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ARTICLE INFO ABSTRACT

Keywords: Surface-enhanced Raman spectroscopy (SERS) sensors are commonly based on metal nanoparticles in colloidal
S“rfaceje“haﬂced Raman spectroscopy (SERS) suspension followed by deposition on a substrate. Despite its simplicity, this approach leads to non-uniform SERS
Gold dimer substrates that are hampered by features such as coffee rings. Seed-mediated growth starting from nanoparticles
Gold nanostructured surface . . . . .

Chemosensor already deposited on a flat substrate potentially allows for creating more uniform and reliable sensors. However,

the deposition process, the control of the distribution of the seed nanoparticles, and their optimal growth have
not been thoroughly explored. In this work, we present a systematic approach to designing and fabricating gold
nanostructured surfaces, tailoring their SERS responses on demand. By controlling and tuning the deposition of
nanoparticles, assisted by an experimental and theoretical investigation, we achieved good control over the
spatial distribution of the deposited seeds. After enlarging such seeds through chemical reduction, the optimized
SERS substrates show great uniformity in their hotspots, a critical feature for sensors. The so-fabricated substrates
were used for detecting Skatole in water, achieving a detection limit of 42.2 ppt. The developed methodology has
significant implications for the advancement of several fields, particularly SERS-based sensing, enabling the
design and targeting of specific excitation wavelengths and Raman bands while obtaining uniform and reliable

Optical sensor
Optical hotspots

substrates.

1. Introduction

Raman vibrational spectroscopy has been widely employed in many
analytical chemistry[1,2] and bio-analytical applications,[3,4] espe-
cially in fields requiring high chemical specificity due to the unique
fingerprint each molecule shows in its Raman spectrum.[5] The main
drawback of Raman spectroscopy lies in its small scattering effects cross-
section, which reduces its detection efficiency and sensitivity. None-
theless, the Raman scattering intensity can be increased by orders of
magnitude by leveraging the plasmonic field enhancement of noble
metal nanostructures[6,7] as in Surface-Enhanced Raman Spectroscopy
(SERS), which allows the detection and characterization of a tiny
number of molecules bound or close to the metallic surfaces, down to the
single-molecule level[8-11]. This is due to the local fields that are
enhanced far more when neighboring nano-features interact over dis-
tances of the order of a few nanometers.[12-15] Regions of a highly
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enhanced local electromagnetic field are called hotspots. Because of the
strong dependence of the SERS enhancement on the substrate that gives
rise to this effect, many years of research have been devoted to creating
and optimizing SERS substrates to provide the largest enhancements
possible and increase hotspot density.[16-22].

SERS structures can be roughly classified into three categories: metal
nanoparticles (MNPs) in suspension,[23] MNPs immobilized on solid
substrates,[24] and nano-structures fabricated directly on solid sub-
strates, including nano-structures obtained by nanolithography and
templating.[25-28] Despite all of the SERS advantages and the ad-
vancements in fabrication techniques, the ubiquitous use of SERS re-
mains challenging due to the lack of commercially available,
reproducible, highly sensitive, and uniform substrates. Nowadays, only
a few substrates are available on the market (e.g. Q-SERS™, SERS
Vials™, Renishaw™), and among them, Klarite®, commercialized by
Renishaw, is the most known and frequently used as a reference for the
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Fig. 1. Upper plots: Extinction cross sections of gold dimers as a function of wavelength and particle radius for different center-to-center distances d = 40 nm (a), 60
nm (b), and 80 nm (c). Middle plots: Surface-averaged field intensity enhancement (SAEF) due to the excitation of plasmonic resonances in gold dimers as a function
of wavelength and particle radius for different center-to-center distances d = 40 nm (d), 60 nm (e), and 80 nm (f). Lower plots: SERS enhancement factor (SERSEF) in
gold dimers as a function of excitation wavelength and Raman shift for different center-to-center distances d = 40 nm (g), 60 nm (h), and 80 nm (i). The particle
radius is set to a = d + 2 nm in all cases. The white dashed lines indicate the 785 nm excitation wavelength used in this work.

characterization of new substrates.[29,30].

Recently, different types of hydrophobic and superhydrophobic
patterned structures for SERS application were developed[31,32]. These
are of utmost importance when working with highly diluted solutions as
they allow us to concentrate the analyte at specific points of the sub-
strate where the Raman measurement is performed[31]. ome fabrication
approaches based on nanoparticle agglomeration [33] were investigated
to obtain more uniform SERS responses leading to promising results for
the detection of molecules at ultralow concentration. However, both the
hydrophobic and the agglomeration approaches rely on further pro-
cessing steps with respect to a simple deposition making the overall
procedure more complex. Actually, the fabrication of uniform and effi-
cient SERS substrates remains challenging because of the complex
fabrication process and high cost. Designing and fabricating SERS sub-
strates with a simple method that provides a much more uniform hotspot
formation while retaining high enhancement factors could boost the
practical usage of this analytical tool.

