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Abstract: The aim of this work is to develop a device based on thin-layer chromatography coupled
with surface-enhanced Raman spectroscopy (TLC-SERS) to analyze sulfamethoxazole (SMX) and
trimethoprim (TMP) in commercial milk samples using chemometric tools. Samples were eluted
in TLC plates, and a central composite design (CCD) of two factors was performed to optimize
the gold nanoparticle dispersion on TLC plates for SERS, aiming at the detection of both drugs
at concentrations close to their maximum residual limits (MRLs). Following the optimization,
hyperspectral images from the SERS were captured of the TLC plates. Multivariate curve resolution
(MCR-ALS) and independent component analysis (ICA) chemometric techniques were used to extract
the signals of the analytes. All the samples presented recovery values of 81–128% for TMP. The
quantification of SMX was not possible due to SERS suppression by an interferent. However, it
was possible to detect SMX at a concentration of two times the MRL (8.0 × 10−7 mol·L−1). The
results demonstrate that the TLC-SERS device is a potential tool for the quantification of TMP and
the detection of SMX in milk.

Keywords: surface-enhanced Raman spectroscopy; chemometrics; hyperspectral image; thin-layer
chromatography; milk; multivariate curve resolution; independent component analysis

1. Introduction

Sulfamethoxazole (SMX) and trimethoprim (TMP), shown in Figure 1, are two antibi-
otics largely used in human and veterinary drugs. The combination of both drugs, usually
in a proportion of 5 SMX: 1 TMP, generates a synergic effect that enhances efficacy in the
treatment of bacterial infections [1]. In veterinary settings, in addition to use for infection
treatment, these drugs are commonly applied as a prophylactic treatment [2]. The improper
use of these drugs can lead to their accumulation in products of animal origin, such as
meat, eggs, and milk [3–5]. In Brazil, the maximum residual limits (MRLs) are the same as
those established by the European Medicines Agency (EMA) and the United States Food
and Drug Administration (FDA) [6]. For commercial milk, these agencies define MRLs of
100 µg·kg−1 and 50 µg·kg−1 for SMX and TMP, respectively [7]. Therefore, it is necessary
to develop analytical methods that allow the determination and quantification of these
drugs in complex samples at various concentrations of MRL.
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Surface-enhanced Raman spectroscopy (SERS) is an analytical technique that enables
analyte detection at very low concentrations in different sample matrices [8–11]. The
signal enhancement effect occurs due to the interaction of the target molecule with metallic
nanostructures, generating a plasmonic band that results in the enhancement of scattered
photons in the order of 107 [12,13]. However, the analysis of complex matrices by SERS is
limited because interferents also can interact with the nanostructures, making the obtention
of SERS spectra from a target compound difficult [14].

As an alternative for minimizing the matrix effect, the use of SERS coupled with
other analytical techniques for sample pretreatment or separation has been studied. These
techniques allow the contouring of the main disadvantages of the SERS technique and
permit the analysis of multiple analytes in complex samples [15,16]. Among the more
frequently employed techniques, thin-layer chromatography (TLC) can be highlighted as a
simple, fast, low-cost technique that allows the analysis of different samples with little or
no sample pretreatment [17]. Only a few works have employed TLC-SERS as an analytical
tool for quantification [18–21].

Instead of performing sample derivatization or using a UV chamber to detect analyte
locations on a TLC, spatial measurements can be used to scan the TLC surface and detect
the analyte separation band. Due to very low concentration of an analyte over a TLC,
as well as weak Raman scattering, SERS needs to be used in order to increase Raman
scattering. Therefore, Raman spectroscopy coupled to an imaging system is a powerful tool
to perform such scanning after the dispersion of colloidal gold nanoparticles (AuNPs) on a
TLC to obtain SERS spectra, allowing the obtention of a SERS-TLC hyperspectral image.
Figure 2 presents a schematic representation of a hyperspectral image obtained from a
TLC-SERS analysis, producing a cubic matrix of data (tensor) for each sample, with spectral
dimensions of spatial x × spatial y × SERS [22]. The size of the tensor depends on the
spatial resolution between the vicinal points where the SERS was obtained, as well as on
the spectral resolution of the SERS spectrum.
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Figure 2. Schematic representation of a hyperspectral image of a TLC plate.

