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We report an easy and low-cost method for the preparation of highly homogeneous electroactive
substrates that can be used simultaneously for surface-enhanced Raman spectroscopy (SERS) and
electrochemical measurements. The choice of conductive indium tin oxide (ITO) as a substrate is based
on its excellent electrical conductivity and transparency. However, its typically high roughness makes the
subsequent metal deposition with traditional methods very challenging, making them time-consuming
and costly. To circumvent this problem, we developed a simple two-step procedure consisting of first
the deposition of a quasi-hexagonal pattern of homogeneously distributed gold nanoparticles (AuNPs)
by block-copolymer micellar lithography on ITO. Subsequently, the AuNPs act as seeds for further gold
growth by electrodeposition on the pre-patterned ITO substrate. In this way, we reproducibly achieved
substrates (>50) with an average gold coverage of (40 + 5) % and many hot spots due to a small
average inter-particle distance of (15 + 5) nm. These substrates exhibit a strong and homogeneous
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Accepted 26th January 2023 mercaptobenzoic acid. Moreover, the electrochemical performance of the developed conductive SERS
DOI: 10.1039/d2ma00914e substrates was demonstrated using a Michael addition reaction monitored by Raman scattering. This

reaction occurs between the hydroquinone/benzoquinone redox pair and a biologically relevant analyte,
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Introduction

Surface-enhanced Raman spectroscopy (SERS) is a fast, non-
invasive technique with excellent molecular fingerprinting cap-
abilities, also at room temperature, and amplifies by several
orders of magnitude the vibrational Raman signals of molecules
on substrates that exhibit localized surface plasmon resonances."
In fact, SERS can boost Raman sensitivity to enable the detection
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but only takes place in one of the redox states of the hydroquinone/benzoquinone system.

of very low concentrations of analytes even down to the single-
molecule level.”™ For these reasons, SERS is increasingly used in
many different fields for a wide variety of applications, such as
materials science, biology, diagnostics, biomedicine, forensic
science, etc.’ A significant enhancement of the Raman signal
requires the presence of certain regions, called hot spots, which
correspond to small gaps between metal nanoparticles or nano-
scale surface protrusions. It is at these gaps or protrusions where
the electromagnetic field becomes strongly enhanced by the
lightning-rod effect, amplifying the Raman signal of the mole-
cules close to such motifs. The most used metals for SERS are Ag
and Au partly because, by proper nanostructuring, they can
exhibit localized surface plasmon resonances in the whole spec-
tral range from visible to infrared wavelengths.* There are many
reported procedures to create small gaps between metallic parti-
cles in the range of nanometers. The current methods are either
too fabrication-intensive or lack reproducibility from one sub-
strate to another and/or display insufficient homogeneity across
the substrate. One of the most attractive surface shapes for SERS
substrates is particles with flower-like motifs, mainly obtained by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrochemistry, because they are rough and full of hot spots.
However, with few exceptions,6 these substrates are difficult to
reproduce because the resulting particles are randomly distrib-
uted on the surface with poor control of the shape of the flower-
like motifs.”® Other methods involve the use of electron-beam
lithography, which allows for great reproducibility and control
over the hot spot formation, but it is very time-consuming and
expensive, which can be an obstacle to scale up."°

Although there is great interest in the preparation of efficient
SERS substrates,"" novel research directions are opening up by
adding a functionality to the SERS substrates if they are electro-
active. Such SERS substrates are particularly suitable for in situ
and/or in operando monitoring of electrochemical processes. For
example, the combination of SERS and electrochemistry has
been already implemented not only for the characterization of
pharmaceutical compounds,>™* carboxylates derivatives,'®
peptides,'®> polymeric materials'® or dyes like rhodamine,"”
but also for monitoring switchable redox molecules.'>'*"8
Redox molecular switches are molecules that, under an electro-
chemical input, show two or more discrete stable electronic
states, exhibiting different chemical or/and physical
properties."®>*> These molecules show great potential to be used
as logic gates in molecular electronics.">**** In this context,
further development of reproducible, easy-to-fabricate,
electroactive SERS substrates would certainly deepen our under-
standing of molecular switching processes, contributing to
improve the performance of future molecule-based electronic
devices.

