured
plasmonic metasurface for nucleic acid quantitation. The
monolayer of adsorbed DNA prevents further nonspecific
adsorption of subsequent DNA deposition, as already
suggested in the review on the physicochemical properties
governing the process of DNA adsorption onto gold by Liu."’
DNA interaction with gold and itself depends on many
factors."" In particular, gold-dsDNA interaction is relatively
much stronger in low-ionic-strength solution, as dsDNA
molecules repel each other due to negatively charged
phosphate backbones.'' Any kind of physisorption between
adjacent double-strand DNA (dsDNA) molecules in the dried
state is readily broken upon dissolving in water. The
monolayer of dsDNA adsorbed onto the sensor surface
(ALL) prevents further unwanted adsorption of other DNA
molecules.

The plasmonic properties of nanoscale systems and their
sensing performance are jointly determined by physicochem-
ical factors such as dielectric properties and the material
composition as much as geometric factors. For this reason, the
shape, size, period, and symmetry of the engineered plasmonic
nanostructure are designed to obtain enhanced field distribu-
tion at the desired wavelength'” or even the effective sensing
volume available for a particular analyte."*~'> Over the years,
our team had also empirically observed that some patterns of
specific pitches provide superior performance for a particular
analyte, and so we have developed LSPR- and SERS-based
sensors of molecules, biomacromolecules, and viruses, e.g.,
Thiram pesticide on Thue-Morse arranged triangular nano-
pillars,16 bovine serum albumin and imidacloprid insecticide
on iso-Y-shaped nanopillars,"”'® rotavirus on Achiral Octupo-
lar arranged triangular nanopillars,19 and hepatitis A on
pyramidal nanoholes.”® In this study, we explore the
functionality and limitations of AAL on a 2D plasmonic
photonic crystal—glass/ITO substrate with gold triangular
pillars arranged in Achiral Octupolar pattern with a pitch of 25,
50, 100, and 263 nm (AchOct 25/50/100/263). In this regard,
it has been shown that nanostructures based on unit cells with
octupolar tensor symmetry, such as inspired by trigonal and
tetrahedral molecules, allow for highly sensitive plasmonic
devices.”"*> Our nanopattern dimensions were chosen to be in
the order of magnitude of persistence length (40—120 nm salt
dependent™) and gyration radius of dsDNA (213 nm for
linear 5.9 kbp™*).

In this work we test the performances of our plasmonic chip
passivated with AAL, exploring the possibility of total nucleic
acid quantification. The calibration curve obtained by
exploiting the AchOct 100 metasurface was characterized by
an LOD = 105 ng/mL and an extraordinary dynamic range,
performances comparable or superior to those of commercial
UV—vis spectrometers for acid nucleic dosage.””> Moreover,
our reusable chips allow a sensitive detection without the need
for labeling or complex sample procedures as required for
other methods commonly used for DNA quantitation, such as
fluorescence-based assays.*

We also attempt to investigate the influence of the acid
nucleic size and the sample medium composition on the sensor
response by using DNA of different molecular weights in

deionized water, in a 100 mM Tris buffer and 10 mM MgCl,
salt solution.

It is important to note that the main purpose of this work is
to verify the suitability of our AAL for sensing purposes, and
for this reason we chose to perform a simple DNA
quantification, as proof-of-concept application. Specific se-
quence detection is a different goal already achieved by
plasmonic devices, as proved in the literature by different
works.”” In this case, the immobilization of RNA, single-strand
DNA, or DNA mimic as probes onto the plasmonic surface
allows the detection of complementary sequences by
annealing. The mentioned approach aims to propose novel
biosensors as a remarkable alternative to conventional nucleic
acid analysis commonly used to detect specific DNA/RNA
sequences of interest, such as real-time PCR.