Different works have focused on studying optimized nanoparticle

arrays for SERS applications. Felidj et al.[34] observed that optimal
results were achieved for particle size and shape that give a plasmon
resonance at a wavelength that is located between the wavelength of the
laser excitation and that of the Raman band under consideration. Joseph
et al. studied[35] the effect of particle diameter on the SERS enhance-
ment factor in gold nanoparticle (NP) arrays and concluded that large
nanoparticles showed higher enhancement. Their study, however, was
limited only to particles with a diameter in the range 15—40 nm. On the
other hand, Hong and Li[36] experimentally studied the detection of 4-
aminothiophenol and 4-nitrotiophenol in water with Au-NPs-based
SERS sensor and observed that the highest enhancement of the Raman
signal is obtained for nanoparticles whose diameter lies in the range
between 50 and 60 nm.

More recently, Pal et al. investigated[37] the effect of particle size
and separation distance on SERS enhancement factor (SERSEF) in gold
and silver nanoparticle arrays. They observed a positive linear correla-
tion with the nanoparticle size and a negative exponential relation with
the interparticle separation distance. However, they hypothesized these
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trends could be attributed to the higher scattering cross-sections offered
by bigger particles and the higher density of hotspots obtained with
small separation distance, but their sensor was prepared by dewetting a
gold thin film, and therefore they could not obtain particles with sepa-
ration distance lower than 20 nm.

The deposition of gold nanoparticles from a colloidal suspension
onto a functionalized substrate represents a facile and effective way to
obtain a highly uniform substrate and offers the possibility of controlling
the average center-to-center distances. So far, different works have
studied[38] this problem by adopting an Extended Random Sequential
Adsorption (ERSA) model, and the results were in good agreement with
the experimental results[38,39]. However, to the best of our knowledge,
this adsorption theory has not been used to optimize nanoparticle
deposition for SERS substrates, particularly to control the average dis-
tance between the nanoparticles.

Leveraging on a theoretical and experimental optimization for the
deposition process, in this study, we propose a method to obtain highly
optimized and uniform SERS substrates based on a Grown Nano-
structured Surface (GNS) that consists of a monolayer of gold nano-
particles assembled on a previously functionalized surface and
successively grown to obtain a hotspot enriched surface to boost the
Raman signal intensity.

A preliminary theoretical analysis and ERSA simulations assisted in
obtaining optimal conditions and guidelines for the fabrication process
(i.e., optimal average distance and growth conditions of the nano-
particles). As a SERS response test and to verify the uniformity of the
signal over the substrate, a monolayer of 4-mercaptobenzoic acid was
used. To test the optimized GNS SERS substrate on a practical industrial
application, Skatole (3-methylindole) was chosen. Skatole is a volatile
compound associated with unfavorable odors and flavors in pork meat,
most commonly known as boar taint.[40] For this chemical, the
accepted threshold levels are in the range of 0.5——1 ug per gram of fat
(equivalent to roughly 1.8——3.6 uM)[5,41] and, at present, its quanti-
fication is only realized by chromatography techniques, with limits of
detection (LODs) in the range of 4—500 ng/g.[42,43] The study of the
analytical performances of the substrate, made by detecting Skatole at
low concentrations, and the comparison with the commercially avail-
able Klarite, demonstrate that the fabricated substrates achieve high and
uniform sensitivity across our SERS substrate, reaching a detection limit
down to the part-per-trillion level.

2. Materials and methods
2.1. Optical response of non-percolated gold nanoparticles

We use the Maxwell-Garnett (MG) effective medium theory[44,45]
to describe the optical response of a metamaterial layer composed of
non-percolated gold nanoparticles on top of a silica substrate. The
effective permittivity of such metamaterial is given by

2f1(Ean — €) + 26 + Eay
Emg = €
ZES + eAu +fl (Es - EAu)

where fj is a fitting parameter characterizing the filling factor of gold,
€py is the permittivity of gold taken from experimental data,[46] and
€ = (E&ilica + 1)/2 is the average permittivity of the surrounding media,
withegjic, = 2.13. We find f; = 0.03 for Fig. 1b and f; = 0.05 for Fig. 1c to
compute the absorption spectra of initially deposited nanoparticles with
an averaged lateral size of 10 nm.