The use of a conductive substrate has an additional advan-
tage. It allows performing the subsequent electrodeposition
steps, with the purpose of achieving precise control over the
average inter-particle distance, ie. the gaps between metal
protrusions, for the realization of hot spots. One approach that
fulfills these characteristics is the electrodeposition of metallic
nanoparticles on a conductive substrate, such as indium tin
oxide (ITO).>*2® However, due to its roughness, it is challen-
ging with the existing strategies to achieve a homogeneous
distribution of gaps and satisfying reproducibility.>”

In this work, we provide a possible solution by demonstrat-
ing the reproducible preparation of conductive and transparent
ITO substrates suitable for simultaneous SERS and electroche-
mical measurements. For this purpose, we have developed a
simple two-step procedure which, in the first step, involves the
deposition of gold nanoparticles (AuNPs) on ITO by using
block-copolymer micellar lithography (BCML) and plasma
etching.”®*® The so-formed quasi-hexagonal pattern of AuNPs
acts as seeds for further electrodeposition of gold on top of the
pre-patterned AuNPs, taking advantage of the conductivity of
the ITO substrate. Thus, by controlling the AuNP overgrowth
times, we achieved smaller inter-particle distances typically of
(15 + 5) nm, generating a surface with a collection of hot spots.
Substrates exhibit a strong and homogeneous Raman signal, as
determined by 2D maps performed with the standard Raman
tag molecule 4-mercaptobenzoic acid. More importantly, we
demonstrate the suitability of the developed conductive SERS
substrates for electrochemical applications by taking as an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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example the recording of the redox states, upon application
of an external potential, of a molecular switch based on the
hydroquinone/benzoquinone reaction, when a biologically rele-
vant analyte is electrochemically added.

Results and discussion

The fabrication of the homogeneous conductive substrates for
electrochemical SERS is based on a two-step process (Fig. 1).
First, a quasi-hexagonal array of AuNPs is formed on an ITO
substrate using the block-copolymer micellar lithography
(BCML) technique. This step involves the spin coating of the
solution with the micelles containing the gold precursor
(HAuCl,), which form a quasi-hexagonal array on the ITO
substrate. Plasma etching is used to reduce the gold, forming
the AuNPs at the sites of the micelles and getting rid of the
organic leftovers. In the second step, the AuNPs are overgrown
by additional electrodeposition of gold applying a constant
voltage yielding the Au@AuNPs/ITO substrate. For comparison,
we have also fabricated and characterized an ITO substrate with
the AuNP array deposited by block-copolymer micellar litho-
graphy, without further growth (AuNPs/ITO substrate) and a
bare ITO substrate with Au directly electrodeposited, without
the previous AuNP pre-pattern step (Au@ITO substrates).

To prepare the quasi-hexagonal AuNP arrays, polystyrene-
block-poly(2-vinylpyridine) (PS-b-P2VP) block copolymer was
dissolved in toluene, a non-polar solvent that has affinity for
the PS branch of the copolymer, forming micelles with the P2VP
units in the core surrounded by PS on the shell.>” Then, HAuCl,
hydrate was added to the solution and stirred until the metal
anion was entrapped inside the micelle cores due to electro-
static interactions with the protonated P2VP units. Deposition
of the polymer micelles on the ITO substrate was carried out by
spin coating, leading to a quasi-hexagonal arrangement of
micelles on the substrate. Subsequently, the polymer was
removed by oxygen plasma exposure, and AuNPs were formed
on the substrate by reduction of the Au salt that was inside the
micelles (Fig. 1). The patterning of quasi-hexagonal arrays of
AuNPs on glass and polymeric substrates has been previously
performed,*>*®° but as far as we know there are few examples
in literature that describe this process using ITO.*>*' We have
optimized the deposition of AuNPs on ITO by precisely con-
trolling the speed of the spin coating step at two different rates,
8000 rpm and 1000 rpm (Fig. 2B).

We found that for both glass and ITO surfaces, the lower the
spin-coating speed, the smaller the inter-particle distance. The
optimal condition to obtain the smallest distance between
AuNPs of ca. (68 + 14) nm on ITO was spinning at 1000 rpm
(Fig. 2B). Additionally, the quasi-hexagonal pattern was less
regular on ITO than on glass (Fig. 2A), most likely because ITO
is more than four times rougher than glass (Fig. S1, ESIT). This
makes this step more challenging to achieve reproducible
distances between particles.