In a hyperspectral image, each pixel refers to a spatial position on a spectrum and
contains the spectral information of that position [23–26]. Therefore, each pixel in an
image is represented by a SERS spectrum. This kind of approach enables the detection of
chromatographic bands that are not possible to detect with usual revelation methods, such
as the use of a UV chamber.

Each hyperspectral image generates huge amounts of data that need pretreatment and
processing to highlight the most important information of the dataset. Although TLC plates
are used for compound separation, in complex samples such as milk, there are regions of
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the chromatogram where it is not easy to obtain good resolution of the chromatographic
bands, leading to coelution of the analyte of interest and interferents. Two chemometric
methods have gained attention for performing the deconvolution of overlapped spectra:
multivariate curve resolution with alternative least squares (MCR-ALS) and independent
component analysis (ICA).

MCR-ALS is a chemometric tool for bilinear decomposition based on the extended
Beer–Lambert law, where the data matrix (D) is decomposed into a relative concentration
profile matrix (C) and a spectral profile matrix (S), as presented in Equation (1), where
the E matrix corresponds to the data not modeled by the algorithm. Data decomposition
occurs based on deconvolution of the superimposed signals present in the original data,
and no prior knowledge about the individual spectral profiles of a system is need. Instead,
some constraints are applied during the deconvolution process, such as non-negativity for
spectral and concentration profiles. Through iterative methods of regression by alternating
least squares, it is possible to obtain a matrix relative to the analytical signals containing the
SERS spectrum of each component present in the mixture (also called the spectral profile)
and a matrix corresponding to the relative concentrations of the components present in
the sample (called the concentration profile). In hyperspectral data, a concentration profile
matrix can be rebuilt in a concentration map to obtain the spatial distribution of an analyte.
MCR-ALS is widely used for chemical-imaging analysis, and more information can be
found in the literature [27–31].

D = C·ST + E (1)

The MCR-ALS algorithm is based on three main steps. (1) Determination of the
number of components presented in the mixture is usually performed using a principal
component analysis, where the number of principal components required to explain the
data is related to the number of different spectra (components) present in the original data.
(2) For the initial estimation of either C or S, it is necessary to indicate an initial estimate to
start the iteration of deconvolution, which can be either the concentration or the spectral
profile. The initial estimate can be obtained from prior knowledge, such as the pure spectra
of the components present in the sample, or from specific algorithms that estimate the
purest spectra from the original data. (3) As the last step of the algorithm, the C and S
matrices are optimized using alternate least squares.

ICA is a blind source separation algorithm that uses a central limit theorem to acquire
the most independent signals (S) and their proportions (A) in a mixed data matrix (X)
without previous knowledge of the data, as represented in Equation (2) [32,33]. Similar to
MCR-ALS, proportions (A) are calculated based on the independent signals representing
the intensity (concentration) of a spectrum recovered by the algorithm. There are several
ways to calculate non-Gaussianity between the components and to achieve the statistical
independence of the signals, such as kurtosis and negentropy. From the methods that use
kurtosis to calculate the signals, one of the most used algorithms is the Joint Approximation
Diagonalization of Eigen-matrices (JADE), which uses a matrix diagonalization calculation
in a higher-order (fourth order) matrix computation. This results in an advantage over
other methods by solving convergence problems caused by the incorrect choice of initial
conditions in a more practical way, thus becoming a more robust algorithm. On the other
hand, the calculation of this algorithm requires complex mathematical computation and
higher statistics.