2.2. Optical response of percolated gold nanoparticles

Gold nanoparticles start to percolate during the nanoparticle growth
process, and the MG effective medium theory is no longer accurate.
Instead, we use Bruggeman’s effective medium theory,[44,45] in which
the permittivity eg of the metamaterial is determined from the relation
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(1-1)

where f> is the gold filling factor in the percolated region. Furthermore,
a mixture of percolated and non-percolated nanoparticles exists in our
samples. Therefore, we adopt an effective permittivity as a combination
of MG and Bruggeman’s effective medium theories,[45]

Eert = Fep + (1 — F)eyg,

where F indicates the weight of each region. For the metamaterial on
APTMS-functionalized substrate, we find f; = 0.18 (0.17), fo = 0.18
(0.165), F = 0.68 (0.88), and an averaged nanoparticle lateral size of 35
nm (40 nm) to calculate the absorption spectra for the sample after 180 s
(210 s) growth. As for the metamaterial on DETA-functionalized sub-
strate, we find f; = 0.08 (0.048), fo = 0.14 (0.128), F = 0.35 (0.45), and
an averaged nanoparticle lateral size of 30 nm (35 nm) to calculate the
absorption spectra for the sample after 120 s (150 s) growth.

2.3. Far- and near-field properties of particle dimers

The far- and near-field properties of particle dimers in a vacuum are
simulated by using the boundary-elements method (BEM) available
through the Matlab-based tool MNPBEM|[47]. The dimer is excited by
normal-incident plane wave radiation whose polarization is directed
along the dimer axis. Optical data for gold is taken from Johnson and
Christy[46].

To take into account the field-enhancement properties of the dimer,
the Surface Averaged Enhancement Factor (SAEF) was calculated as the
mean over the dimer surface ¥ of the square modulus of the normalized
electric field %)

2

E(4) 05

Ey

SAEF(3) = % 7{

Moreover, to better compare the SERS response of different dimer sys-
tems, a SERS Enhancement Factor (SERSEF) was defined as the product
between the SEAEF at the laser exciting wavelength Agxc (785 nm) and
the SAEF at a wavelength Agxc +AJgs corresponding to a Raman shift
A/‘I,Rsi

SERSEF (Aexe, Ags) = SAEF (Agxe)-SAEF (Agxc + Aldgs)

2.4. Modeling of gold nanoparticles deposition

Gold nanoparticle deposition has been modeled using an extended
random sequential adsorption (ERSA) simulation.[38] The interaction
potential Wp, of two charged particles of radius a at a distance d is given
as

W, = Zexp| — k(d — 2a)]
where « is the Debye Length and Z is a constant defined as

Z= 27ra80£,§;

The Debye Length « for the nanoparticle suspension in citrate was esti-
mated to be 14.1 nm. The hydrodynamic radius ay and zeta potential {,
of the NPs were measured with a Malvern Zeta Seizer Nano. The sus-
pension’s pH was measured by a commercial pHmeter as 6.41. The zeta
potentials {aprms and {pgra of both APTMS- and DETA-functionalized
glasses at the same pH value were measured with an Anton Paar Sur-
pass 3 instrument and are + 30.9 and + 26.7 mV, respectively. Since the
particles and the glass substrates are charged with opposite signs, the
adsorption probability term W) due to particle-substrate repulsion was
set equal to 1. The simulation was conducted at 298 K on a square glass
substrate of size 10 um by 10 um. Water viscosity at 298 K was assumed
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equal to py = 9.16-107* Pa-s;[48] water relative dielectric constant at
the same temperature was assumed equal to €. = 78.54. For each of the
three simulation runs, the nearest neighbor distribution has been
calculated as follows:

N

1
dyy(r,6r) = N Z Ai(r, ér)

i=1

where N is the total number of particles and }; is equal to 1 if the distance
between the i — th particle and its nearest neighbor lies between r and r
+ &r or 0 otherwise, namely:

Lr <|Xi— Xmw| <r+dr
Ai(r,6r) = o= .
(r,6r) { 0, otherwise

The nearest neighbor distributions were fitted with a Gaussian curve by
a least square procedure, and the center of the fitting Gaussian has been
considered as the average nearest neighbor distance (dnn)-