The second step of the substrate preparation involves the
electrodeposition of metallic Au for the overgrowth of the

Mater. Adv., 2023, 4,1378-1388 | 1379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00914e

Open Access Article. Published on 16 February 2023. Downloaded on 4/15/2026 10:16:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

PS P2VP
—fic—cHt—bock-Fon—cn}-  HAuCk
Z >N Toluene
N | coating
P
P 4 - e k]
I
COREOR Growth of
s 20
AuNPs by
ST electrochemistry
3 1 —

Micellar
solution

Spin

View Article Online

Paper

/

o ITO glass

Plasma
etching

< >

Laser SERS signal

o %3 ﬁ’\’ 'e ?{
r b e

on?????'i}""??{
L "o

Functionalization
of Au with
—_—
electroactive
molecule

Fig.1 Schematic representation of the two-step procedure employed for the preparation of the homogeneous conductive substrates for electro-
chemical and SERS measurements. Step 1: spin-coating of micelles containing the gold precursor (HAuCl,) on top of an indium tin oxide (ITO) substrate,
followed by plasma etching to reduce the gold and form the quasi hexagonal array of AuNPs by the block-copolymer micellar lithography (BCML). Step 2:
overgrowth of the nanoparticles by electrodeposition of Au using a three-electrode cell, and further functionalization of the gold particles for

electrochemical-SERS measurements.
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Fig. 2 Representative SEM images of (A) glass and (B) ITO substrates with
AuNPs deposited by block-copolymer micellar lithography at two different
spinning speeds, showing smaller average distances between gold parti-
cles (d), as the velocity decreases.

AuNPs, to decrease the inter-particle distance (d). Two different
voltages, —0.6 V and —1.0 V, were tested using increasing
deposition times. Fig. 3A summarizes the best results obtained
for the processing of the pre-patterned ITO (i.e., with the quasi-
hexagonal array of AuNPs) at different times by applying
—0.6 V. The processing applying —1.0 V at increasing times

1380 | Mater. Adv,, 2023, 4,1378-1388

was also evaluated (Fig. S2, ESIT). To assess the effect of having
the pre-patterned AuNPs on ITO, we have also used a bare ITO
substrate to directly electrodeposit gold on top, yielding the
Au@ITO substrate (Fig. 3B). The electrodeposition was per-
formed using a three-electrode cell with a silver electrode as the
reference electrode (RE), a platinum wire as the counter elec-
trode (CE), and the ITO glass substrate (with or without AuNPs)
as the working electrode (WE). A 0.5 mM aqueous solution of
HAuCl,; was used as an electrolyte to overgrow the particles.
From SEM images, it was determined that the optimal proces-
sing condition is the application of a voltage of —0.6 V for 600 s.
Longer times up to 800 s were also evaluated (Fig. S3, ESIY),
obtaining non-homogeneous structures and, thus, verifying the
ideal conditions found for 600 s.

Fig. 4 displays the SEM images of the three different
substrates which were used for comparison. The Au-Au dis-
tances were averaged by taking 200 distances randomly
throughout the entire image (red histograms). The particle size
distributions were also estimated (blue histograms) by applying
Feret’s diameter approximation, which takes the longest dis-
tance between any two points within the irregularly shaped
particles as its diameter. This probably leads to a slight over-
estimation of the diameter but is a better approximation than
assuming that the particles are perfectly round. For a better
visualization of the particles morphology, SEM micrographs
with higher magnification are provided in the SI (Fig. S4, ESIT).

Fig. 4A represents the AuNPs deposited by block-copolymer
micellar lithography on ITO (AuNPs/ITO substrate), exhibiting a
high homogeneous particle separation of around (68 + 14) nm.
The results of the electrodeposition of Au directly on bare ITO
(Au®ITO substrate) are depicted in Fig. 4B, where the average

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative SEM images illustrating the optimization of the Au electrodeposition time at a constant voltage (—0.6 V) for (A) AuNPs pre-
patterned on an ITO substrate and (B) on a bare ITO substrate, using an aqueous solution of HAUCl,. Images are displayed in order of increasing times
from left to right.

inter-particle distance is very inhomogeneous at (34 & 54) nm. SERS-active substrate following the two-step procedure
Fig. 4C shows the resulting substrate developed as a (Au@AuNPs/ITO substrate). As reflected by the histogram, the
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Fig. 4 SEMimages, Au—Au inter-particle distance (red histograms) and average diameter of gold particles (blue histograms) of (A) an ITO substrate with a
quasi-hexagonal pattern of AuNPs deposited by block-copolymer micellar lithography (AuNPs/ITO substrate); (B) Au electrodeposited directly on bare ITO
(Au@ITO substrate) and (C) a patterned ITO substrate with quasi-hexagonal AuNPs and further overgrowth of Au by electrodeposition (Au@AuNPs/ITO).
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distance between particles has been substantially reduced to an
average of (15 £ 5) nm, which indicates its suitability as an
SERS substrate, as there will be many ideal distances for SERS
in the range of 10-20 nm and below. Moreover, the particle size
is different for each substrate, being (11 &+ 2) nm for the AuNP
seeds, (55 + 114) nm for gold directly electrodeposited on ITO
(Au@ITO), and (56 = 3) nm after the Au overgrowth step
(Au@AuNPs/ITO), as shown in Fig. 4A-C, respectively. This
increment in size will favour the appearance of local hot spots
and surface-plasmon resonance (SPR) signals because very
small particles on top of a substrate do not give a detectable
SPR.*>** In this regard, the covered area by gold increases for
the different substrates analyzed being 2.5% for AuNPs/ITO,
23% for Au@ITO and 42% for Au@AuNPs/ITO.

