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Abstract

The emergence of 2D SERS substrates with large areas of hot spots has enabled data to be gathered at large
scale. This work presents a statistical tool for analysing large amounts of SERS data by utilizing a peak-
fitting model in a specific spectral range. By analysing the distributions of Raman intensities and peak
positions it is possible to directly inspect the interplay between DNA and 6-mercapto-1-hexanol on gold
covered nanopillars. It is demonstrated that optimised functionalization parameters can be extracted from the
Raman spectra directly. Using the peak-fitting approach it is possible to avoid miss-interpretation of intensity
histograms, where contamination might contribute with an enhanced background and not a peak.
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Introduction

Surface Enhanced Raman Spectroscopy (SERS) is a sensitive technique for detection of molecules. Based on
inelastic scattering of light and high enhancement of electromagnetic fields SERS has been used for single
molecule detection of many substances [1—4]. Traditionally, SERS has been achieved by clustering of silver
or gold nanoparticles [5,6], but recent advances in nanotechnology have enabled fabrication of SERS
substrates with 2D arrays of homogeneous nanostructures suitable for electromagnetic field enhancement. In
the vast majority of nanoparticle SERS studies only few (n<10) Raman spectra are recorded and analysed.
This is due to the inherent nature of nanoparticle clusters, which only form in small areas on solid supports.
The development of 2D substrates with large areas of hot spots has enabled an easy way to obtain
statistically significant amounts of data. The distribution of SERS intensities arising from hot spots varies
greatly due to the highly localised electromagnetic field enhancement factors between metal surfaces in close
proximity [5]. Etchegoin et al. [7] argue that the statistical behaviour of SERS intensities follow a long/heavy
tailed distribution, which has likewise been observed by other groups [8,9].

In this study we report on the statistical analysis of large area mapping of SERS data (n=300) collected from
an in-house developed 2D SERS substrate. We investigate the interplay between thiolated DNA and 6-
mercapto-1-hexanol (MCH) on a gold covered silicon nanopillar surface using a developed peak-fitting
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model. The interaction between self-assembled monolayers (SAMs) of MCH and immobilised DNA strands
on silver or gold surfaces has been widely used in biosensing assays [9—-12]. MCH helps maintaining the
biological activity and availability of the DNA strand by blocking remaining gold binding sites, thus
preventing unspecific binding. Unspecific binding of unwanted molecules and of DNA sugar phosphate
backbone is prevented by MCH SAMs. In this study we argue that optimised functionalization parameters of
the gold nanopillars can be found directly by inspecting the combined spectra of DNA and MCH. To achieve
this we use a peak-fitting model on the 300 spectra in each sample.

2
Experimental

2.1

Materials

A 75-mer DNA strand was purchased from DNA Technology A/S (Aarhus, Denmark) with the sequence:
5’-ATA CGA GCT TGT TCA ATA CGA AGG GAT GCC GTT TGG GCC CAA GTT CGG CAT AGT
GTG GTG ATA GTA AGA GCA ATC-3". It was modified with a Ce-S-S linker in the 5’-end. Illustra
MicroSpin G-25 Columns (27-5325-01, GE Healthcare) were used for purification of the DNA. Molecular
biology grade water (Sigma-Aldrich), 99 % ethanol (Sigma-Aldrich), 1x Phosphate Buffered Saline (1xPBS)
(Sigma-Aldrich), TCEP*HCI (Pierce) and 6-mercapto-1-hexanol (TCI Chemicals) were all used as received.
Eppendorf DNA LoBind™ micro tubes and LoRetention™ pipette tips were used when appropriate.

