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ABSTRACT

Seed-growth synthesis is a common strategy to prepare silver nanoplates, whose peculiar plasmonic
features can be exploited for surface enhanced Raman scattering (SERS) applications. Here we
describe the fabrication and characterization of SERS chips using a peculiar in situ seed growth
method, yielding a dense layer of nano-objects directly on a glass slide. In this way, geometric features
(i.e. shape and dimensions) of the nano-objects can be tuned by controlling the growth time, obtaining
a high concentration of hot spots on the surface. In particular, the SERS response of four kinds of
chips were investigated to define the best SERS configuration in terms of size of the silver nano-
objects, excitation wavelength and homogeneity of the SERS response. Silver nano-plates with a
seeded growth time of 60 min demonstrated remarkable results both in terms of plasmonic
enhancement, with an enhancement factor (EF) of 2 x 10° using a 532 nm laser excitation, and good
homogeneity of the SERS response with intra- and inter-maps RSD of 10% and 5%, respectively. In
order to demonstrate application of these chips for real sample analysis, an analytical procedure for the
detection of a model pesticide, i.e. thiram fungicide, was developed and applied to its detection on
green apples peels. SERS measurements on 60 min seeded growth silver nano-plates chip coupled
with a multivariate PLS approach demonstrated high accuracy and repeatability for thiram detection in
food matrix within the European law limits.

1. Introduction

Surface Enhanced Raman spectroscopy (SERS) has seen an enormous increase of popularity in
various application, due to its intriguing feature to signal the presence of chemical species by the
vibrational fingerprint together with a huge enhancement of Raman signal. This allowed successful
applications ranging from materials science [1], biomedical imaging [2,3] to food safety [4].

In order to prepare optimal SERS substrates as sensing chips for analytical applications, some
features must be provided, such as high sensitivity, uniformity of the enhancement factor (EF) on the
overall extension of chip surfaces, good mechanical and chemical stability, good reproducibility, low
cost and easy synthetic pathway [5,6]. The successes obtained in increasing the values of EFs lead to
the exploitation of anisotropic metal nano-objects of various shapes [7,8]. As it was widely
demonstrated [8,9], the EF increases intensely when molecules are close to tips and sharp edges of
properly shaped NP, due to the “lightning rod effect”, or inside the gaps among clusters of metallic
nano-objects called “hot spots”. In these zones, thank to electromagnetic (EM) field confinement,
enhanced signals can raise of a factor up to 10121013 compared to the intensities which are usually
found in classical Raman measures [10,11].

Silver nanoplates have demonstrated to act as very effective starting NP to boost the EF. They indeed
have sharp edges and can be easily arranged in bi-dimensional arrays producing a high surface
concentration of hot spots. Several studies were reported on the use of silver nanoplates organized on
a surface. In some cases, nanoparticles were previously synthesized and then attached to the proper
substrate to obtain the sensing chip [12—14]. In other examples, silver nanoplates or other plate-like
nanoparticles were grown directly on the desired surface through in-situ or seed-mediated methods
and applied in SERS detection of different target molecules [15-20]. Anyway, some issues related to
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the production of reliable SERS chips are still a challenge: for instance, the control of homogeneity and
reproducibility of the preparations, the optimization of the conditions needed to obtain a dense coating
to ensure a maximization of hot spots [21], the reproducibility of SERS spectra. A successful example
comes from Khlebtsov and colleagues, who realized films of gold nanoislands with tuneable
morphology grafted on glass or silicon substrates, using a seed-growth method, starting from a layer of
small gold nanoparticles: they obtained high EF and reproducibility for a model compound (4-
aminothiophenol) and encouraging data on the detection of thiram fungicide in apple peels [22].