X = A·S (2)

Differently from the MCR-ALS algorithm, the JADE method for ICA does not require
an initial estimation of the spectral profile (S), but the proportions (A) are calculated at
the end of the algorithm by multiplying the pseudo-inverse of the optimal S matrix by the
original data (X). Therefore, for complex samples, the recovered spectra are usually more
similar to the analyte when compared to the spectral profiles obtained by MCR-ALS. The
relative concentration profiles (or proportions) recovered by both tools can be correlated
with the real analyte concentration, generating a pseudo-univariate analytical tool.
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It is important to observe that the concentrations and intensities recovered by MCR
and ICA are called “relative” because the recovered intensities are related to the signal
intensities of each compound, which are normalized. Two signals of different compounds
at the same concentration can present very different intensities, and what is recovered
by both algorithms are the normalized intensity and concentration values. Therefore,
after deconvolution, it is necessary to correlate these relative concentrations with the real
concentrations of the compounds using a calibration dataset to perform the quantification,
generating a pseudo-univariate analytical curve.

This work aims to develop a low-cost and effective device to analyze SMX and TMP
in commercial milk samples based on TLC-SERS hyperspectral imaging coupled with
MCR-ALS and ICA chemometric tools for signal deconvolution.

2. Materials and Methods
2.1. Chemicals

SMX (>99.0%) and TMP (>98.5%) powder standards were purchased from Jayusion
(Wuhan, China). Trisodium citrate dihydrate (C6H5Na3O7·2H2O) was obtained from
J.T.Baker Chemical Co. (Phillipsburg, NJ, USA), magnesium sulfate (MgSO4) from Synth
(Diadema, Brazil), sodium acetate (NaC2H3O2) from Synth, ethylenediaminetetraacetic acid
disodium salt dihydrate (Na2EDTA·2H2O) from Synth, and glacial acetic acid (C2H4O2)
from J.T.Baker Chemical Co. All reactants were of P.A. grade. Ultrapure-grade (99.999
%) chloroauric acid (HAuCl4) was obtained from Sigma Aldrich (Saint Louis, MO, USA).
TLC separation was performed on Allugram Xtra SIL G thin-layer chromatographic plates
from Macherey-Nagel (Dueren, Germany) with silica gel 60 of 200 µm in thickness and
a fluorescent marker at 254 nm. Solvents, ethyl acetate, acetonitrile, and methanol were
obtained from J.T.Baker Chemical Co and were of HPLC grade. Aqueous solutions were
prepared using ultrapure water (18.2 MΩ·cm−1) provided by a Mili-Q system (Millipore,
Bedford, MA, USA).

2.2. Nanoparticle Synthesis

Gold nanoparticles (AuNPs) were synthetized following a modified Lee–Meisel
method [34]. Briefly, around 48 mg HAuCl4 was dissolved in 100 mL ultrapure water.
This solution was heated to 85 ◦C. Next, 10 mL 1% C6H5Na3O7·2H2O solution was added
to the HAuCl4 solution. The synthesis was removed from heat after 4 min and allowed to
stand at room temperature.

2.3. Preparation of Solutions and Samples

Stock solutions of SMX and TMP were prepared at 1 × 10−3 mol·L−1 in methanol.
From the stock solutions, standard solutions for the calibration curves were prepared at
the following concentrations: for SMX, 2.50 × 10−6, 5.00 × 10−6, 1.00 × 10−5, 2.50 × 10−5,
1.00 × 10−4, and 5.00 × 10−4 mol·L−1; for TMP, 1.00 × 10−7, 2.50 × 10−7, 5.00 × 10−7,
1.00 × 10−6, 2.25 × 10−6, and 3.75 × 10−6 mol·L−1.

Milk samples A, B, and C from three different companies were purchased from local
markets. Samples were spiked with stock solutions according to the intended concentration.
Three spiking levels were evaluated: without spiking (S0), spiking to the MRL (approxi-
mately 1.7 × 10−7 mol·L−1 for TMP and 4.0 × 10−7 mol·L−1 for SMX) (S1), and spiking
to 2 times the MRL (approximately 3.4 × 10−7 mol·L−1 for TMP and 8.0 × 10−7 mol·L−1