2.2

Fabrication of SERS substrate

Gold-coated silicon nanopillars were fabricated in accordance with previously published methods [13]. A 4”
silicon wafer (<100>, single-side polished, boron doped) was etched for 4 min in a mask-less Reactive lon
Etch (RIE) (STS ICP Advanced Silicon Etcher, SPTS Technologies) at -10 °C followed by a 1 min O,-
plasma cleaning procedure. This created randomly distributed silicon nanopillars, which were subsequently
covered with app. 200 nm gold using e-beam evaporation (Alcatel SCM 600: 8 kV acceleration voltage, 10
A/s deposition rate). The nanopillars had height and diameter of about 500 nm x 100 nm. After fabrication,
the wafer was diced into smaller pieces (roughly 4 mm x 4 mm). When the nanopillars were dried from a wet
state, they formed small clusters of leaned pillars where the hot spots are created. This SERS substrate is
reliable for creating reproducible 2D arrays of electromagnetic hot spots with similar enhancement factors
[13,14].

2.3

Surface functionalization

Enhancement of the Raman signal happens between the narrow gaps of metal surfaces. On this substrate
these spots occur when pillars lean towards each other, creating a narrow gap between two gold heads.
Therefore molecules of interest must be caught in these hot spots. Since the DNA has a disulphide (S-S)
modification it is possible to target the gold selectively to the silicon by breaking this bond into individual
thiol (-SH) bonds. All incubation steps were performed without stirring and at room temperature. The steps
of the functionalization procedure are shown schematically in Figure 1. Firstly, the surface is cleaned (Figure
la) to remove organic contaminants and enhance wettability followed by DNA immobilization (Figure 1b/c)
and MCH backfilling (Figure 1d).
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Figure 1: Schematic representation of the functionalization protocol. The thiolated DNA strand is firstly physically
adsorbed to the clean nanopillar gold surface (a, b). Further incubation allows the thiol group to form a covalent-like
bond to the gold (c), which is the rate-limiting step. Backfilling with 6-mercapto-1-hexanol lifts the DNA from the
surface and blocks the remaining gold binding sites (d) to prevent unspecific binding ensuring complete functionality of
the DNA.

2.3.1

Pre-treatment and cleaning of substrate

Prior to any surface functionalization the chips were cleaned in O»-plasma for 35 seconds at 0.5 mbar oxygen
pressure (Plasma cleaner ATTO, Diener Surface Technology) followed by immersion in ethanol and H,O
respectively (3 min each). This removed any organic contaminants that might have accumulated since
fabrication, and at the same time made the gold surface hydrophilic. From this step onwards the chips were
not allowed to dry until the final step, since this would have facilitated irreversible leaning of the nanopillars,
making it difficult to trap molecules in hot spots.

2.3.2

Conjugation of DNA to Au nanopillars

The disulphide bond of the DNA 5’-modification was reduced to two individual thiol (-SH) functional
groups by mixing 100 ul (5 uM in H,O) DNA solution with 100 pl (500 uM in H,O) TCEP<HCI solution.
After 60 min incubation the solution was purified on Illustra MicroSpin G25 columns to remove small non-
DNA molecules. The cleaned, wet chips were immersed into the purified solution after addition of 300 pl
1xPBS and incubated with varying incubation times (0 min to 240 min). The final DNA concentration was 1
pM.
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Backfilling with MCH

The chips were transferred directly to the MCH solution to ensure blocking of the remaining gold binding
sites. Both the concentration of MCH and the incubation time were varied (0 pM to 2000 uM in H,O and 0
min to 120 min respectively). MCH was chosen due to its identical length to the Cs-spacer on the DNA,
which should ensure complete functionality of the DNA by forming a mixed monolayer [15].
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Raman instrumentation

After the final surface functionalization step the chips were allowed to dry under ambient conditions in order
to perform Raman measurements. Raman measurements were taken shortly after drying using a DXR™
Raman Microscope (Thermo Scientific) with the following settings: 50x optical objective (1.6 um spot
diameter), 780 nm excitation wavelength, 0.1 mW laser power and 25 pum slit width within the spectral range
of 500-2000 cm™'. Each sample was measured in a 30x10 point mapping configuration with 2 um step size in



both directions. The collection time for each of the 300 mapping points was 1 s. All maps were taken near
the centre of the 4 mm x 4 mm chips. The intensity of the Raman signal was manually focused before each
map was collected. The raw data (without any background correction) was obtained via the OMNIC 8
software package (Thermo Scientific) and was analysed using MATLAB (MathWorks®). All spectra shown
have been offset for clarity. All data analysis was carried out on raw data.