To ensure that the deposited Au particles present electrical
contact with the ITO and the substrate is still conductive after
the gold electrodeposition step, the surface coverage of gold
was analyzed. Consequently, gold was functionalized with the
switchable electroactive model molecule 11-(ferrocenyl)-
undecanethiol (FcC11SH) taking advantage of its thiol end
group. Molecules with a thiol functional group will attach
preferably to Au because the S-Au bond is very stable
(~50 kecal mol'),** forming a self-assembled monolayer
(SAM). Such a spontaneous organization of thiolate organic
molecules on the gold surface allows for tailoring the surface
properties at will.** After functionalization overnight immer-
sing the substrate in a solution containing the target molecules,
cyclic voltammetry was performed to ensure that the deposited
Au is in electrical contact with the ITO and to determine if the
switchable FcC11SH molecules were covalently attached to the
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gold. A bare Au/glass substrate with a 200 nm thick layer of gold
was used as a reference substrate. The cyclic voltammetry
measurements demonstrate that the deposited Au is indeed
in electrical contact with the ITO. Furthermore, the fact that the
current vs. scan-rate curves show a linear dependence (Fig. S5A,
B and D, ESIf) is indicative that the molecules have been
effectively adsorbed on the working electrode.*> Thus, the
FcC11SH SAM is anchored and stable on each of the three
substrates, namely Au/Glass, AuNPs/ITO and the developed
Raman-active substrate Au@AuNPs/ITO (Fig. 5A, B and D,
respectively). In contrast, Au directly electrodeposited on ITO
(Au@ITO) substrate does not show clear redox peaks shifting
with the scan rate. This is indicative of a non-stable electrical
contact of the electrodeposited Au with the ITO, together with
the FcC11SH molecules; which is translated to a non-linear
relation of the current vs. scan rate (Fig. S5C, ESIT). From all
these voltammogram curves, the gold surface coverages have
been calculated, which agree with the expected increment of
the gold area for each substrate (Table S1, ESIT).

To evaluate the electrical robustness of the Au-ITO contact
and the anchored molecules on the Au@AuNPs/ITO substrates,
40 switching cycles were performed at a constant scan rate of
0.1 V s~ " which showed high reversibility and reproducibility
(Fig. S6, ESIT). We point out that the results shown in Fig. 4 for
one Au@AuNPs/ITO SERS substrate are representative of a large
set of substrates (more than 50) and provide strong evidence of
the high reproducibility of our fabrication process. A statistical
analysis of this set yields an Au-Au mean distance and the gold
coverage average values of (15 + 5) nm and (40 £ 5) %,
respectively.
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Fig. 5 Cyclic voltammogram of 11-(ferrocenyl)-undecanethiol molecules attached to (A) a 200 nm thick layer of gold on glass (Au/Glass), (B) AuUNPs on
ITO substrates (AuNPs/ITO), (C) Au electrodeposited directly on ITO substrate (Au@ITO), and (D) Au electrodeposited on ITO substrate pre-patterned
with AuNPs (Au@AuNPs/ITO). Arrows indicate the direction of the increasing scan rate. TBAPFg 0.1 M in ACN was employed as an electrolyte solution.
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Fig. 6 Raman maps of 4-MBA molecules at 1070 cm ™ measured on the (A) electrodeposited gold on ITO substrate (Au@ITO) and (B) Au@AUNPs/ITO
substrate. The right panels show representative spectra obtained by integrating the Raman signal inside the square of the corresponding color in the
maps comparing strong hot spot areas (red) with moderate hot spots (purple) for each substrate.

Raman measurements were carried out to benchmark the
suitability of the different substrates for SERS spectroscopy,
comparing the four substrates characterized above, namely, the
AuNPs/ITO, Au@ITO, Au@AuNPs/ITO, and Au/Glass sub-
strates. By analyzing them, we demonstrate that the Au@
AuNPs/ITO substrate exhibits the best SERS performance. In
addition, both reproducibility and homogeneity of the SERS
signal in such substrate outperform that of the others, being
therefore, ideal for SERS experiments.