for SMX) (S2). The concentrations of analytes in spiked milk samples were lower than
the concentrations in the calibration samples because the milk samples underwent an
extraction–preconcentration process. The QuEChERS (quick, easy, cheap, effective, rugged,
and safe) method was used for the extraction of the analytes [35,36]. For this, 20 g of
each sample was added to a polypropylene tube. After, 20 mL acetonitrile, 20 mL aque-
ous Na2EDTA solution (0.1 mol·L−1), and 0.2 mL 5% acetic acid solution were added.
Tubes were manually shaken for 15 min. Later, 8 g anhydrous MgSO4 and 2 g anhydrous
NaC2H3O2 were added. Mixtures were manually shaken for 15 min and centrifuged for
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15 min at 12,000 rpm. After centrifugation, 4 mL of the supernatant (acetonitrile phase) was
dried in N2 and resuspended in 0.5 mL methanol.

2.4. TLC-SERS Device Procedure

TLC plates were manually cut at dimensions of 50 mm in length and 25 mm in
width. For each plate, 4 µL of each standard solution (or extracted sample) was added
5 mm from the bottom of the TLC plate. Each run was performed in triplicate on the
same TLC plate, where samples were distanced from each other by 5 mm. Elution was
performed on 40 mm of the TLC plates using the mobile phase recommended by the Global
Pharmaceutical Health Fund (GPHF) [37]: ethyl acetate (HPLC-grade, J.T.Baker): methanol
(HPLC-grade, J.T.Baker) (75:15 v/v). Initially, a UV lamp (254 nm) was used to evaluate
the TLC plates; later, gold nanoparticle colloidal solution was dispersed on the TLC plates
using a previously described device [38].

SERS spectra were acquired using an i-Raman BWS 415-785H instrument (B&WTek,
Newark, DE, USA) with a laser at 785 nm and a spectral resolution of 3.5 cm−1. An
equipment probe (BAC102) with a laser spot of 85 µm was placed over an XY-imaging
stage. The spectra were acquired using 60 s of integration time and a laser power of 63 mW.
Hyperspectral imaging was obtained covering the elution area of the TLC plates (40 mm
length and 25 mm width) with pixel intervals of 1 mm. The spectral range was from 280
to 1900 cm−1. At the end of each measurement, the TLC plates resulted in hyperspectral
images of 25 pixels on the X-axis and 40 pixels on the Y-axis with a total of 1000 spectra for
each TLC plates, and each spectrum represented 950 wavenumbers.

2.5. Analysis Optimization

A central composite design (CCD) of two factors was performed to optimize SERS
acquisition and to allow the detection of both drugs close to the MRL levels. The effect of
NaCl was evaluated by adding 2 µL of different concentrations of NaCl solution to 100 µL
of the AuNP colloidal solution before dispersing the nanoparticles on the TLC plates. The
AuNP preconcentration was assessed by centrifuging 1 mL of the synthesized nanoparticles
at 5000 rpm for 30 min and removing different volumes of supernatant. Table 1 shows the
CCD table and the SERS intensity obtained for each experiment.

Table 1. Central composite experimental design and SERS intensity values.

Codified Values Real Values Responses

Experiment NaCl AuNPs M.V. 1 (%) NaCl (mol·L−1) AuNPs M.V. 1 (%) SMX TMP

1 −1 −1 0.4 87.15 257 1930
2 1 −1 1.6 87.15 1193 4975
3 −1 1 0.4 52.14 1337 9842
4 1 1 1.6 52.14 942 6686
5 0 0 1 70 1818 8701
6 0 0 1 70 1457 6668
7 0 0 1 70 1236 5813
8 −1.68 0 0 70 1369 5841
9 1.68 0 2 70 360 6201
10 0 −1.68 1 100 354 4899
11 0 1.68 1 40 1661 2263

1 AuNPs maintained volume after centrifugation.

For each experiment, a solution containing SMX (5.00 × 10−4 mol·L−1) and TMP
(1.00 × 10−4 mol·L−1) was eluted on the TLC plates. The AuNP colloidal solution was
prepared according to the experimental conditions of the CCD and dispersed on the eluted
TLC plates. Hyperspectral images were captured, and the results were calculated using
the sum of the Raman scattering intensities from all the locations. For optimization, the
wavenumbers of 687 cm−1 for SMX and 1325 cm−1 for TMP were monitored.