In this work, we propose a way to prepare SERS chips based on silver nanoplates, tailored to have a
high localized surface plasmon resonance (LSPR) extinction and a dense and homogeneous array hot
spots, thus efficient and reproducible SERS responses. Recently, we introduced a seed-growth
synthetic method which can be used to prepare silver nano-plates layers directly on the desired
surfaces, simply using citrate anions to direct the anisotropic growth [23]. Using this method it is
possible to tune the geometric features (i.e. shape and dimensions) of the nano-objects controlling the
growth time: within this approach the scope of this work is to find the optimal conditions to give high
SERS effects on a model compound (7-mercapto-4-methylcoumarin, MMC) which has been found to
be a good Raman reporter [24,25] and then move to the detection of the fungicide thiram in a real
sample matrix, i.e. pome fruits, after extraction from the surface of the fruit.

2. Materials and methods

2.1. Chemicals

Silver nitrate (>99.8%), sodium borohydride (>99.0%), sodium citrate (>99.0%), ascorbic acid (299%),
7-mercapto-4-methylcoumarin (>97%) were purchased from Sigma Aldrich.

Trimethoxysilylpropyl(polyethylenimine) (50% in isopropanol) was purchased from Gelest Inc.
Tetramethylthiuram disulfide, (97%) was purchased from Alfa Aesar. Ethanol (=99%, spectroscopic
grade) was purchased from Carlo Erba. Reagents and solvents were used as received.

Microscopy cover glass slides 21 x 26 mm have been obtained from DEL Chimica. Water was
deionized and double distilled (ddH,0). Glassware was cleaned with aqua regia carefully, and after this
was washed three times with ddH,O water for 3 min under sonication, before use.

2.2. Preparation of SERS chips

We prepared the chips following a previously reported method [23]. Full details of sample preparation
are reported in ESI. Briefly, pretreated glass slides were dipped in a 4% (v/v) solution of PEI-silane in
ethanol at room temperature for 6 min. Eight samples were prepared in the same time using a
hellendhal jar.

Small spherical silver nanoparticles to be used as seeds were synthesized following a reported
procedure [23]. Glasses functionalized with PEI were soaked in the suspension of silver nanoparticles
(the so called “seeds”) at room temperature for a period of 15 min.

The growth of nanoplates on glass samples was obtained by dipping the glass samples functionalized
with the seeds in the proper amount of growth solution, i.e. 30 ml of sodium citrate 0.0085 M, 18 ml of
AgNO; 0.0005 M and 0.450 ml of ascorbic acid 0.01 M.

2.3. UV-vis spectroscopy

UV-Vis spectra of prepared slides at normal incidence were registered in air in the range 350-1100 nm
with a spectrophotometer (model: Varian Cary 50 UV/Vis). A dedicated holder, enabling measurement
on the same zone of the glass slide samples in every experimental stage, was used.

2.4. Scanning electron microscopy (SEM)

SEM images were obtained using a Tescan Mira XMU variable pressure Field Emission Scanning
Electron Microscope - FEG SEM (Tescan USA Inc., USA), located at the Arvedi Laboratory, CISRIC,
Pavia. Slides were made electrically conductive by coating them with a thin layer of Pt/Pd (5 nm) while
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in vacuum. Images were registered with the Backscattered electrons mode (BSE) set at 30 kV and
using InBeam secondary electron detector to gain higher spatial resolution.

2.5. Preparation of samples for SERS efficiency and substrate homogeneity test

7-mercapto-4-methylcoumarin (MMC) stock standard solution at 1 x 1073 M was prepared by diluting
0.192 g of MMC in 1 | of ethanol. MMC standard solutions (1 x 10 M, 1 x 10" M, 1 x 10®* M and 1 x
10 M) were prepared by subsequent dilutions in ethanol from the stock. SERS efficiency and
substrate homogeneity tests were performed by immersing the chips in the standards solution for 1 h,
rinsed copiously with ethanol to remove any excess from the surface and then dried with nitrogen
before SERS measurements. Pure ethanol was used as blank.

2.6. Preparation of calibration standards

Thiram stock at 1000 mg |t was prepared in ethanol and subsequently diluted to 100 mg 12, 10 mg |72,
1mg ™, 0.1 mgl?tand 0.01 mg I to set up the analytical procedure.

Thiram standards in fruit matrix were made for Raman spectrometer calibration, as explained in
paragraph 2.8. Consecutive dilutions were prepared from 100 mg I to obtain the following
concentrations in matrix: 7.5 mg 11, 5.0 mg ™%, 2.5 mg I, 1.0 mg I and 0 mg I™%.