2.5. Surface preparation

The SERS-active substrates were fabricated on fused silica surfaces.
Substrate cleaning was performed by ultrasound treatment in acetone
(10 min), ethanol (5 min), detergent (MicroSoap for 10 min), and milliQ
H50 (5 min) and dried with a N5 stream. Before the functionalization
step, an O, plasma activation was carried out (50 W power for 5 min).
The functionalization was realized by coating with two different amino-
silanes for comparison: (3-aminopropyl)trimethoxysilane (APTMS) 97
%, and N;-(3-Trimethoxysilyl-propyl)diethylene-triamine (DETA) from
Sigma-Aldrich. The treatment aimed to obtain self-assembled mono-
layers (SAM) of the two different silane. SAM formation was obtained by
dipping the activated surfaces in ethanolic solutions of silanes for two
hours with the following concentrations in %wt: 2.5 % APTMS and 4 %
DETA. After functionalization, the substrates were removed from the
solution, rinsed three times with ethanol, and sonicated in ethanol for 5
min. The samples were then blow-dried with Ny and used immediately
for Au nanoparticle deposition or stocked in a vacuum in a clean envi-
ronment to preserve the quality of the functionalization.

2.6. Gold nanoparticles deposition and growth

The functionalized surfaces were coated with a monolayer of citrate
stabilized 10 nm diameter Au nanoparticles by immersion in the nano-
particle solution as received from the supplier Sigma-Aldrich (~ 6.0 x
10'2 particles/mL). After soaking the substrates in the nanoparticle so-
lution in a closed container for 18 h, they were rinsed with milliQ HyO
and gently blow-dried with Na. For the final SERS substrates fabrication,
the seed nanoparticles immobilized on the surface were grown by
immersing the substrates in an aqueous solution containing 0.28 mM
HAuCly and 1,75 % H305.[49] The growth reaction was carried out for
the different amounts of time as detailed in the text and under vigorous
magnetic stirring. The reaction was stopped by removing the substrate
from the solution and rinsing it with abundant milliQ water. The sub-
strates were then used for SERS measurements or stored under vacuum
in a clean environment to prevent contamination

2.7. Surface characterization

Topological analysis of the substrates was realized by atomic force
microscopy (AFM) with the digital instrument D3100 AFM. Character-
ization of the substrate before and after functionalization with amino-
silanes was measured in tapping mode to control the roughness before
and after the process. After deposition and growth of the nanoparticles,
the substrates were characterized by topography and lateral force AFM
measurements realized in contact mode.

The lateral force AFM images were processed, identifying the grown
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particles detected by their border as a change in the force (see fig. S11).
The barycenter of each grain was considered as the center of the
deposited particle. Statistics of the correlation of the center-to-center
distance D(x) between the particles were calculated and fitted with
the following distribution:

("»‘0)2

Dyj(x) =A(x —xp)e 27 forx > xo,

and for x < xp we assume Dg; = 0. SEM images of the grown nano-
particles were taken by a FE-SEM Scanning Electron Microscopy (FEI
Inspect F) at an acceleration voltage ranging from 5 kV to 20 kV.
Absorbance spectra of the substrates were recorded with a Spectrometer
UV/VIS Lambda 950 (PerkinElmer) in a wavelength range from 400 nm
to 850 nm. More details can be found in SI 5.

2.8. SERS measurements

The quality and homogeneity of the substrates were evaluated by
measuring the Raman signal produced by a molecule monolayer
covering the grown particles. In this case, the signal intensity is directly
related to the hotspot density per unit surface. All SERS measurements
were performed using the Renishaw inVia Raman Microscope with a
laser excitation wavelength of 785 nm, a typical power of 100 uW, 10 s
integration. Normalization of the counts was obtained following the
formula:

Prom = ST — )
NA-Tiy"NacePex

where Ppe,s is the signal as measured by the instrument, NA is the nu-
merical aperture of the objective used, Tiy is the integration time in
seconds, Ny is the number of accumulated spectra, and Py is the power
of the excitation laser. SERS signals were recorded from different points,
and around each point, a map of the signal was acquired, scanning
surfaces of 50 pmz and 150 pmz with 50X (NA 0.75) and 20X (NA 0.4)
objectives, respectively as indicated in the text. The results were
compared with signals from the commercial Klarite substrate covered
with an MBA monolayer under the same conditions.

Limits of detection (LOD) and limits of quantification (LOQ) were
determined according to the International Conference on harmonization
of technical requirements for the registration of pharmaceuticals for
human use[50], namely:

where m is the slope of the linear fitting of the calibration curve and ¢ is
the standard deviation of the sensor SERS response.

3. Results and discussion
3.1. Surface analysis

In gold NP arrays, the enhancement of the SERS signal is mediated by
the field intensity amplification provided by the localized surface plas-
mon resonances (LSPRs) residing in the gold nanostructures, especially
in the gaps or grooves. The nano-structure we propose in this study is
composed of a random distribution of various gold spherical nano-
particles with different lateral distances, the fundamental element of
which is a gold dimer with radius a and center-to-center separation
distance d, as illustrated in the inset of Fig. 1a.