To the best of our knowledge, we are the first ones to report
the use of several thousand kilobase-pair-long dsDNA as a
protective shielding for DNA quantitation by LSPR. Moreover,
we believe that AAL applicability could be extended to other
kinds of LSPR sensor systems, and it would be interesting to
investigate its suitability for the development of reusable
biosensors capable of specific detection, in the near future.

2. MATERIALS AND METHODS

2.1. Materials. DNA sodium salt from salmon testes
(ssstDNA) was bought from Sigma Aldrich, heterogenous
distribution ~2000 bp.”® The dsDNA of specific molecular
weight (PCR DNA: 546, 1064, and 1614 bp; 100 mM Tris 10
mM MgCl,) was self-prepared and checked with Agilent DNA
7500 Assay using the Agilent 2100 Bioanalyzer system—full
documentation available online (file PCR_DNA.pdf).

2.2. Fabrication. Nanostructured Au substrates were
fabricated by following a procedure identical to the one
already described.'” Briefly, 300 gm X 300 um Au
nanostructures were fabricated by a high-resolution electron
beam lithography (EBL) system (Raith 150 EBL system),
using a 78 nm layer of styrene methyl acrylate (ZEP 520A) as
positive resist. The resist was spin-coated on 2 X 2 cm glass
slides covered with a 15 nm indium tin oxide (ITO)
conductive layer and baked at 170 °C for S min. A 10.2 pA
electron beam with an area dose of 27 uC/ cm? was used to
generate an AchOct pattern consisting of a periodic array of a
main unit cell made of 3 big equilateral triangular Au
nanostructures with side 170 nm and another smaller inner
triangle with side 70 nm. Different minimum interparticle
distances between two neighboring unit cells were used to
fabricate this kind of structures: 25, 50, 100, and 263 nm. The
development of the resist layer after exposure was performed in
an n-amyl acetate solvent; then the substrates were incubated
for 60 s in 1:3 N-ethyl isobutyl ketone:isopropyl alcohol
solution (MIBK/IPA) and at last rinsed for 30 s in IPA. At this
point, 2 nm Cr and then 50 nm Au were evaporated on the
resist surface by a SISTEC CL-400C e-beam system. To
achieve the 2D nanopillar structures, the metal bilayer in the
nonexposed area was lifted off by soaking the substrates for 3
min in N-methyl pyrrolidinone (NMP) at 80 °C, and then IPA
was used for rinsing. The realized metastructures were
morphologically characterized by scanning electron micros-
copy (SEM) in order to verify their conformity in shape and
size to the designed project.

2.3. Antiadhesive Layer. ssstDNA was added to
deionized water to obtain a 90 mg/mL solution, then vortexed
and kept in the fridge for several days to dissolve. AAL was
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Figure 1. (a) Schematic representation of the sensor chip. Left to right: gold nanopillars on the glass/ITO substrate, passivation with AAL, and
DNA sample deposition. (b) Scheme of the achiral octupolar pattern: big prism side I = 170 nm, small prism side S = 70 nm, varied distance
between unit cells D = 25/50/100/263 nm. (c) Scanning electron microscopy image of AchOct 100.

done by depositing a 90 mg/mL ssstDNA solution on the chip
and leaving it to dry overnight before rinsing the chip with
deionized water vigorously. The same procedure was then
repeated. The second step was necessary to ensure DNA
coverage in case of any defects.

2.4. LSPR Measurements. As previously described,'® the
spectral shifts of the LSPR peaks were measured using an
experimental setup consisting of a halogen lamp that provides
unpolarized white light to the nanostructured pattern by the
use of a 10X (N.A. 0.25) objective (a circular light spot of
about 400 ym). The transmission signal was collected by a
fiber with a core of 50 um coupled with a spectrophotometer
(Ocean Optics USB4000, optical resolution ~1 nm). The
mean extinction spectra were calculated from at least 3
measurements achieved by moving the collection fiber on
different areas of the nanostructures, and the LSPR shifts
obtained under the different experimental conditions were
estimated.