In addition, the pH of the mobile phase was evaluated because, by altering solution pH,
it is possible to alter the molecule adsorption mode on a nanoparticle surface and to intensify
or suppress SERS [39]. Thus, three pH conditions were evaluated based on the addition of
150 µL of 0.1 mol·L−1 HCl, 150 µL of 0.1 mol·L−1 NaOH, or 150 µL of ultrapure water.
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2.6. Chemometric Methods

Each TLC plate generated a hyperspectral image in tensor form X of the dimensions n,
m, and k, where n is the number of pixels on the X-axis, m is the number of pixels on the
Y-axis, and k is the number of variables (wavenumbers) acquired in one SERS spectrum.
Each hyperspectral image of each sample was unfolded using the pixel method, generating
an augmented matrix (Xaug) of n × m by k. The augmented matrices of all the samples
were combined in a single matrix of i × n × m by k, where i is the number of analyzed
samples. The numbers of pixels in the X and Y directions (map size) were determined
based on preliminary tests of the chromatographic band size on the TLC plates. Data
were pretreated, aiming to emphasize the relevant chemical information in the spectra.
For this, spectral ranges were selected for each analyte (373–1052 cm−1 for SMX and
1052–1640 cm−1 for TMP) and moving average smoothing (window n = 5) was performed.
MCR-ALS was performed using the MCR 2.0 GUI toolbox [40]. The number of components
for MCR-ALS was selected based on the normalized eigenvalues calculated by singular
value decomposition (SVD). The purest spectra from the dataset were determined with
the PURE function and used to initialize the ALS algorithm. A non-negativity constraint
was used for both the spectra and profile matrices. ICA was performed based on the JADE
algorithm, and the optimal number of ICs was selected based on a random ICA using a
blocks approach [41].

Analytical curves to quantify both drugs were obtained through the correlation of con-
centrations of standard solutions and the sum of the concentration profiles (for MCR-ALS)
and proportions (for ICA) for each recovered component, which presented the recovered
spectra most similar to the spectra of the pure analytes. Such an approach is comparable to
univariate quantification methods used in chromatography, where the standard concen-
tration is related to the chromatographic band area of a compound. The difference for the
proposed method is that the chromatographic bands were mathematically deconvoluted
from interferents with chemometric tools, using the SERS spectrum of each analyte as the
base for deconvolution.

3. Results and Discussion
3.1. Preliminary Tests

The purpose of the preliminary tests was to observe the SERS effect of the analytes
using the TLC-SERS device. Figure 3 shows the Raman spectra of the powder standards,
the spectra of the 1 × 10−3 mol·L−1 solution in methanol, and the SERS spectra of the
1 × 10−3 mol·L−1 solution in methanol. While the solutions without nanoparticles showed
no significant Raman scattering, the solutions containing AuNPs presented characteristic
Raman bands due to the SERS effect. It is worth emphasizing that, due to differences in the
chemical environment (powder standard compared to SERS solution), the spectra obtained
in both measurements showed distinct profiles.
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For SMX, most of the characteristic Raman bands presented lower intensities, and four
main bands were observed in the SERS spectra. At 687 cm−1, it was possible to observe
a band related to the out-of-plane bending of the C=C-C bond of the aromatic rings. The
Raman band at 570 cm−1 could be associated with out-of-plane bending of the C-O-N bond
from the isoxazol ring, and at 546 cm−1, in-plane bending of a secondary amine (-NH)
was observed. The band at 423 cm−1 was indicative of in-plane bending of the C=C-N
bond [42]. These Raman bands were indicative of the interaction between the nanoparticles
and the isoxazol ring of SMX, leading to an enhancement of the Raman signals related to
this region of the molecule.