2.7. Detection of thiram on apples

Pome fruits (green apples) were bought from a local supermarket. Surface of the fruit was thoroughly
cleaned with water and sodium bicarbonate, then spiked with thiram to obtain a contaminated surface.
Thiram-free apples were processed as the same as spiked apples and used as blanks. Thiram was
recovered from the fruit's peel by washing it off from the contaminated surface with a known amount of
ethanol. The chips were then immersed in the resulting solution for 1 h, rinsed copiously with ethanol,
dried with nitrogen and analyzed by Raman mapping. The amount of thiram on apples was calculated
by SERS following to the analytical procedure reported in 2.9.

2.8. Raman measurements

SERS measurements were carried out using a Thermo Scientific™ DXR™ xi Raman Imaging confocal
microscope system equipped with different excitation laser sources at 532 nm, 633 nm and 780 nm,
gratings with a resolution at 5 cm™ in the spectral range 50 cm™ to 3500 cm™, a 10x microscope
objective, a 50 ym pinhole aperture and an automatic motorized stage.

In the SERS efficiency and substrate homogeneity tests, four maps with a dimension of 500 um x 500
Mm each (25 ym step size) were collected on randomly different locations of the SERS chip. Each
spectrum of the map was registered with a laser power of 4 mW using an integration time of 0.01 s
(100 Hz) with 20 scans in total.

In the SERS detection of thiram, a single map with a dimension of 50 ym x 50 ym was registered on a
random location of the SERS chip, using a laser source at 532 nm. Each spectrum of the map was
registered with a laser power of 1 mW using an integration time of 1 Hz with 20 scans in total.

2D-Raman maps were processed with Matlab® for map unfolding and statistical analysis.

2.9. Calibration and validation of the method

Five thiram concentrations in negative matrix pool were used as calibration standards (training set): O
mg kg™, 1 mg kg™, 2.5 mg kg™, 5 mg kg™, 7.5 mg kg™. SERS chips were incubated with these
standards and analyzed as described in 2.8. A linear regression was calculated as described in details
in ESI. Furthermore, multivariate calibration was performed using Partial Least Square method (Wold
H, 2006) using the PLS Toolbox for Matlab® by Eigenvector [26]. Spectral frequencies ranging from
400 cm™ to 1100 cm™ and 2700 cm™ to 3100 cm™ were considered to include the specific peaks of
the analyte, neglecting interfering bands. SERS spectra were mean centered before PLS regression.
The first model optimization process was performed using a custom cross validation test using the
“leave-one concentration-out” strategy. The optimal number of PLS Latent Variables (LVs) was set to 4
on the basis of the cumulative explained variance (CEV = 95.8%). The method was validated, by
guantifying a new independent sample, at known concentration of 5 mg kg™. The root mean square
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error in prediction RMSEP was used for method precision, while the mean predicted value for method
accuracy.

3. Results and discussion

3.1. SERS chips preparation

As we reported earlier [23], the seed growth method here employed can easily yield a homogeneous
coating of glass samples with silver nanoplates (AgNPs). An illustrative scheme of the growth
mechanism of the AgNPs on glass is shown in Scheme 1.
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Scheme 1. A schematic representation of the time-dependant seed mediated growth of Ag nanoplates on PEI functionalized
glass substrates.