2.5. Calibration Curve. On the Achiral Octupolar 100, we
constructed a calibration curve by a 0.5 mL droplet deposition
of ssstDNA within the range of 100 ng/mL—90 mg/mL in
deionized water onto a chip with the AAL and evaporation in
ambient conditions. Subsequently, the LSPR shift was
measured. In between each measurement, the chip undergoes
a recovery protocol as described below. No degradation of the
chip performance was observed when using ssstDNA.

2.6. Recovery Protocol. To recover the LSPR back to its
AAL peak position, we simply apply a couple of vigorous rinses
with acetone and deionized water to wash off the analyte,
leaving only the AAL. After each recovery, the chip is left to
dry under a ventilation hood, and LSPR measurement is made,
indicating the recovered LSPR peak position (rLSPR).

2.7. PCR DNA and ssstDNA Comparison. Onto a chip
passivated with AAL and containing AchOct 25/50/100/263,
we drop-cast 0.5 mL of 1 pg/mL ssstDNA and measure the
LSPR shift after drying. Then, we follow the recovery protocol
in order to measure the rLSPR (3 times). To perform a
comparison, we repeat the same procedure using PCR DNA:
drop-cast 0.5 mL of PCR DNA, evaporate, measure the LSPR
shift, recover and measure the rLSPR, in the following order:
1064, 1614, and 546 bp.

31684

2.8. SERS Measurements. SERS analysis was performed
with the Raman system (QE Pro-Raman, Ocean Optics,
resolution 4 cm™') connected to an upright microscope
(Olympus BXS1) in a backscattering configuration (30—120 s
acquisition time, SOX microscope objective with N.A. 0.75,
laser wavelength of 785 nm, and power of 12 mW). For the
SERS measurements, we perform oxygen plasma cleaning on
the Achiral Octupolar 100 chip to remove the AAL and leave
the chip bare. Then, we drop-cast, evaporate, and measure the
SERS signal of 1 pg/mL ssstDNA that was previously
sonicated. Finally, we store the chip (with sonicated ssstDNA)
in the fridge in a closed container filled with acetone for 72 h
to dehydrate the sonicated ssstDNA.

2.9. Data Analysis. The LOD calculation is described in
Suporting Material eq 1. The solutions in mg/mL range create
a thick layer on the nanostructure, which lowers the intensity
of the light transmitted. It lowers the signal-to-noise ratio and
causes potential concerns about thin film interferences. In
order to verify this, we performed additional analysis of the
Lorentzian fit (Figure S2) and the residuals (Figure S3) for all
of the measurements presented on the calibration curve. The
full description can be found in the Supporting Material. In
short, we show that the LSPR peak position found by using a
minimal transmittance and Lorentzian peak fitting differs on
average by #+1.1 and +1.8 nm (for rLSPR and DNA
measurements, respectively; Figure S4), which can be
disregarded compared to the standard deviation of the
measurements.

3. RESULTS AND DISCUSSION

Chips made of glass/ITO substrate with triangular gold
nanopillars arranged into the AchOct pattern (2D photonic
crystal) and the gold surface passivated with AAL were used to
perform LSPR and SERS measurements of the DNA samples
(Figure 1la). In the context of nonlinear optics, the term
octupolar is related to the 3-fold symmetry and its implication
for the quadratic nonlinear susceptibility tensor that is
responsible for second harmonic generation. An octupolar
pattern can exhibit very interesting optical properties,
especially in its interaction with polarized light. Moreover, its
rounded-off shape facilitates its packing in a periodic and
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compact lattice, as opposed to the less favorable elongated rod-
like dipolar molecules."””” The octupolar arrangement was
used previously by our team for phage-based SERS detection
of pathogens.”” In this paper, starting from an Achiral
Octupolar cell, we have optimized the design by varying the
nanostructure pitch (D = 25/50/100/263 nm) within the
regime of the DNA hydrodynamic radius and persistence
length (both molecular weight dependent). The scheme
(Figure 1b) and SEM image (Figure 1c) of the used AchOct
structure are presented. The pattern unit cell is composed of a
small prism (S = 70 nm) and big prisms (L = 170 nm) spaced
by D = 25/50/100/263 nm for AchOct 25/50/100/263,
respectively.