In the TMP SERS, four main bands were observed at 482 cm−1, 593 cm−1, 780 cm−1,
and 1325 cm−1. The first band at 482 cm−1 was related to primary amine (-NH2) bending.
At 593 cm−1, in-plane pyrimidine ring stretching was observed, as well as TMP benzenic
ring torsion. The band at 780 cm−1 could be associated with pyrimidine ring breathing,
and the band at 1325 cm−1 was related to C-O benzenic ring stretching [43]. Considering
that the region in which signal enhancement is observed is the part of the molecule that
most interacts with a nanoparticle surface, it can be inferred that the molecule interacted
with AuNPs through its pyrimidine ring. Figure 4 shows the separation and identification
of the analytes using the TLC-SERS device. This was performed by TLC elution of a stock
solution (1 × 10−3 mol·L−1) containing only SMX, a stock solution containing only TMP
(1 × 10−3 mol·L−1), and a stock solution of 5 × 10−4 mol·L−1 containing both analytes.

Chemosensors 2022, 10, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 4. (a) TLC plate after analysis in UV chamber and (b) SERS spectra of the chromatographic 
bands observed in the plate. 

The TLC plates were first evaluated in a UV chamber (Figure 4a), where efficient and 
reproducible separation of both compounds was observed. Next, the AuNP solution was 
dispersed on the TLC plates for further SERS analysis. As expected, the process of disper-
sion of the AuNP colloid over the TLC plates did not promote changes, either in the SERS 
effect or in the TLC substrate. Furthermore, it was possible to detect both chemical com-
pounds with minimal interference of the silica plate. 

3.2. Device Optimization 
A central composite design was performed that was aimed at optimizing the SERS 

intensities for both analytes using the TCL-SERS device, as presented in Table 1. The eval-
uated parameters were related to the AuNP solution, which was dispersed on the TLC 
plates. 

An analysis of variance (ANOVA) was performed using the data of Table 1 to dis-
cover the influence of the CCD parameters on the SERS intensity and to obtain mathemat-
ical models to improve the SERS optimization. For TMP, the proposed model explained 
48% of the information obtained during the experiments, and no significant regression 
was achieved based on an F-test of regression by the residuals, where the calculated value 
(FReg/Res = 0.91) was lower than the critical F-value (Fcritical 5;5;95% = 5.05). 

These results reflected the calculated coefficients. At a 95% confidence level, all the 
parameters presented confidence intervals higher than the coefficient values. Thus, it was 
not possible to consider the calculated parameters as significant for the model, indicating 
that the proposed quadratic model did not fit the experimental results, although the em-
pirical results could be used to generate a response surface. 

For SMX, the ANOVA showed more significant coefficients for the model. Only the 
coefficient related to the linear contribution of NaCl was not significant, and the signifi-
cant coefficients are presented in Equation (3). However, the proposed equation presented 
a determination coefficient (R²) of 0.69 and low prediction power, with an FReg/Res value 
(3.40) below the Fcritical value (4;6;95%) (4.53). 𝑦 ൌ 1463.33ሺേ310.47ሻ ൅ 313.66ሺേ179.56ሻ𝑥஺௨ െ 238.33ሺേ178.64ሻ𝑥ே௔஼௟ଶ െ 187.57ሺേ178.64ሻ𝑥஺௨ଶ െ 332.92 ሺേ278.82ሻ𝑥ே௔஼௟𝑥஺௨ (3)

Figure 5 presents the response surfaces for both analytes using interpolation of the 
empirical results for TMP (Figure 5a) and the results of Equation (3) for SMX ( Figure 5b). 
As both drugs presented the highest intensity of response near the location of experiment 

Figure 4. (a) TLC plate after analysis in UV chamber and (b) SERS spectra of the chromatographic
bands observed in the plate.

The TLC plates were first evaluated in a UV chamber (Figure 4a), where efficient
and reproducible separation of both compounds was observed. Next, the AuNP solution
was dispersed on the TLC plates for further SERS analysis. As expected, the process of
dispersion of the AuNP colloid over the TLC plates did not promote changes, either in the
SERS effect or in the TLC substrate. Furthermore, it was possible to detect both chemical
compounds with minimal interference of the silica plate.

3.2. Device Optimization

A central composite design was performed that was aimed at optimizing the SERS
intensities for both analytes using the TCL-SERS device, as presented in Table 1. The evaluated
parameters were related to the AuNP solution, which was dispersed on the TLC plates.