2.5
Data analysis model
The use of a 2D SERS substrate enables quick gathering of large amount of data compared to traditional
nanoparticle SERS. In order to analyse the entire dataset a peak-fitting model was employed on a given
spectral range depending on the peak of interest. A spectrum was modelled as

Np

FG) =) AmiC0 +b(x) +e
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where f(x) is the measured spectrum, x is the Raman shift wavenumber, p;(x) is the peak model for the i’th
peak, A; is the amplitude of the i’th peak, N, is the number of peaks, b(x) is the background model and € is
the noise model. The peak model used in this work is a pseudo-Voigt function commonly used within
vibrational spectrum modelling. It consists of a linear combination of a Lorentzian and Gaussian shaped
curves defined as [16]

p(x' X0, W, 7)) = TIL(x' Xo, (1)) + (1 - T])G(X, X0, (1))

where w is the width of the peak and 0 < 1 < 1 is a shape parameter. The Lorentzian curve is defined as
1
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and accounts for the response from vibrational states of a molecule. The Gaussian curve is associated with
vibrational noise and is defined as

In2 )
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The background was modelled as a linear correction in the spectral window analysed and the error is
assumed normally distributed. Prior distributions of the remaining parameters are required for Bayesian
inference to be eligible. Appropriate and flexible choices are

A~T (Aar Ab)

xo ~ N (o, 09)

w ~ I'(wg, wp)

n~B(1,1)
where I’ is the gamma distribution, N is the normal distribution and B is the beta distribution. Metropolis
Hastings sampling algorithm [17,18] was used for model inference. It was run with 10° iterations and a
burn-in of 5 - 10* iterations. An example of a fitted peak is shown in Supplementary information S1.

3
Results and discussion

3.1
Effect of varying DNA incubation time



The effect of different incubation times of thiolated DNA on the gold SERS substrate was firstly
investigated. After incubation in DNA solution the samples were quickly dipped twice in H>O to remove
unbound molecules and prevent salt aggregation. Figure 2 shows the average (n=300) spectra for varying
incubation time of DNA. The figure shows a zoom of the region of observed peaks (full range spectra in
Supplementary information S2). Even after only five minutes in the DNA solution a significant signal is
seen. Increasing the incubation time seems to sharpen and enhance the spectrum, even though little
improvement is seen after 15 min incubation. Each individual spectrum was subject to peak fitting in the
range of 1230-1310 cm™ where the strongest DNA peak was observed. The data is visualised in the
histograms of Figure 3 where the left histogram shows the distribution of Raman intensities and the right
histogram shows the distribution of the centre of the fitted peaks. For 0 min the intensity distribution is
skewed towards low intensities and the centre distribution is very broad and almost uniform. This means that
the model was unable to fit one particular peak at a specific wavenumber. When inspecting the spectra
yielding a high intensity peak (data not shown), it became clear that some contamination from e.g. ambient
air and/or salt aggregation from the buffer solution used was present on the surface. This contamination was
seen to vanish when DNA and MCH was added to the buffer solution. This happens because the affinity of
these molecules towards gold is much higher than that of the contaminating molecules. At 5 min incubation
in the DNA solution, a distribution with a smaller width (i.e. lower standard deviation) in the peak position
arises. It is still broad, but clearly centred close to 1280 cm™ as observed in the average spectra. An
interesting observation is though that the intensity distribution already at this point becomes heavy tailed
towards higher intensities. By increasing the incubation time the peak position distribution becomes
narrower around the 1280 cm™ peak and the intensities becomes higher. However not much change in the
histograms is seen after 30 min incubation, which tells that the surface has been fully covered with DNA at
this point.