For SERS characterization, all four substrates were functio-
nalized with a conventional Raman tag molecule, 4-mercapto-
benzoic acid (4-MBA), whose Raman spectrum is well known
(Fig. S7A and B, ESIt) and has a thiol end group to form stable
SAMs on Au. As with other standard SERS tags, 4-MBA shows
intense SERS-activated vibrational bands, mainly ascribed to
the aromatic ring contribution. The peaks apparent in the
Raman spectrum at 1070 cm ™" and 1580 cm ™ *, both associated
with ring breathing modes,*® were chosen to identify the 4-MBA
molecules, as they are the most prominent ones. Their intensity
was employed to assess the SERS performance of the four
different substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry

After incubation of the substrates with the Raman tag
molecule to form the self-assembled monolayers, SERS mea-
surements were carried out in a 10 x 10 pm? area. The scans of
40 x 40 points using a 100x microscope objective and the
633 nm laser line with 2.5 mW excitation power (the 633 nm
laser was chosen because it yielded the best results, see the
ESIT) were performed. Thus, each Raman spectrum at each
measurement point was collected using an integration time of
0.5 s. Raman maps were obtained from the corresponding
large-area scans, by monitoring the peaks at 1070 cm™* and
1580 cm ™" of the 4-MBA molecule and collecting the spectrum
every 250 nm over the whole 2D image. Both, the continuous
gold surface of the Au/Glass substrate and the AuNPs/ITO
substrate did not yield any measurable Raman signal, due to
the lack of SERS hot spots. In the first case, this is due to the
high flatness of the gold surface, as it was deposited directly on
glass (see the AFM profile in Fig. S1, ESIf) and, consequently,
there are no hot spots (Fig. S7C, ESIt). In the second case, the
AuNPs/ITO substrate presents fairly small particles (11 + 2 nm
in diameter) separated by big distances (68 + 14) nm, hence,
not leading to SERS either (Fig. S7D, ESIf).

Mater. Adv., 2023, 4,1378-1388 | 1383
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Fig. 7 Plot of the signal-to-noise ratio at 1580 cm™ for the different
prepared substrates, functionalized with 4-MBA, in arbitrary points of the
measured area for the highly homogeneous conductive Au@AuUNPs/ITO
substrates and the Au@ITO; AuNPs/ITO and the Au/Glass substrates. The
label “dark/bright spot” represents areas on the scanned map with low/
high SERS signals, respectively.

In the case of Au@ITO and Au@AuNPs/ITO substrates, both
show a SERS signal associated with the 4-MBA Raman finger-
print. Several random areas of each substrate were evaluated,
and the results are summarized in Fig. 6. The distribution of
hot spots for the Au@ITO substrates is not homogeneous over
the scanned area (Fig. 6A), which can be explained by the
inhomogeneity of gold nanoparticles with a large deviation in
particle diameter (55 + 114) nm. For this reason, some analyzed
spots on the substrates do not give a detectable signal for 4-
MBA (purple spectrum). Conversely, the substrate that we have
developed as a useful tool for large-area homogeneous SERS
analysis clearly shows an enhancement of the signal all over the
scanned area. Raman maps exhibit highly uniform colors
(Fig. 6B), which demonstrates the improved performance of
these substrates for SERS with hot spots distributed homoge-
neously all over the substrate. Both the spectra of two different
regions, highlighted in the map (red and purple squares), show
the SERS signal, where the 4-MBA characteristic peaks can be
easily distinguished.

To illustrate the uniformity of the signal on the four sub-
strates, Fig. 7 represents the signal-to-noise ratio between the
intensity of the 1580 cm ™' peak with respect to the noise. The
bright spots (red) represent the stronger intensity of the
scanned area, whereas the dark spots (purple) are regions over
the same scanned area with a lower Raman intensity.

In addition, the histograms in Fig. S8 of the ESI} provide a
graphical representation of the intensity distribution measured
in the Raman maps of the different substrates studied in this
work. On the developed substrate Au@AuNPs/ITO (Fig. S8A,
ESIT), the spots with high intensity are found more frequently
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(i.e., on a larger number of pixels) compared to the other
substrates, in which most of the pixels are associated with
the lower intensities. Supporting these results, a quantitative
study of the homogeneity of the substrates on a middle-to-large
scale was carried out. Additionally, the variability of the SERS
enhancement on substrates Au@ITO and Au@AuNPs/ITO
was evaluated using the 4-MBA SERS signal, as summarized
in Table S2 of the ESLf The pre-patterned substrate
(Au@AuNPs/ITO) features the best performance showing the
lowest variability over the different area ranges (from ~1 pm to
~100 um), confirming that the developed substrate presents
an important improvement regarding SERS homogeneity and
reproducibility.