Small silver nanospheres with diameters close to 7 nm can be obtained by a classical reduction
method using sodiumborhydride, and then easily grafted on the PEI functionalized glass slides due to
the negative value of the z-potential of seeds (about —25 mV), at the pH of the colloidal suspension
(close to value of 6). At this pH, the amino groups of PEI are almost completely protonated, so
interaction with the negatively charged seeds is expected. At this point, growth of grafted seeds can be
easily obtained placing the samples in a growth chamber filled with a solution of AgNO3, ascorbic acid
as mild reductant and citrate as templating (or shape-directing) agent. It is well known that citrate
preferentially binds to 111 facets of Ag(0) crystals during their growth, slowing down the vertical
expansion due to the reduction of silver ions on Ag(0) crystal surfaces by ascorbic acid, this resulting in
the anisotropic growth and production of flat silver nanoplates. We demonstrated that it is possible to
obtain increasing anisotropic growth on glass surface just increasing immersion time of grafted seeds
in presence of high citrate concentration: control of immersion times allows the tuning of the size and
consequently the LSPR features of plasmonic objects on glass samples. These flat nano-objects show
an in-plane dipole plasmon resonance band with a shape and a position which usually falls in the NIR
region, and which can be tuned at a desired value just by regulating the aspect ratio of the objects.
This allows to follow easily the extent of the growth of objects on slides by simply measuring the LSPR
spectra after different immersion times [23]. Four growing times at 15 min, 30 min, 60 min and 120 min
were investigated.

4/12



0.8

Extinction (a.u.)

o
V]
1

0.0

300 400 500 600 700 800 900 1000
Wavelength (nm)
Fig. 1. LSPR spectra registered on glass slides obtained after dipping in growth solution for increasing amounts of time: 15

min (black line), 30 min (blue line), 60 min (red line) and 120 min (green line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 1 reports the UV-Vis-NIR spectra showing how the progressive red shift of the maximum of the
LSPR spectra accounts for the increase of anisotropy and enlargement of plates edges.

SEM images taken on the same substrates and reported in Fig. 2 confirmed a dense and uniform layer
of firmly grafted nano-objects, with dimensions and anisotropy increasing with growth time, indicating
them as very good candidates for exploitation for SERS purposes.

Short immersion times show the presence of small grafted objects, having spheroidal shapes with 10—
20 nm of diameter (15 min, Fig. 2a) and larger discoidal shapes with a size of 20-30 nm (30 min, Fig.
2hb). Dimensions and anisotropy clearly increase with growing time, and triangular and truncated
triangular plates appear with more evidence for longer immersion times, as a result of the templating
action of citrate ions. For 60 min immersion times (Fig. 2c and e) longitudinal dimensions of plates
range between 20 and 80 nm, with a thickness close to 15 nm. In case of the longer immersion time
(120 min, Fig. 2d) longitudinal dimensions between 40 and 120 nm are reached, with objects still
having a thickness not exceeding the value of 20 nm. Due to the random orientation and tilt of
nanoplates towards the glass surface, and to their crowded arrangement, it was impossible to perform
a detailed and more systematic investigation of shapes and dimensions. Nevertheless, the SEM
images account for a very homogeneous coating of glass slides with objects having an extremely high
degree of polydispersion, and a clear increase of size and anisotropy with the growth time, and this is
consistent with the very broad LSPR spectra shifting towards the NIR range observed as growth time
increases.
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Fig. 2. SEM images of glass obtained after dipping in growth solution for increasing amounts of time: (a) 15 min, (b) 30 min,
(c) 60 min, (d) 120 min, (e) 60 min, detail at higher magnification.

3.2. SERS characterization of the substrates

In order to investigate the SERS response of the four kind of AQNPs SERS chips growth at different
time, both in terms of signal enhancement and homogeneity of the response, we decided to use the 7-
mercapto-4-methylcoumarin (MMC) as probe molecule. MMC forms a self-assembled-monolayer on
the surface of the metallic chips due to the strong covalent bond between the sulphur atom and silver
on the substrate, and it provides a well recognizable SERS spectral fingerprint. Conventional Raman
spectrum of MMC is shown in Fig. 3, where the main Raman bands are due to the -C-O- stretching
mode at 1169 cm™, to the conjugated —C==C- stretching mode at 1593 cm™, and to the -C-C-
stretching and in-plane deformation of -C-Hing) at 1543 cm™ [27]. A detailed peak assignment of the
MMC is listed in Table S1 in ESI. AgNPs chips were incubated with the MMC and micro-Raman
mapping was performed using different laser lines. This study was conducted to evaluate the influence
of the LSPRs on the SERS performance and to define the best SERS configuration in terms of size of
silver nano-objects, excitation wavelength and homogeneity of the SERS response.
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Fig. 3. Conventional Raman spectrum (black line) of MMC in solid state. The average SERS spectra of MMC acquired on the
60 min sample using different laser lines at 532 nm, 633 nm and 780 nm are shown.