Fig. la-c present the extinction cross-sections as a function of the
wavelength and the particle radius for such gold dimers with different
center-to-center separation distances. An abrupt change in the
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Table 1
Measured hydrodynamic radius, zeta potential, concentration, and simulated
average center-to-center distance for different Au NPs.

NPs diameter (nm) ay (nm) cp (mV) Co (10'2/mL) <dnn> (nm)
10 7 —47.9 5.98 54.5
20 12 -50.8 0.65 80.7
40 22 —40.5 0.07 108.6

extinction spectra can be observed when the two spheres start to
approach each other, which is a consequence of the classical electro-
magnetic model we are using (more in Methods). Note that this phe-
nomenon is a quantum effect due to electron smearing and tunneling
between two spheres in the nearly touching regime (sub-nanometer
gaps)[51] In the present work, we neglected such a nonlocal effect, as it
is impossible to control the diameter of grown nanoparticles with such
atomic-scale precision.

A redshift of the resonance can be seen for touching dimers of larger
sizes. Correspondingly, as shown in Fig. 1d-f, the peak of the surface-
averaged near-field intensity enhancement (more in Methods and Sup-
plementary SI1-4) follows the trend of the extinction peak, the maximal
value of which can be above 10% when the two spheres are just touching.
As the particles continue to grow, the dimers start resembling larger
oblate spheroidal nanoparticles and a blueshift of the extinction peak is
therefore observed. Moreover, as the particles touch and form the dimer,
a second absorption band associated with a transversal plasmon mode is
observed towards the NIR region. As a result of the field intensity
enhancement provided by those gold dimers, we find that, for an exci-
tation wavelength of 785 nm, the surface-averaged SERSEF (see its

20! (a) a=5nm
<
< 151
2
® 10/
Ko
[
a g
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definition in Methods) can be amplified to a value of nearly 10% for a
dimer of a = 30 nm and d = 62 nm, as shown in Fig. 1h. More generally,
we observed that this dimer exhibits a SERSEF higher than 10° for all the
Raman shifts in the range from 100 to 2500 cm L.

When the center-to-center separation distance d increases to 80 nm
(Fig. 1i), the SERS signal gets weaker due to a degradation of the field
intensity enhancement, as shown in Fig. le. Analogously, if the center-
to-center distance is decreased to 40 nm (Fig. 1g) the SERSEF will
decrease and achieve at values lower than 10%.

It is also important to note that, when we explore the SERS signal
from the collective response of more than two interacting nanoparticles,
the maximal value of the surface-averaged SERS enhancement factor can
be equally obtained by summing the contributions from individual di-
mers, as shown in Figure S5. We therefore used the dimer as the
fundamental constituting unit that can model with sufficient accuracy
the optical response of Au NPs arrays. This fact allows us to find the peak
value of the SERS signal by only investigating that from a single dimer.

3.2. Particle deposition simulation

It was already observed by Semmler et al.[52] that, in the diffusional
adsorption of charged nanoparticles onto a functionalized surface, the
maximum coverage factor mainly depends on the repulsive electrostatic
interparticle interactions. These repulsive interactions, shown in the
Methods section, are directly proportional to the particle radius. Grabar
et al.[53], focusing on the kinetics of these adsorption processes,
observed that, in the first stage of the deposition, the coverage factor is
limited by diffusion, whereas at the equilibrium, the effect of repulsive

2. (D)

a=10nm

Probability (%)
SR

&)

50 100
Nearest Neighbor Distance (nm)

150

~100. (d)
£ %
o 80! .. 1
8 70:. . i
s 7
s .
2 60| .
© ! .
S 50 -
3 50; 7
e | .7
< 40'/.’

5 10 20 30 40

Particle diameter (nm)

Fig. 2. Nearest-neighbor center-to-center distance for different seed nanoparticle radii: (a) 5 nm, (b) 10 nm, and (c) 20 nm. The histograms are fitted with a Gaussian
distribution (continuous curve). (d) Correlation between particle diameter and average distance after a fixed deposition time (18 h) from ERSA simulations. The

dashed line is a fit for the data points.
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Fig. 3. (a) AFM topography (contact mode) and (b) nearest-neighbor distance distribution of the APTMS-functionalized GNS. (c) AFM topography (contact mode)
and (d) nearest-neighbor distance distribution of the DETA-functionalized GNS. Center-to-center distance distribution for the nearest-neighbor histogram from shear
AFM measurements and a Gaussian fitting of the distribution (red-solid curve). The scale bar in (a) and (b) is 200 nm.

interactions is strongly predominant.