Even though a signal is seen after a short (5 min) incubation time a prolonged incubation might be more
suitable. The purpose is to allow the thiol modification to form a covalent like bond to the gold, which is the
rate-limiting step. When the DNA initially comes in contact with the gold nanostructure its sugar-phosphate
backbone physically adsorbs onto the surface. The nitrogen in the backbone might even form weaker
coordinate bonds to the gold [15]. By allowing a prolonged incubation time the formation of the intended
thiol-gold bond can be obtained. Literature reports on incubation time of about 1-24 hours for strong DNA-
gold binding [9,15,19,20]. We chose 120 minutes incubation to allow sufficient time for the formation of the
thiol-gold bond, even though we see no significant change in the fitted peak parameters after 30 min.
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Figure 2: Average spectra of n=300 spectra for different incubation times of DNA. The negative control (dark blue) is
clearly distinguished compared to even 5 min incubation (red) of DNA. The peak at 1280 cm™! becomes sharper as the
incubation is increased to 15 min (green). Further increase in incubation time shows only a minor sharpening of the
1280 cm! peak and no change in the general spectra.
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Figure 3: Histograms of fitted Raman intensity (left) and the fitted peak position (right) for varying incubation time. At
0 min the model struggles to fit a peak in the given range (seen by low intensities and very broad peak position
distribution), but already at 5 min incubation in DNA a peak position distribution around 1280 cm™' appears. Likewise
the intensities are higher than for 0 min and the intensity distribution is seen to become heavy-tailed. The peak position
distribution is further sharpened by increase to 15 min incubation, but no dramatic change is observed for the intensity.

3.2

Effect of varying MCH concentration on DNA signal

Secondly, the influence of MCH on the DNA spectra was investigated. Pure MCH shows a minor peak at
1300 cm™ in the average spectra (Supporting information S3), which could have influence on the 1280 cm™
DNA peak. The concentration of MCH was varied from 0-2000 uM and incubated on the DNA
functionalised substrates for 60 min. The histogram of Raman intensity and centre of fitted peaks are shown
in Figure 4. Here a clear trend is observed: higher MCH concentrations leads to a shift in the peak position
from 1280 cm™ towards 1300 cm™. In combination the peak intensity is seen to clearly decrease as a function
of the MCH concentration. Inspection of the individual spectra (data not shown) reveals that the intermediate
peak (e.g. at 100 uM) is in fact a poorly resolved double peak. Due to the resolution of the spectra the peak-
fitting model fits only one peak to this double peak. Despite this, the transition from a pure DNA signal
towards an MCH dominated signal is clearly seen from the histograms. Pang et al. [20] argues that it is
important to maintain the DNA peaks in the spectra (when combined with MCH), in order for the DNA not



to be relocated/removed from the surface by MCH SAMs by ligand exchange reaction. At the same time the
MCH should also be observable in the spectra. For these reasons 50 uM seems to be the most reasonable
compromise between the two, which is also backed up by another MCH specific peak; namely a double peak
at 1060 cm™ and 1085 cm™. Applying the model to fit both of these peaks in combination yields the
histograms shown in Figure 5. Here is should be noted that even for very small concentrations of MCH (5-10
uM) the model is able to find the double peak, which was not evident from the average spectra (Supporting
information S4). At these concentrations the peak position distributions are however broad compared to
higher concentrations and the Raman intensities are lower.