We present the following results using a mass concentration
rather than a molar concentration, which is readily comparable
with other methods—several pg/mL is the typical detection
limit for a standard UV—vis spectrophotometer and can be as
low as 0.4 pug/mL for Nanodrop 2000c with a 10 mm patch
cuvette.”

It is important to point out that passivation of the
nanostructure with AAL causes a red shift of 18.7, 26.5,
18.1, and 28.1 nm for AchOct 25, AchOct 50, AchOct 100, and
AchOct 263, respectively (Figure S1 in Supporting Material).
This proves both the presence and the nanoscale thickness of
AAL. ssstDNA was chosen due to its optimal molecular weight,
commercial availability, and low salt content, and adjusted to
the concentration of the DNA liquid-crystal regime.”’ Both the
molecular weight and concentration of DNA play an important
role in AAL formation; indeed, they influence the packing
density, degree of dehydration, and subsequent denaturation
upon adsorption onto the surface.

3.1. Calibration Curve and LSPR Regeneration. To
verify the performance of AAL, we construct a calibration
curve as presented in Figure 2, which gives a logarithmic fit
that covers the range from hundreds of ng/mL to several mg/
mL. The recovery and evaporation processes are independent
of each other. There is some randomness related to the
evaporation that should be qualitatively investigated in the
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Figure 2. Concentration-dependent LSPR-shift curve of ssstDNA
dissolved in deionized water, structure AchOct 100. Parameters of the
logarithmic fit in the inset: slope a = 18.24 nm, intercept b = 79.30
nm, determination coefficient R> = 0.98, and standard deviation of
residuals from the fit orgp = 5.40 nm. Fitting only up to 6 mg/mL
(limit of the dynamic range).

well-controlled chamber. For the scope of this study, we
simplify the experiment to the standard deviation of the blank
samples, rLSPR (o, spg = 2.26 nm; Figure 3), and so was
calculated our LOD = 105 ng/mL.

Achiral Octupolar 100
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Figure 3. Recovered LSPR (rLSPR) peak after measurement for each
concentration used to construct the calibration curve. The mean (u)
and standard deviation (o) of the rLSPR values are provided in the
inset.

Concentrations above several mg/mL upon evaporation
form white films that are visible to the naked eye (very viscous
solutions) and are known to form liquid-crystal phases.”* A fit
extended over such a range is quite surprising as it would seem
that mg/mL solutions should be well above the LSPR sensing
volume. Modes in the plasmonic cavities were shown to have a
decay length below 5% of the wavelength,®® while for gratings
of 100 nm AuNPs, the calculated characteristic decay length
was equal to 22.6 nm.”* We suspect that it is not simply a
matter of thickness of the deposited DNA that causes LSPR
shift, but also its packing density within the sensing volume,
which must be concentration-dependent, as could be expected
from the mentioned concentration-dependent liquid-crystal
properties. We also present measurements above saturation,
showing the LSPR-shift decline for concentrations of 60 mg/
mL (76 nm shift) and 90 mg/mL (51 nm shift). We excluded
these DNA concentrations from the fitting, because they
clearly deviate from the linear range of our system. For
concentrations of tens of mg/mL, the drying process is very
slow—overnight evaporation. After this time, a nontransparent
white bulk formed on the chip is visible. However, this is solely
a dry outer shell created at the air—DNA interface that slows
down water evaporation and keeps the volume within moist.
Decrease of the LSPR shift for 60 and 90 mg/mL is therefore a
contribution of the higher water content (smaller packing
density of the DNA) at the DNA-gold interface. Several mg/
mL might be the limit at which the droplet of DNA material is
still able to dry within full volume at room temperature in 24 h
without maintaining the residual moisture inside.