SERS spectra of MMC collected on the 60 min sample using different laser lines are reported in Fig. 3,
as an example of the enhancement effect obtained. The obtained spectra show typical MMC features,
which are consistent with its traditional Raman spectrum.

As Fig. S1 shows, the enhancement given by different substrates using different laser lines was
compared by monitoring the MMC peak at 1593 cm™ over the time of the seed-mediated growth.

In case of the excitation wavelength at 532 nm, the intensity smoothly increases over the growth time
reaching the highest value at 120 min. In case of the excitation wavelength at 633 nm and 780 nm,
instead, the intensity reaches its maximum after 30 min and 60 min, respectively, and then
progressively falls at higher times of growth. SERS performance of these substrates seem to be largely
dependent on the LSPR of the silver nano-objects at a given excitation wavelength. When the 633 nm
and 780 nm laser lines are used in excitation, the Raman signals were greatly enhanced at 30 min and
60 min, respectively, which corresponds to the close matching of the excitation wavelength to the peak
position of LSPR bands (in-plane dipole resonance mode). As soon as we move away from this
position by enlarging the size of the nanoplates, the Raman signal start to decrease, probably due to
the less effective coupling between the LSPR maximum and the excitation wavelength. Interestingly, a
different behavior was registered with the 532 nm excitation, where a continuous slight increase of the
Raman signal after 30 min, 60 min and 120 min of the seed-mediated growth was observed. Since the
LSPR bands become constantly broader as the size of the plates increases, it is difficult to define
which modes are responsible for the continuous increase of the SERS signal, when the 532 nm
excitation is used. Other studies on silver nanocubes already suggested the LSPR broadening as the
reason for less enhancement variety when the size of the nanocubes increases [28]. The LSPR
broadening gives a contribution to the SERS enhancement, probably because the LSPR profile extend
to the position of excitation wavelength even though the peak wavelength of LSPR is far away from it
[29].

Comparing the SERS performance of the chips using different excitation wavelengths, the 532 nm
provided the highest enhancement and it was chosen for further analytical exploitation of these chips.
Even if the signal amplification does not change dramatically over the growth time of the plates, the
homogeneity of the SERS response seems to provide different results. In order to investigate the
homogeneity of differently grown plates, four maps of 0.5 mm?2 were collected for each sample (Figs.
S2a-d). In particular, the inter-map homogeneity was evaluated as it represents the variability from
map to map within the same substrate [27]. 60 min sample demonstrated the highest homogeneity (1%
RSD) of SERS response over wide area. Another important information was also to evaluate the
minimum area which provides sufficient repeatability by calculating the RSDs over progressively
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increasing areas from 1 x 1 uym? to 500 x 500 ym? (Figs. S3a-g). For every 2D-Raman map, four

different regions of the chip were characterized and the results are listed in Table 1.

Table 1
Analysis of SERS substrate homogeneity.
Scanned area (um?) Number of spectra alntra-map RSD (%) alnter-maps RSD (%)
1x1 1 n/a 11.3
25 x 25 4 6.8 9.2
50 x 50 9 10.8 4.3
125 x 125 36 12.1 3.2
250 x 250 121 12.5 1.6
375 x 375 256 12.4 1.1
500 x 500 441 12.3 0.9

a The intra-map RSD is the RSD calculated upon all the spectra composing one Raman map, the
reported values are the mean of 4 determinations. The inter-maps RSD is the RSD calculated upon the
four intensity averages for each map.

Increasing the scanned area, the value of the intra-map RSD grew up from 6.8% to 12.3%. RSD
values of 20% are usually associated to good homogeneity for SERS substrates [29,30], so the
present results indicate high homogeneity of the SERS response of these chips. The inter-maps RSD
stays around 10% for quite small areas, while it is lower than 5% for wider areas (from 50 x 50 ym? to
500 x 500 pum?). Our results of about 10% and 5% for the intra-map and inter-maps RSD over 50 x 50
pum?2, respectively, revealed a good homogeneity of the SERS substrate with a remarkable repeatability.
These homogeneity and repeatability conditions are suitable for the setup of an accurate analytical
procedure.