An analysis of variance (ANOVA) was performed using the data of Table 1 to discover
the influence of the CCD parameters on the SERS intensity and to obtain mathematical
models to improve the SERS optimization. For TMP, the proposed model explained 48%
of the information obtained during the experiments, and no significant regression was
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achieved based on an F-test of regression by the residuals, where the calculated value
(FReg/Res = 0.91) was lower than the critical F-value (Fcritical 5;5;95% = 5.05).

These results reflected the calculated coefficients. At a 95% confidence level, all the
parameters presented confidence intervals higher than the coefficient values. Thus, it was
not possible to consider the calculated parameters as significant for the model, indicating
that the proposed quadratic model did not fit the experimental results, although the
empirical results could be used to generate a response surface.

For SMX, the ANOVA showed more significant coefficients for the model. Only the
coefficient related to the linear contribution of NaCl was not significant, and the significant
coefficients are presented in Equation (3). However, the proposed equation presented a
determination coefficient (R2) of 0.69 and low prediction power, with an FReg/Res value
(3.40) below the Fcritical value (4;6;95%) (4.53).

y =
1463.33

(±310.47)
+

313.66
(±179.56)

xAu −
238.33

(±178.64)
xNaCl

2 − 187.57
(±178.64)

xAu
2 − 332.92

(±278.82)
xNaCl xAu (3)

Figure 5 presents the response surfaces for both analytes using interpolation of the
empirical results for TMP (Figure 5a) and the results of Equation (3) for SMX ( Figure 5b).
As both drugs presented the highest intensity of response near the location of experiment 3,
this condition was adopted for the method (0.4 mol·L−1 NaCl and maintained volume of
AuNP colloidal solution of 50%).
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As pH can change the intensity and profile of SERS, the pH of the mobile phase
was evaluated. Figure 6 shows the average SERS spectra of the TLC chromatographic
bands using acidic pH (HCl addition), basic pH (NaOH addition), and neutral pH for the
mobile phase. For both SMX and TMP, SERS showed the highest intensity values using
the mobile phase without modification; thus, this condition was selected to perform the
quantification experiments. One possible explanation for these values is related to the
molecular interaction with the nanoparticle surface. Considering that TMP performed
its adsorption through the pyrimidine ring, the protonation of the primary amine (in
acid media) or the neutral form of the molecule (in basic media) negatively affected its
interaction with the Au nanoparticles. For SMX, the protonation of the tertiary amine and
the deprotonation of the secondary amine did not interfere with the adsorption of the
isoxazol group on the nanoparticle surface. Because of the highest sign intensity in the
neutral media, the TLC-SERS analysis was performed without pH alteration.
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3.3. SMX Quantification

Calibration curves were prepared using the optimized experimental conditions. Stan-
dard solutions containing both drugs were eluted on the TLC plates using AcEt:MeOH
(75:15 v/v) mobile phase. The AuNP colloidal solution was preconcentrated, discarding
half the volume of the supernatant after centrifugation, and 2 µL of 0.4 mol L−1 NaCl
was added to 100 µL of concentrated AuNPs. Each standard solution was prepared and
analyzed in three replicates. The performances of the MCR and ICA chemometric methods
for signal resolution were compared through the quantification of analytes.

Figure 7 presents the score maps of the chromatographic band recovered by MCR-ALS
(Figure 7a) and ICA (Figure 7c) for the SMX standard calibration samples, as well as the
respective calibration curves (Figure 7b,d, respectively).

The calibration curves in Figure 7 were obtained from semi-log graphs, where log10
was applied to the X-axis (concentration axis) against the relative intensity obtained from
the sum of the recovered concentration profile for the component identified as SMX. Both
analytical curves presented satisfactory performances with a good linear range (from
5.00 × 10−6 to 5.00 × 10−4 mol·L−1) and a high correlation coefficient (R2 = 0.977), regard-
less of the chemometric tool. The lowest detected concentration for SMX in the proposed
method was below the usual concentration obtained by the spectroscopic methods and close
to the limits of detection reported by liquid chromatographic methods [6,44], demonstrating
its applicability for low-concentration matrices, such as milk.