Finally, to exploit the conductive characteristics of the
developed homogeneous Au@AuNPs/ITO SERS substrates,
their discrete gold surfaces were grafted with the electroactive
redox thiolate hydroquinone (HQC4SH) to monitor the switch-
ing behavior using Raman-SERS signal as output. The inter-
facial reactions involving the grafted quinone molecules that
may occur are schematically depicted in Fig. 8. The SERS signal
of the hydroquinones is mainly ascribed to the aromatic ring,
whereas this signal is absent in benzoquinones. It is important
to remember that the longer the lateral chain of the hydro-
quinone, the smaller will be the available SERS enhancement,
as the electric field amplification in SERS decreases exponen-
tially with the distance to the “hot-spot”. For this reason, we are
using a short (four carbons) chain. The use of a twelve carbons
lateral chain was evaluated but no SERS signal was detected.

For the electrochemical-SERS measurements, we followed
the interfacial Michael addition reaction between the grafted
hydroquinone molecules with the biologically relevant analyte
L-cysteine. This reaction only takes place in the benzoquinone
state (oxidized state of hydroquinone) (Fig. 8).*”*® 1-Cysteine is
an amino acid found naturally in the human body and one of
the amino acids that are building blocks of the powerful
antioxidant glutathione. It is also found in many protein-rich
foods and is sold as a dietary supplement. The electrochemical-
SERS measurement will provide direct spectroscopic evidence
of the presence of the oxidation state and the analyte, through
the structural changes occurring in such reaction in real-time.

First, we followed the electrochemical induced reaction
between the r-cysteine with the hydroquinone/benzoquinone
redox pair, in solution, by cyclic voltammetry (Fig. S9, ESIT). As
shown in the ESLf the reaction only takes place when the
hydroquinone is first oxidized to benzoquinone, subsequently
reacting with L-cysteine (Fig. 8), but this reaction does not occur
between the reduced form, i.e. the hydroquinone.

Then, we repeated the procedure with the molecules forming
SAMs and combined cyclic voltammetry with SERS. We functio-
nalized overnight the gold surfaces of Au@AuNPs/ITO with a
solution of HQC4SH in ethanol. Cyclic voltammetry measure-
ments were performed to confirm that the redox molecules were
covalently attached forming a stable SAM. Indeed, the oxidation
and reduction peaks were visible at +0.18 V and —0.03 V,
respectively (Fig. S10 left, ESIT) which show a linear dependence
of the current with increasing scan rates up to 1 Vs~ (Fig. S10

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation of the interfacial Michael addition reaction between the hydroquinone/benzoquinone redox pair and the L-cysteine

molecule on a surface.*®

right, ESIt). This confirms that the molecules are strongly
anchored to the substrate and stable over time.

To demonstrate the suitability of the developed substrates
for electrochemical-SERS experiments, the different electronic
states of the SAMs were followed by SERS. The cyclic voltammetry
and SERS spectra were first acquired for the hydroquinone SAM
(Fig. 9 left, garnet curve). The cyclic voltammetry of the hydro-
quinone shows an adequate voltammogram, with the reduction
and oxidation peaks at the expected voltage. Thanks to the
stability of the SAMs, it was possible to measure the SERS
spectrum after recording the voltammogram. The garnet Raman
spectrum shown in Fig. 9 (right) is an average of the more
frequent “hot-spots” signals, over the scanned area, with two
main peaks centred at 1257 cm™ " and 1450 cm ™~ '. Hereafter, the
same substrate was immersed into a 3-electrode electrochemical
cell for the oxidation of the hydroquinone SAM into benzoqui-
none, by applying +0.4 V for 600 s. The cell contained r-cysteine
in solution for the interfacial Michael addition reaction with the
oxidized benzoquinone. Afterward, the voltammetric and SERS
signals were again acquired. The reaction between r-cysteine and
benzoquinone is confirmed in the electrochemical signal by a
decrease in the intensity of the voltammogram after applying a
positive potential (Fig. 9 left, red curve). Since the SAM is not
electroactive anymore after the reaction with r-cysteine, a close-
ring structure is proposed as a result of the interfacial reaction
(Fig. 8).