As the 60 min sample was defined as the best compromise in terms of SERS enhancement and
homogeneity of the Raman signal throughout the substrate, we also investigated its sensitivity to
diluted concentrations of MMC from 1 x 10 M to 1 x 107° M concentrations. As the spectra in Fig. S4
show, the specific vibrational bands of the MMC can be clearly detected down to 1 x 1078 M. Further
dilution to 1 x 107 M is close to the limit of detection of the substrate, which also shows overlapping of
the MMC signals with the bands of the citrate and ascorbic acid from the background, especially in the
spectral region 1600-1300 cm™L. The detection of 10 nM concentration represents a good indication of
the high substrate sensitivity. An enhancement factor (EF) of 2 x 10° was calculated for the 60 min
sample according to the method proposed in Refs. [31] and reported in ESI. Such EF value might not
be considered very high if compared to other values reported in literature for other Ag nano-objects
[19,20], where EFs in the order of 107-108 were calculated. In other similar Ag SERS systems [16-18],
instead, the EF was not reported, and the detection limit of specific target molecules, such as the 2-
naphthalenethiol or PCBs, in the micromolar or nanomolar range was only used to evaluate the
efficiency of the substrate. In the last case, our Ag-nanoplates chip also showed comparable sensitivity
with these previous reported systems with a detection limit of the MMC in the nanomolar range.
Moreover, other data reported on gold nanostructures also demonstrated higher SERS performance in
terms of EF [32—-34]. These SERS substrates were very efficient and provided a more homogenous
control of the growth mechanism of the nano-object in terms of size and shape. However, they often
employed surfactant molecules that might reduce the adsorption of target molecules for real world
application, such as food contaminants, which was indeed not showed in these studies. In general,
taking the EF as main parameter to evaluate the efficiency of a SERS system could be misleading.
Indeed, a proper comparison between different SERS system should be performed by using the same
EF calculation method, the same SERS probe and, more importantly, it should be supported by an
accurate calculation of the number of molecules under the laser spot size or in the hot-spot regions,
which is normally based on several assumptions. The method applied in this work and previously
developed by our group in Ref. [31] tries to push to a standardization of the EF procedure, taking into
account the normal issues in the EF calculation. Nonetheless, finding a fair compromise between EF
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and substrate uniformity is the key element for the fabrication of an excellent SERS substrate. In this
way, the system here presented showed excellent homogeneity and reproducibility of the SERS
response, thus supporting for real application in food contaminants detection, as the next section will
describe.

3.3. SERS detection of thiram on pome fruits

In order to demonstrate application of these chips for real sample analysis, an analytical procedure for
the detection of thiram was developed. Tetramethylthiuram disulfide (thiram) is a non-systemic
dithiocarbamate fungicide whose residues mostly remain on the surface of the sprayed crop [35].
Maximum allowed levels of thiram residues on fruits and vegetables are in the range 0.1-5 mg kg™, as
defined by the Reg. (EU) 2016/1. Here we describe the setup of an analytical procedure to detect
thiram on pome fruits, whose law limit has been set as 5 mg kg™.

According to the literature, when thiram molecule interacts with a metal surface such as the Ag
nanoplate, it easily forms the resonated radical structure that causes the S-S bond cleavage of thiram
[36]. This strong adsorption takes place via the SCS group through a bidentate complex with Ag atoms,
as shown in Fig. S5a in the ESI [37,38]. A comparison of pure thiram powder and SERS spectra are
shown in Fig. S5b. The Raman and SERS spectra contain different vibrational bands, including the one
at 564 cm™! attributed to v(S-S) or v(CSS), at 1148 cm™ to p(CH3) or v(N-CH3), and at 1386 cm™ and
at 1514 cm™ to p(CH3) and v(C=N), respectively. The other characteristic vibrational modes for both
Raman and SERS spectra are listed in Table S2.