The rLSPR after each measurement is presented in Figure 3.
For over 10 measurements presented, the standard deviation of
the rLSPR peak was as low as 0,5z = 2.26 nm, which
highlights that our AAL and recovery protocol are reliable.

3.2. ssstDNA vs PCR DNA. We prepare a chip with AAL
containing 4 structures belonging to the AchOct family and
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with pitches of 25, 50, 100, and 263 nm. Firstly, we compare
the LSPR response of AchOct 100 on two chips—the LSPR
shift of 1 pg/mL ssstDNA is equal to 16 + 5 nm in one case
and 23 & 5 nm in the other. These results prove that the AAL
chip LSPR response varies from chip to chip (30% decrease in
this case). We predict that factors such as time, temperature,
and humidity play a role in AAL formation, and without a
controlled chamber we struggled to reproduce them perfectly.
By exploiting the 4-structure chip, we compare the LSPR
response to the ssstDNA (heterogenous distribution ~2000
bp) and dsDNA of homogenous distribution (546, 1064, and
1614 bp) in the 100 mM Tris and 10 mM MgCl, solution
(PCR DNA).

An evolution of rLSPR in chronological order is presented in
Figure 4. For 3 measurements with ssstDNA, the rLSPR peak

— AchOCt25; LSPRa4 =730 nm
12.5
—o— AchOCt50; LSPRay =739 nm
—— AchOCt100; LSPRas =734 nm
1007 L, Achoct263; LSPRay =752 nm
E 751
S
£ 5o
5 s
&
& 2.5
o
0.0
-2.5 1

AAL ssstDNA ssstDNA ssstDNA 1064 bp 1614 bp

measurements in chronological order

Figure 4. Evolution of the recovered LSPR (rLSPR) peak after each
measurement with respect to the LSPR peak after creation of AAL
(LSPR,,;) and x-axis in chronological order. The initial LSPR peaks
are provided in the legend.

stays within +3 nm for all 4 AchOct nanostructures, which is
consistent with the +2.26 nm for AchOct 100 (Figure 3). All
structures, besides AchOct 25, show a subsequent deviation
from the initial LSPR after deposition of PCR DNA.
Remarkably, AchOct 25 shows a good recovery of the LSPR
position by staying within +3 nm (blue curve, Figure 4), while
the rest deviates more strongly from the peak position
obtained with AAL (LSPR,,; ). We hypothesize a pitch-related
solubility of nanocrystals of Tris and buffer created during
evaporation. On the other hand, the length of the fully
extended DNA composed of 500—2000 bp spans 150—600
nm. The interplay between pitch and persistence length, which
is reduced when Mg>* promotes condensation through charge
neutralization,”>*> could also be considered. The effect of
solutes can be divided into directly on DNA, DNA—solvent,
DNA-DNA interaction, and DNA-—surface interaction.
Factors like ion binding sites,>® their competition,37 and effect
on local polarity,38 conformation,®” solvatation shell,* gyration
radius,”’ and interactions with the surface*” (which are all
simultaneously dependent on the sequence and length®) are
beyond the scope of this study and would have to be carefully
studied.

The deviation of rLSPR from the LSPR,,; by over 10 nm
(prior to the 546 bp measurement) may slightly alter the LSPR
response for nanostructures AchOct 50 and AchOct 263. As

detailed later on, their shift corresponding to 546 bp is similar
to that of 1064 and 1614 bp—same as for AchOct 25 and
AchOct 100. Moreover, the standard deviations of ssstDNA
and PCR DNA are similar, which proves that the 546 bp
measurement could not carry a significant error. Thus though
not ideal, we deem the 546 bp measurement as acceptable.
The LSPR shift for ssstDNA and PCR DNA is presented in
Figure S. Starting with AchOct 25, ssstDNA gives 16 + 4 nm

Achiral Octupolar

50 4
v ® DNA sodium salt
45 A v 1064 bp
° A 1614 bp
40 | ® 546 bp
A
— 35 1
£ -
= x
e 30 A
3 . s
X 251
n
-
201
15 A
10 A
AchOct25 AchOct50 AchOct100 AchOct263
structures

Figure S. LSPR shift for AchOct 25/50/100/263; all samples fixed to
1 pg/mL.