According to these experimental observations, the process of particle
deposition has been successfully modeled with the ERSA simulation
scheme[38] that we used to study the deposition of gold seed particles
on the silane-functionalized substrates as described in the Methods.

Particle deposition simulations are run in this work to identify the
optimal conditions to obtain an average center-to-center distance
approaching the optimal value of 60 nm obtained from the optical
simulation. Three different types of particles with different nominal
diameters (i.e. 10 nm, 20 nm, and 40 nm) are simulated to obtain the
average interparticle distance that maximizes the enhancement factor at
785 nm. In the simulation of the deposition, time is set to 18 h to ensure
the achievement of the maximum coverage factor for all three types of
nanoparticle suspension. In particular, the analysis of average center-to-
center distance is reported in Supplementary Sect. S4, and Figure S6
shows a favorable timing for 10 nm nanoparticles.

The hydrodynamic radius ay, zeta potential (,, and concentration Cp
have been measured for each particle type (see Table 1). Moreover, from
the simulation results, the average nearest-neighbor center-to-center
distance (dnn) of each type of nanoparticles has been calculated and are
reported along with the measured parameters in Fig. 2 and Table 1.

From these results, we can observe that the average center-to-center
distance significantly increases with the radius of the seed nanoparticles.
Among the three values of interparticle distance, the one which is closest
to 60 nm, and therefore maximizes the SERSEF, is obtained by the
deposition of the 10 nm gold seeds. For this reason, we focused on the
fabrication of GNS using seeds of 10 nm to prepare the SERS substrates.

3.3. Control of the deposition of seed nanoparticles on the substrate

To obtain the optimized gold Grown Nanostructured Surface (GNS),
we investigated the different steps involved in the fabrication, evalu-
ating their impact on the SERS signal for a test monolayer of 4-mercap-
tobenzoic acid (MBA). The steps to obtain GNS substrates are three:
functionalization of the substrate, gold seed deposition, and growth.
According to the results of the ERSA simulation, a gold nanoparticle seed
of nominal diameter 10 nm has been chosen and is employed in the rest
of this study for substrate fabrication. As the glass substrate, we selected
microscope slides with roughness < 2 A to avoid a nano-texture that
could favor aggregation or a 3D arrangement of the deposited seed
nanoparticles. Indeed, the ideally flat surface, more easily enables the
deposition of NP in a monolayer, allowing the assumption that the
nanoparticle distribution occurs on a 2D surface randomly. The final aim
is to obtain a specific distribution of seed nanoparticles with a controlled
average distance between them. In such a case, it will be possible to
obtain the desired density of hotspots by a controlled growth process of
the seeds.

Functionalizing the substrate with different silane monolayers can
change the coverage and density of particles on the surface. Indeed, at
the equilibrium, there is a limit in deposition; Finegold et al.[54]
demonstrated that the maximum coverage factor for randomly placed
particles is 0.503. However, this maximum value is attained only if the
particles are non-interacting with each other. Otherwise, the minimum
distance between two adjacent particles can be affected, and a lower
coverage factor is typically obtained.[55] A perfect silane monolayer
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Fig. 4. (a) Fabrication process of SERS substrates from ERSA simulation to deposition of seed gold nanoparticles, and subsequent controlled growth to obtain SERS
hotspots. Substrate absorbance of deposited nanoparticles on substrates functionalized with APTMS (b) and DETA (c) at as-deposited nanoparticles (dashed curves)
and after growth (solid curves). Effective-medium-theory calculations for the growth of deposited nanoparticles on substrates functionalized with DETA (d) and
APTMS (e) at as-deposited nanoparticles (dashed curves) and after growth (solid curves).

should cover the glass surface conformally, thus keeping the roughness
unaltered. An increase in roughness value and the presence of debris on
the surface could indicate an irregular coverage or the formation of
micelles adsorbed on the surface. In our experiments, we used two
different silanes terminated with amine groups such as (3-aminopropyl)
trimethoxysilane (APTMS), and Nj;-(3-Trimethoxysilyl-propyl)dieth-
ylenetriamine (DETA). It has been demonstrated by Sukham et al.[56]
that aminosilanes constitute an excellent adhesion layer between gold
and oxides, so that particles are strongly bonded to the substrate, making
it suitable for SERS applications.

Initially, the quality of the functionalization coating made by treat-
ment with silane has been studied by atomic force microscopy (AFM).

The arithmetic average of the roughness profile (R,) after silane depo-
sition is the same as observed on clean fused silica before the func-
tionalization, 0.2 + 0.1 nm, indicating that the silane coating has
homogeneously covered the surface (Figure S7). The optimal concen-
trations for APTMS and DETA were chosen from the best results ob-
tained with respect to the roughness. After functionalization, the 10-nm-
nanoparticle-seed deposition was carried out starting from stock solu-
tions as described in the Methods.