Right after the oxidation to benzoquinone and the resulting
interfacial reaction with 1-cysteine, the SERS spectrum of the
Au@AuNPs/ITO substrate was measured (Fig. 9 right, red

© 2023 The Author(s). Published by the Royal Society of Chemistry

spectrum). Clear changes in the average SERS spectra are
observable, namely an increase of the overall SERS intensity,
a shift of the 1257 ecm ' peak to higher wavenumbers
(1357 em '), and a significant increase in the intensity ratio
(Eo/E,) between the two main peaks. The latter increased from
1.06 to 1.21 after the reaction between the benzoquinone SAM
and the 1-cysteine took place (see inset to Fig. 9). The changes
in the Raman spectra are associated with variations in different
stretching modes of the C-C single and C—C double bond
modes of the quinone ring, which are different after the
interfacial reaction with the r-cysteine molecule. Thus, SERS
measurements on the surface go along with the voltammo-
grams recorded for the proposed reaction in solution (Fig. S9,
ESIT). These results demonstrate the capability of the conduc-
tive SERS-active Au@AuNPs/ITO substrates to successfully per-
form electrochemical-SERS experiments like the monitoring of
switchable redox molecules and their modification upon vari-
able electrochemical inputs.

Conclusions

Combining the block-copolymer micellar lithography (BCML)
technique for generating homogeneously distributed, quasi-
hexagonal arrays of AuNPs, on a transparent and conductive
ITO surface, with the overgrowth of these AuNPs by a controlled
gold electrodeposition, is an attractive method to prepare
highly homogeneous and robust SERS-active and conductive
surfaces with a large gold coverage area of ca. 40%. These

Mater. Adv., 2023, 4,1378-1388 | 1385
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Fig. 9 Left: Cyclic voltammogram of a hydroquinone/benzoquinone SAM on the Au@AuNPs/ITO surface before (garnet) and after (red) its oxidation
during 600 s at +0.4 V (green dot), in the presence of L-cysteine. Voltammograms were acquired using a 3-electrode setup with AU@RAUNPs/ITO as the
WE, Pt as the CE, Ag/AgCl as the RE and PBS as the electrolyte at a scan rate of 0.1 V s~ Right: Raman average spectra corresponding to the
hydroquinone/benzoquinone SAM on the AU@AUNPs/ITO surface before (garnet) and after (red) its oxidation at +0.4 V and subsequent reaction with
L-cysteine. Inset: Ratios between the two main peaks of this spectrum, Eq/E; and Eq'/E4’.

substrates show many hot spots due to a small mean inter-
particle distance of ca. 15 nm, which are homogeneously
distributed across the surface. These surfaces were thoroughly
characterized for their SERS capability by a detailed analysis of
the Raman signals using the standard Raman tag molecule 4-
mercaptobenzoic acid to form a SAM on the gold particle
surfaces, reinforced by a quantitative analysis of the homoge-
neity. Moreover, electrochemical investigation combined with
SERS enables monitoring the evolution of an electroactive
double-state molecular switch and the reaction of one of its
redox states with a biologically relevant analyte using the
Raman signal as the output signal. These results open up the
way to the use of our substrates for sensing analytes but also to
monitor switchable redox molecules for potential molecular
logic gates, thus contributing to advance molecule-based elec-
tronic devices.
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Materials and methods

ITO Glass Substrates (S111, 20 x 15 mm; 1.1 mm thickness;
sheet resistance 20 Q sq~') were purchased from Ossila Ltd
(Sheffield, UK). Gold (i) chloride trihydrate (HAuCl,-3H,0) was
purchased from Sigma-Aldrich Co (or Merck group). All
reagents were analytical grade and used as received without
any further purification. Polymers were purchased from Poly-
mer Source Inc. (Canada). All solvents used were purchased
from Merck group, if not specified.
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All glass materials used were previously cleaned using
piranha solution (concentrated sulfuric acid 96% with hydro-
gen peroxide 30%, (3:1 v/v).

Block-copolymer micellar lithography

ITO glass substrates were cleaned by sonication in acetone for
20 min at 50 °C followed by rinsing with copious amounts of
Milli-Q™ water. ITO substrates were then sonicated ina 5:1:1
mixture of H,0: H,0, (20%) : NH,OH (27%) for 15 min at 70 °C.
The next step was to sonicate in Milli-Q® water three times for a
few minutes, replaced with new water each time. Finally, ITO
substrates were dried under a nitrogen stream.

Block-copolymer micellar lithography was performed as
described  elsewhere.”®*>° The copolymer polystyrene-
block-poly-2-vinylpyridine (PS (106 000)-b-P2VP (75000)) was
dissolved in anhydrous toluene (previously dried over activated
3 A molecular sieves for 24 h) at a concentration of 2 mg mL ™"
and stirred during 24 h. Afterward, HAuCl,-3H,0 was added to
load the micelles (2.5 mM) and the suspension was stirred
for 24 h.