(746 + 4 nm peak position), while PCR DNA (average of 3
different molecular weights) gives 46 + 2 nm (773 + 1 nm
peak). AchOct S0 gave 12 + 4 nm (749 + 3 nm peak) for
ssstDNA and 29 + 2 nm (775 + 3 nm peak) for PCR DNA.
AchOct 100 gave 16 & 5 nm (750 + S nm peak) for ssstDNA
and 28 + 1 nm (765 + 2 nm peak) for PCR DNA. AchOct
263 gave 24 + S nm (775 + 5 nm peak) for ssstDNA and 32 +
4 nm (789 + 4 nm peak) for PCR DNA. Among the AchOct
family, we did not find a clear indication that shorter dsDNA
gives a different signal than the longer one—the standard
deviation of the LSPR response of ssstDNA is comparable to
that of 546/1064/1614 bp treated as 1 population (PCR
DNA). Thus, we conclude that our chip LSPR response is size-
independent within this molecular weight range, under the
given conditions and within this standard deviation. The
difference between PCR DNA and ssstDNA readings must be
caused by the presence of salt and Tris in a solution.
Remarkably, we found 2 structures that have the same LSPR
response to ssstDNA (16 + 4/5 nm) but differ by nearly a
factor of 2 for PCR DNA (46 + 2 and 28 + 1 nm)—AchOct
25 and AchOct 100, respectively.

Based on our experience of working with AAL, we state that
a small rLSPR is not an absolute condition for a correct
measurement. Application of harsher recovery protocols
allowed us to keep rLSPR within +3 nm of LSPR,,;, but
the measurements had a much larger standard deviation—
suspicion of disruption/modification of the AAL. Thus, the
condition necessary for a reliable measurement is to not
influence AAL rather than obtain rLSPR as close as possible to
the LSPRy,; peak position.

Based on the preliminary results and Figure S, we notice that
increasing the pitch narrows down the difference between
ssstDNA and PCR DNA. More work is required in future to
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investigate the response for different salts. Moreover, an
investigation of the nanoscale salt-triggered condensation of
DNA in AAL and the deposited analyte with scanning probe
techniques should be simultaneously carried out.

3.3. SERS Measurements. Measurements of surface-
enhanced Raman scattering (SERS) were carried out to gather
more information about AAL. In Figure 6 we present the SERS
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Figure 6. SERS signal collected from the DNA antiadhesive layer on
the AchOct 25 structure. Offset for clarity.

signal collected from AchOct 25 with an antiadhesive DNA
layer. ssstDNA gives no well-defined SERS signal until it
explodes randomly and rapidly after tens of seconds of
irradiation, presenting various modes and their relative
intensities. This is a main obstacle in direct measurements of
unmodified, long dsDNA and was already reported.** The
observed signal evolution can be explained by the DNA
melting. While Raman-active vibrations’ evolution from pre- to
melting DNA was described in the literature for bulk DNA,*
we found no such relations in our SERS signal.

The random evolution of the signal in Figure 6 gives us the
information that there is no particular way of ssstDNA
monolayer fixation onto gold. There may be parts of DNA
exposed out of the plane or free to structural changes and/or
motion. Still, appearance of the signal with irradiation time
indicates a clear relation with temperature and, related to it,
changes in water content. The sonicated ssstDNA is severely
fragmented and thus much more prone to dehydration than
the long ssstDNA with its structure intact. We compare the
spectra of ssstDNA, sonicated ssstDNA, and sonicated
ssstDNA after acetone storage to gain insight into the
hydration effect on SERS spectra.