Among the particle diameters investigated through Monte Carlo
simulations, 10 nm was chosen to obtain an average center-to-center
distance that was closest to the optimal value of 60 nm obtained from
the optical response simulation (i.e., 54.5 nm). For the deposition, we
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Fig. 5. Maps and histograms of the SERS peak signal at 1076 cm ™' for samples functionalized with APTMS. We report measurements taken with 50 x (a and c) and
20 x (b and d) objectives. The distribution histograms (c) and (d) are fitted with Gaussian functions (red-solid curves).

employed the Au nano seed colloidal suspension as provided by the
supplier whose properties are reported in Table 1.

To be able to detect the center-to-center distribution, the deposited
seeds were grown for 3 min, and AFM of the surfaces was taken in shear
mode to better detect the crevices. The results from the AFM analysis are
reported in Fig. 3 showing the center-to-center distributions considering
the nearest neighbors as described in the Methods. From the figure is
clear the influence of surface functionalization which affects the depo-
sition with its surface potential. The peaks of the distances are 59 nm for
APTMS and 65 nm for DETA.

3.4. Seed growth and substrate characterization

The process followed for the creation of the grown nanostructured
surfaces is illustrated in Fig. 4a. Standard growth of nanoparticles was
performed to increase the size of the nanoparticles in order to make
them more clearly observable and ease the AFM and scanning electron
microscope (SEM) characterization. Successively, the seed nanoparticle
deposition and growth have been confirmed by measuring the absor-
bance spectra of the surfaces. Growing times from 30 s to 300 s have
been used (Section S4 in SI). It has been extensively observed that the
absorbance peak due to the plasmonic resonance of gold nanoparticles
undergoes both a broadening and a redshift as the particle size increases.
[57] Moreover, as the particles grow and the interparticle gaps decrease,

they start forming dimers, which can exhibit a longitudinal LSPR mode
that may extend down to the NIR range (>700 nm).[58].

Fig. 4d-e show the absorbance spectra before and after the growth
process. In this case, the used growing times were 210 s and 180 s for
APTMS and DETA. It is clear that the larger dimensions of the nano-
particles enhance the scattering cross section, and therefore the absor-
bance intensity at the plasmon resonance peak increases from 0.02 AU to
0.35 AU. Moreover, a peak broadening is observed after growth, sug-
gesting that the interactions within the nanoparticle plasmons are
higher in this new distribution (in which the particles are touching) than
before. A better understanding of the clustering between grown nano-
particles is obtained from the SEM measurements reported in the SI
(Section S10), where one can see that the touching nanoparticles form
crevices and hotspots with a high density on the substrate.

The analysis of the substrate homogeneity evaluated by coating the
surface with an MBA self-assembled monolayer (SAM) is resumed for
APTMS and DETA in Fig. 5. In this case, MBA was chosen as a model
molecule due to its high Raman cross-section and its capability of
strongly bonding to gold nanoparticles. The Raman spectrum has been
recorded at a different surface point, and at each point, a signal map has
been obtained using the measurements made in a nine-point matrix. The
MBA spectrum is characterized by two main peaks at 1076 cm ™! and
1588 cm ™! respectively. The first peak is associated with in-plane aro-
matic ring breathing and asymmetric stretching v(C — S), whereas the
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Table 2
Comparison of relative deviation with respect to the average of the signal at
1077 cm ™! for the maps reported here and Klarite (ND: Not Detected).

Substrate o (%) 36 (%)
20x APTMS 1.3 3.9
DETA 2.2 6.5
Klarite 3.1 9.3
50x APTMS 3.06 9.17
DETA 1.95 5.85
Klarite ND ND

second is due to the symmetric stretching v(C — C).[59] A deviation in
SERS signal expressed in percentage with respect to the average of the
measured area can be defined as:

Saen(X,) = <<S(x,y)>Ama 1) 0

where S(x,y) is the peak SERS signal at 1076 cm ™" at point (x,y), (S(x,
¥))Area is the average of the signal S over the entire area, and Sgey is the
percentage deviation from that average value. Fig. 4 shows the Raman
map made over an area of 150x150 um? and constructed using the signal
of the MBA peak at 1076 cm ™! or 1588 em ™.

Moreover, we have compared the results with the commercial Klarite
substrate from Renishaw (Table 2). Klarite substrates were less uniform
in terms of SERS Signal Intensity if compared to the substrates produced
in the frame of this work. The different silanization also affected the
substrate uniformity. When using a 20x objective, the APTMS substrate
shows a lower standard deviation on the SERS intensity, and we observe
the opposite when using the 50X objective. The signal response has great
homogeneity for both APTMS and DETA compared to Klarite and indi-
rectly confirming the uniform distribution of the SERS hotspots.