A volume of 21 pL of Au-loaded micelles was spin-coated on
ITO glass substrate at 1000 rpm for 1 min and 10 s (spin coater
model WS400BZ-6NPP LITE). After spin-coating, substrates
were treated with oxygen plasma at 150 W, 0.4 mbar for
45 min (model PS210) to remove the polymer and reduce gold
to metallic nanoparticles forming a quasi-hexagonal array.

Growth of AuNPs by electrodeposition

Electrochemical experiments were performed with a potentio-
stat PGSTAT204 and the software used for data acquisition and
analysis was Nova 2.3. A three-electrode electrochemical cell
was used, with a silver wire as the reference electrode (RE),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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platinum wire as the counter electrode (CE) and ITO glass
substrates (with or without AuNPs) as working electrode
(WE); the immersed area into electrolyte solution was approxi-
mately 1.5 cm?.

Quasihexagonal arrays of gold nanoparticles on ITO sub-
strates were enlarged with further gold by chronoamperometry.
For that, AuNPs-ITO Substrates were previously cleaned by
rinsing with EtOH to eliminate any impurities and were acti-
vated under UV-O; for 20 min, during this time an aqueous
solution of HAuCl, at a concentration of 0.5 mM was prepared.
Then, 10 mL of HAuCl, was added to the electrochemical cell
and nitrogen was flowed through for a few minutes to displace
oxygen from the solution. The nanostructured substrate was
connected as the WE and merged into the electrolyte solution.
The experiment was carried out using the chronoamperometry
technique applying a voltage of —0.6 V for 600 s. Once the
process was completed the substrates were cleaned with Milli-
Q™ water a couple of times and dried with nitrogen gas.

Characterization of substrates

Scanning electron microscopy (SEM). The as-prepared sub-
strates were characterized using a scanning electron micro-
scope (SEM) using an FEI Magellan 400L (5 kV electron beam
energy and 100 pA beam current). Images were analysed using
the free-available image-processing software ImageJ-Fiji. It was
used to determine the percentage of the covered area by binary
digitalization of the images in black/white regions, applying a
threshold. For each image, the program yields the percentage of
white area, corresponding to the covered area. In contrast,
inter-particle distances have been determined simply by hand,
measuring more than two-hundred distances to construct the
corresponding histograms.

Cyclic voltammetry. Cyclic voltammetry was used to make
sure that gold particles are attached to the ITO and are still
conductive. As prepared substrates, after growth of AuNPs, were
functionalized with Fc-C11-SH by immersing the substrate in a
solution 1 mM in toluene overnight and then voltammograms
were obtained using a potentiostat PGSTAT204, at different
scan rates 0.10, 0.25, 0.50 and 0.75 V s~ " and 3 cycles. The
software used for the treatment of data was Origin 8.

Raman spectroscopy. All different substrates mentioned
were immersed into a 1 mM solution of 4-MBA in ethanol for
24 h, under an inert atmosphere, at room temperature. After
incubation, substrates were rinsed with ethanol to eliminate
physisorbed molecules and dried with a nitrogen stream.
Raman spectroscopy was performed in backscattering geometry
using a WITec Alpha300RA spectrometer and the 633 nm laser
line for the excitation of active Raman molecules. An area of
5 x 5 mm® is pre-selected on the substrate using a low
magnification 10x objective. Within this area, for the SERS
mappings, we zoomed into a smaller area of 10 x 10 um? using
the 100x objective. The data were treated with the Project5
software of Witec for image treatment.

For the SERS variability studies, spectroscopic maps with
different sampling steps (1-100 pum) were carried out over
different sized areas, regularly distributed over a mm® surface,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using a 100x objective and keeping the 633 nm laser power
fixed at 500 pW. The SERS variability was monitored at short-
range (1 um distance), medium range (10 pm distance) and
long range (100-1000 um distance).

Electrochemical-SERS experiments. For these experiments,
it was used the developed substrate Au@AuNPs/ITO functiona-
lized with HQC4SH molecules, obtained from GenoChem. The
functionalization of the substrates was done by immersing the
Au@AUuNPs/ITO in a solution 1 mM of the hydroquinone in
ethanol for 24 h. Cyclic voltammetry was recorded before and
after Raman measurement. Before SERS, the cyclic voltammetry
was recorded using a 3-electrode setup, as described before and
using PBS as an electrolyte. Then, SERS spectra were acquired
with excitation at 633 nm. Cyclic voltammetry after SERS was
recorded with r-cysteine 1 mM in the electrolyte (PBS), for the
interfacial Michael addition reaction, for 600 s at +0.4 V. And
finally, SERS was measured again under the same conditions.
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