Very carefully, we try to identify large bands to unravel the
meaning of our random SERS signal. The antiadhesive layer is
composed of high-molecular-weight DNA molecules that have
a complex structure and hygroscopic property. Long DNA
chains physiosorbed on the surface have segments adsorbed
and segments exposed out of the plane of the gold surface. We
compare AAL to sonicated DNA—Dby sonication, we expect to
obtain smaller DNA fragments that would readily dehydrate
and adsorb planarly with no exposed segments. Finally, by
storing in acetone, we force the water loss and thermodynami-
cally promote DNA interaction with a metallic surface.

A hydration shell is crucial for the DNA structure,*® and it
was suggested that even at 0% relative humidity up to 5—6

molecules of water per nucleotide remain.”” Unfortunately,
water bound to DNA molecules is usually calculated by using a
OH stretching band above 3000 cm™, which our instruments
do not cover. Many reports mention the low-frequency region
(0—300 cm™) and its indirect connection to water through
DNA conformation.** ™’ In our experimental spectra, a large
band between 200 and 300 cm™" is present in AAL (Figure 6)
and sonicated dsDNA, but it decreases substantially after
storage of sonicated dsDNA in acetone (Figure 7). We found
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Figure 7. SERS signal collected from sonicated sodium ssstDNA
(green and red) and after storing the chip in acetone for 72 h (blue
and orange). Offset for clarity.

also a connection of this band to the bound water either
through DNA—DNA/substrate interactions or through DNA
conformation because it disappears after storing the chip in
acetone. To support the claim, we look at the other peaks in
the SERS spectra.

We identify 7 most prominent peaks present in both
sonicated DNA and after storing in acetone, respectively: 380
and 391 cm™, 727 and 710 cm™" (adenine), 853 cm™" both,
1001 cm™" both, 1126 cm™ both, 1236 cm™ both, and 1373
and 1389 cm™' (adenine). If the difference between the peaks
is smaller than 4 cm™', we assign them the same value due to
our instrument resolution. We do not attempt to assign other
vibrations than adenine—for such studies we refer the reader
to experiments carried out with short poly- or single strands
with known sequence.’’

There are three peaks shifted by over 10 cm™. Two of them
are typical peaks of adenine (727 and 1373 cm™"). The latter is
very sensitive to any changes, so we disregard it, but the former
is reported in many studies and thus serves as a good indicator.
The ring breathing mode of adenine can be found in several
SERS DNA label-free studies: 732—730 cm™' upon base
pairing,53 723 cm™,°** 735 cm™,*° and every single SERS
adenine study. The peak position in different Raman
experiments is as follows: powder and aqueous adenine by
different teams (722 =+ 4 cm™};°%%° peak position for the same
material can slightly vary between teams due to equipment
calibration), bulk DNA melting (20 °C 729 cm™ to 93 °C 725
em™7), A- to B-form change (727 to 729 cm™1%%),
polarization dependence in oriented fibers (731 + 4 and 727
+ 2 cm™"?), adenine protonation at low pH (721 + 0
em™'%), and increasing Mg”*/DNA till 1:5 volume ratio
(727-722 cm™*°"). Note that acetone can preserve DNA for
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years®> or be used for DNA precipitation;®* therefore, our 10
cm™! shift cannot be caused by any chemical reaction, and the
stability of DNA in acetone is indisputable. Moreover, none of
the SERS and Raman studies above reported this peak below
721 em™}, regardless of the temperature, salts, and pH.