In order to test the sensitivity of the SERS chip, they were incubated for 1 h in thiram solutions ranging
from 10 mg It to 0.01 mg It and then analyzed by Raman mapping. As Fig. S6 shows, the main
characteristic bands of thiram at 564 cm™ and 1386 cm™ decrease together with its concentration

reaching a detection limit of 0.01 mg kg™, which is almost one order of magnitude lower than thiram
limit residues on fruits and vegetables.

In order to detect and quantify thiram on a real sample, a simple extraction of the pesticide was first
performed (paragraph 2.9). An external calibration was carried out to set up the analytical procedure.
The average spectrum for each standard was calculated over an area 50 x 50 um?, which is enough to
guarantee an intra-map RSD of 5% (Table 1), while reducing the total time of analysis.
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3000-2800 em™! 1386 em™! 564 cm!
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Fig. 4. Average SERS spectra of 60 min silver nanoplates substrates upon incubation with different concentrations of thiram in
negative matrix pool, ranging from 0to 7.5 mg kg ™.

As Fig. 4 shows, the specific signals of thiram increase together with the concentration, following a
linear trend in the tested range of concentrations. A univariate calibration curve can be built but with
limited accuracy (see ESI for details and Fig. S7). A multivariate approach was then used to consider
simultaneously the whole information contained in spectral data (Fig. 5). As we previously
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demonstrated, a multivariate approach provided higher accuracy and method stability than univariate
calibration of SERS measurements [39]. A “chemical-shape” is conserved in the loading until LV4 and
this was chosen as reasonable model complexity (Fig. S8). A high correlation factor (R2ca = 0.96) is
obtained and maintained during the validation test (R%cv = 0.93). The method provides a RMSECV of
0.7 ppm during the “leave-one concentration-out” validation test using 4 LVs. The external validation
test on an independent sample with a real concentration of 5 mg kg™ provided a mean value of 4.5 mg
kg™ with a standard deviation of 0.5 mg kg™*. This test allowed to calculate an accuracy of 90.7%. A
root mean square error in prediction RMSEP = 0.7 mg kg™ was obtained, which is commonly accepted
as an indication of method precision.

In order to test the analytical method for a real application, we used the PLS quantitative method to
determine the recovery of thiram from the surface of apples spiked with thiram at 5 mg kg™ A
contamination level of 1.4 + 0.3 mg kg™ was calculated, averaging 10 measurements. This value
demonstrated a recovery of 28%, which means that the extraction procedure only allows to partially
recover the contaminant from the apple surface and it will require further improvement. However, this
can be considered just a limitation of the preliminary sample processing (i.e. the mild extraction
procedure), which does not affect the performances of the SERS chip here proposed, in terms of
sensitivity, homogeneity and accuracy of the response.
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4. Conclusions

An easy seed-growth approach to prepare SERS chips having high EF and very good homogeneity
was here presented, based on a dense layer of silver nano-objects directly attached on a glass slide.
Shape and dimensions of the nano-objects can be effectively tuned by controlling the seed-growth
time, providing a high concentration of SERS hot spots on the surface. The SERS response of four
kinds of chips based on different growing times were investigated, both in terms of signal enhancement
and homogeneity of the response, using MMC as probe molecule. When growing time is set to 60 min,
a remarkable result is obtained both in terms of EF (2 x 10°) using a 532 nm laser excitation, and of
good homogeneity of the SERS response with intra- and inter-maps RSD of 10% and 5%, respectively,
making the SERS chips suitable for the setup of accurate analytical procedures. An analytical
procedure for the detection of thiram fungicide was developed and applied to its detection on green
apples peels, comparing different types of regressions for calibration. In particular, multivariate analysis
based on PLS showed good repeatability and robustness (RMSECV = 0.7 ppm; RMSEP = 0.7 ppm) in
the range 0-7.5 mg kg™, with higher accuracy for PLS (90.7%) than univariate calibration (83.4%).
These results confirm that this SERS chip coupled with a PLS approach guarantees high accuracy and
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repeatability for thiram detection on food matrix and can be reliably used for its detection within the
European law limits.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.talanta.2020.120936.
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