The same samples used for the homogeneity study have been cleaned
by 30 min UV O3 treatment, and the SERS measurements, made after-
ward, demonstrate that the MBA has been completely removed. A new
cycle of measures with MBA SAM has given the same results as before,
demonstrating that the substrate is very stable and can be reused for
more measurements by a simple cleaning procedure.

3.5. SERS detection of 3-methylindole (Skatole)

After optimizing the growth time and deposition processes assessed
as described above, SERS signals of 3-methylindole (Skatole) solutions
in the concentration range between (1 nM — 10 uM) were measured to
evaluate the analytical performances. Previously cleaned by UV-Og

(a)
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treatment, substrates were immersed for one hour in solutions con-
taining 3-methylindole at increasing concentrations and rapidly washed
in ethanol. We decided to deposit the analyte by immersion instead of
via the drop-casting method to avoid the well-known coffee ring effect
that may lead to a less uniform SERS response. The Raman signal was
measured from different points of the substrate at each concentration.
Especially at the lowest concentrations, there are very few molecules of
the analyte on the substrate. A significant number of measurements
were needed to make a statistic and demonstrate the high sensitivity that
the substrate allows.

Fig. 6 resumes the analytical performances of the substrate. For both
substrates (APTMS and DETA), the relation between Skatole concen-
tration and Raman signal is linear against a logarithmic axis for the
concentration. The equation describing the substrate fabricated using
APTMS is (y = 0.136 x -+ 0.800), with R? = 0.989. Similarly, the linear
fitting equation for the DETA-based substrate is (y = 0.033 x + 3.091),
with R? = 0.969. The analyzed concentration range includes the
accepted threshold levels for Skatole, within the range of 0.5-1 ug/ml
(1.8-3.6 uM), indicating that the proposed system can detect 3-methyl-
indole at concentrations well below the ones at which the human being
is sensitive. These results have been compared with Skatole signal with
Klarite, where at a Skatole concentration of 100 pM the Raman signal is
as low as 0.94 counts/(W s) for the most intense peak (Figure S7-S8).
The estimated limit of detection (LOD) and limit of quantification (LOQ)
for the sensors prepared with the different silanes are reported in Table 3
and shows for both APTMS and DETA a LOD in the part-per-trilion
range, achieving 42.2ppt for APTMS, orders of magnitude better than
what is required by practical applications. In Figure S6 of SI, we compare
SERS signals obtained for 10 pM Skatole solution deposited on Klarite,
APTMS 2.5 %, and DETA 4 %.

4. Conclusions

The efficiency of a SERS substrate is strongly correlated to the den-
sity of hotspots. A highly responsive and uniform substrate is needed to
detect biomolecules at low concentrations. The optimization approach
demonstrated in this work allows for the design and fabrication of gold

Table 3
Detection limit and quantification for DETA and APTMS SERS substrates.
Substrate LOD LOD LOQ LOQ
(nM) (ppt) (nM) (ppt)
APTMS 0.32 42.2 0.98 129.1
DETA 2.22 292.4 6.67 878.7
v APTMS (b)
18 e DETA
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Fig. 6. (a) Raman spectra for Skatole at different concentrations obtained on the APTMS substrate. (b) Calibration curves for Skatole detection on APTMS and

DETA substrates.
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grown nanostructured surfaces (GNSs) performing as highly optimized
and uniform SERS substrates whose efficiencies are maximized for a
chosen excitation wavelength and Raman shift by design. Such design is
based on an electromagnetic simulation to determine the optimal par-
ticle center-to-center distance and an ERSA simulation to determine the
seed deposition conditions that are required to obtain such spatial
arrangement of nanoparticles. We have employed a simple wet-chemical
bottom-up approach to fabricating centimeter-scale substrates with high
SERS sensitivity and excellent uniformity of the SERS signal. In fact,
deviations in SERS response tested with MBA were as low as 1.3 % for
the highest magnification. This fabrication methodology can be helpful
in cheap label-free immunoassays and biosensors and quick detection of
hormones that are key in areas such as agri-food industries. As a
demonstration of the obtained SERS substrates, we detected Skatole in
concentrations down to 1 nM, which is at least 1000-fold lower than the
level currently used as a reference in food industry processes. Our best
results were obtained with APTMS-functionalized substrates, whose
estimated limit of detection was 320 pM, corresponding to 42.2 parts per
trillion.
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