Similarly, the large shift of the ring breathing mode
presented in Figure 7 (shift of 17 cm™, from 727 to 710
cm™') was observed in 3 other studies: (1) +15 cm™, from
721 to 731 ecm™" in TERS (chemical interaction with the tip at
a tip—sample distance of 0 nm) and subsequently to 736 cm™
(mechanical pressure applied by the tip—sample distance d =
-1 nm),** (2) =15 em™' from —730 to 715 cm™' upon
electroplasmonic trapping of the sub-monolayer coverage of a
nanourchin (¢ potential —14.6 meV) in a nanohole under 1 V
bias,"” (3) —13 cm™!, from =729 to 716 cm™' upon
substitution of H,O by D,O. The third reports a similar
negative shift to ours solely by a substitution of the solvent;
thus, we focus on a possible solvent interaction with adenine.

Acetone is known to transfer electron to transition metal
dichalcogenides;66 if we calculate electronegativity with a
formula included therein and values for gas-state species—for
adenine: ionization potential (IP) = 8.3—8.5 eV®” and electron
affinity EA = —0.6—0 eV,"" we get = 3.85—4.25 €V; and for
acetone: IP = 9.7 eV and EA = —1.5 eV — 1.5 meV, we get y =
4.1-4.85 eV;**”° gold Fermi level E; = 5.5—-5.2 eV. Direct
adenine—acetone electron transfer is not likely. Substantial
shift to lower frequency should cause a decrease of electron
densit_y. Studies on bound anionic states of adenine in
water’"”* indicate that the shift may be caused by acetone
molecule penetration through the DNA primary hydration
shell and perturbation-bound anionic state (possible with-
drawal of electron density). We hypothesize that our —17 cm™"
shift in adenine and disappearance of the large band at 200—
300 cm™' indicate that even after evaporation of sonicated
DNA there was plenty of bound water and loosely fixated
DNA segments, and water was removed (DNA fixated)
successfully by acetone storage, which brings us to the
conclusion that there is plenty of bound water in AAL and it
plays a crucial role by preventing both a total denaturation of
DNA on the gold surface and physisorption of subsequent
DNA layers onto a monolayer.

4. CONCLUSIONS

We present an e-beam-fabricated achiral octupolar plasmonic
photonic crystal passivated with a novel antiadhesive DNA
layer. AAL was created by immobilization of DNA sodium salt
from salmon testes in a liquid-crystal concentration regime to
provide optimal surface coverage. Concerning the analysis of
ssstDNA in deionized water, the proposed LSPR system
passivated with AAL has an LOD of 105 ng/mL, and a
dynamic range up to several mg/mL was reached. AAL red-
shifts the LSPR by on average 22.8 nm with respect to the bare
chip, which supports the nanoscale thickness claims. However,
immobilization onto different chips results in the LSPR
response varying by 30%, indicating a need for a controlled
chamber. Our recovery protocol is quick and requires only
deionized water and acetone. It recovers perfectly after
evaporation of the low-ionic-strength solution (5% NaCl/
DNA content), yet its reusability is limited in case of a solution
with 10 mM MgCl, and 100 mM Tris. We found no DNA size
dependence on the LSPR signal within the range of 546—1614
bp based on measurements performed on the 4 nanostructures
with the same achiral octupolar arrangement, but a different

31688

pitch between unit cells (25, 50, 100, and 263 nm). On the
other hand, the LSPR signal was affected by the presence of
the salt and buffer. Within the achiral octupolar, we identified 2
structures (AchOct 25 and AchOct 100) that for a given
ssstDNA concentration return a similar LSPR shift in
deionized water, while the shift for DNA in Tris buffer and
magnesium salt differs by a factor of nearly 2. We collected the
SERS signal to investigate the antiadhesive layer working
principle and concluded that the antiadhesive property must be
related to the humectant property of DNA that ensures high
water content in ambient atmosphere after drying. This water
layer protects the monolayer of DNA adsorbed on the gold
from formation of subsequent DNA layers.

In the near future, we plan to work on the better
reproducibility of antiadhesive layer sensitivity and recovery
protocols for samples containing salts and buffers, and then
move on to simultaneous DNA and salt concentration
measurement.
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