At 50 pM the histograms shows a clear difference compared to lower concentrations in that the intensity
becomes clearly divided into two different distributions, which is evidence of a double peak (with one peak
being stronger than the other). Likewise the peak position distributions become sharper revealing that a more
consistent peak is present in the spectra. This, in combination with the peaks fitted for the 1280 cm™ peak,
allowed for the selection of 50 uM as an optimal concentration for this set of experiments.
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Figure 4: Histograms of fitted Raman intensities (left) and peak position (right) of the DNA peak at 1280 cm™! for
increasing MCH concentration. A clear trend is seen as the MCH concentration is increased: the peak moves towards
1300 cm™! while the intensities are decreased. This shows that applying too much MCH on the nanopillars will dominate
the DNA signal or even remove the DNA by a ligand exchange reaction.
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Figure 5: Histograms of fitted Raman intensities (left) and peak position (right) of the MCH double peak at 1085 cm’!
for increasing MCH concentration. It is observed that for 50 uM the double peak becomes very distinct, in that the
intensity distributions become separated. This is evidence of a double peak where one peak is taller than the other. At
this concentration the 1280 cm™! DNA peak in Figure 4 is only slightly shifted, which implies that the DNA is not
dominated by MCH.
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Effect of varying MCH incubation time

Lastly, the effect of the MCH incubation time was investigated; the 50 uM concentration was applied for O-
60 min and the spectra were obtained. By inspecting the histograms obtained from the peak-fitting model in
Figure 6 it is seen that even very short (5 min) incubation time yields a spectra very similar to that of very
long (120 min) incubation time. This reveals that MCH is very quick in binding to the gold surface. This
very short incubation time should be suitable for MCH even though a covalent-like bond must be formed.
This is due to the short length of the molecule and the capability of forming SAMs, which act as a seed for
other molecules.
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Figure 6: Histograms of fitted Raman intensities (left) and peak position (right) of the MCH double peak at 1085 cm’!
for increasing MCH incubation time. It is seen that 5 minutes incubation yields the same peak distributions as for 120
minutes incubation. This clearly indicates that MCH is quick at forming SAMs on the nanopillar surface.
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Conclusion

We have demonstrated statistical analysis of a large amount of SERS data to directly inspect the chemical
functionalization of a SERS substrate. This was achieved by employing a peak-fitting model to a specific
region of the Raman spectra. By observing changes in the distribution of Raman peaks it was possible to
investigate the interplay between DNA and MCH for varying concentrations and incubation times of MCH.
Furthermore, it confirms the classical thiol-gold reaction mechanism from studies on flat gold substrates on a
nanostructured surface. This work demonstrates the strengths of statistical analysis of SERS data compared
to conventional methods of obtaining only single spectra or averaging an ensemble. By using peak fitting
rather than the raw data it is possible to eliminate variations due to enhanced background originating from
contamination.
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Supplementary information

S1. Example of fitted peak

Figure S1 shows a fitted peak in a given spectral window. The background was modelled as a straight line as
shown in the figure. The model is seen to accurately fit the peak in the spectral range in which it was applied.
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Figure S1: Example of a fitted peak using a pseudo-Voigt model and a linear background. The fit is seen to accurately
model the data with the spectral noise.



S2.
Full range average (n=300) spectra of DNA immobilized on gold nanopillars

Figure S2 shows the average spectra of varying incubation time of DNA on the gold nanopillar surface. No
particular Raman activity is observed outside the 1000-1750 cm™ range showed in Figure 2.
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Figure S2: Full range average (n=300) spectra of DNA functionalised nanopillars for varying incubation time.

S3.
Full range average (n=300) spectra of MCH immobilized on gold nanopillars

Figure S3 shows the average spectra 2 mM MCH incubated for 1 hour on cleaned nanopillars. A peak at
1300 cm™ and the characteristic double peak around 1085 cm™ are clearly seen. This is considered as the
“pure MCH” spectra when analysing DNA immobilized on gold nanopillars.
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Figure S3: Average spectra of 2 mM MCH on cleaned nanopillars. A peak at 1300 cm™ and the characteristic double
peak around 1085 cm™ are clearly seen.

S4.



Full range average (n=300) spectra of varying MCH concentration on gold nanopillars with

immobilized DNA
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Figure S4: Average spectra of varying MCH concentration on gold nanopillars with immobilized DNA. It should be
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noted that the characteristic double peak of MCH around 1085 cm™ is not observed until 50 pM.