The proposed analytical curves were applied to quantify SMX in milk samples. How-
ever, because of the samples’ chemical complexity, some interferents presented elution
close to that of SMX in the TLC plates and occupied the bond sites of AuNPs, decreasing
the interaction between SMX and the AuNPs and suppressing the SERS intensity for this
analyte. Figure 8 exhibits the recovered score maps for two interferents and SMX in the
same chromatographic region for the analysis of the milk sample spiked with two times
the MRL.

Even with the interferents present, it was possible to observe pixels related to the
analyte signal (red, orange, and yellow dots in Figure 8b). Therefore, the proposed device
could be used to detect the presence or absence of the drug in milk, and it could be applied
as a qualitative method to detect SMX in milk samples. The results depicted in Figure 8
refer to the recovered MCR-ALS data, but no significant differences were observed in the
ICA (results not presented).

3.4. TMP Quantification

Figure 9 presents concentration maps of the TMP chromatographic band recovered by
MCR-ALS (Figure 9a) and ICA (Figure 9c), as well as their analytical curves (Figure 9b,d,
respectively). Both methods showed high linearity (R2 > 0.9) in the linear range of 1.00 × 10−7

to 5.00 × 10−6 mol·L−1. Comparing the results obtained for TMP with those of SMX, a shorter
linear range could be noticed for TMP, as well as a lower detection limit. While SMX showed
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a linear range with two orders of magnitude, TMP showed a linear range with only one order
of magnitude. However, as TMP exhibited a better SERS response, it was possible to detect
TMP at lower concentration levels compared to SMX, reaching concentration levels below the
established MRL. While in the SMX quantification both deconvolution methods presented
similar results, the TMP quantification obtained a slightly better performance of MCR-ALS
over ICA, which presented determination coefficients of 0.987 and 0.913, respectively.
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Figure 8. (a) Recovered SERS spectrum and (b) score map for SMX, (c) recovered SERS spectrum and
(d) score map for interferent 1, and (e) recovered SERS spectrum and (f) score map for interferent 2
for milk sample spiked to 2 times the MRL concentration for SMX.

Figure 10 presents the recovered spectra of both chemometric tools for TMP and the
recovered chromatographic bands for the 5.00 × 10−6 mol·L−1 TMP standard solution.
It was noticeable that the spectrum recovered by MCR-ALS presented higher noise and
baseline levels (Figure 10a) compared to the spectrum recovered by ICA. The MCR-ALS
chromatographic profile (Figure 10b) also presented a higher noise level close to the band
baseline compared to the profile recovered by ICA (Figure 10c). Although the ICA showed
a lower determination coefficient for the analytical curve, it was possible to recover a more
similar spectral profile related to TMP, with lower noise and baseline influence. In addition,
the chromatographic profile showed a band format more similar to a Gaussian format,
which is expected for a chromatographic band.

For the areas of the chromatographic bands, the recovered values were obtained based
on the three spiking levels applied to commercial milk samples, as presented in Table 2. It
was not possible to detect any pixels containing TMP spectra in the commercial samples
without spiking (S0), as expected. Therefore, S0 samples were considered not detected
(N.D.). The spiked samples of S1 (1.7 × 10−7 mol·L−1) and S2 (3.4 × 10−7 mol·L−1) showed
satisfactory recovered values considering that part of the standard deviation could be due
to the QuEChERS extraction procedure, the high variability in the SERS technique, the
high variability in the TLC technique, or the very low concentration of the analyte. The
chemometric tools presented similar performances, with slightly lower standard deviations
for the ICA. The results showed that the TLC-SERS device could be applied to quantify
TMP, even for complex samples with low limits of detection.
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Figure 10. (a) Recovered SERS spectra for TMP standard, (b) concentration (chromatographic) profile
for 5.00 × 10−6 mol·L−1 TMP standard solution recovered by (b) MCR-ALS and (c) ICA.

Both analytical curves (Figure 9b,d) were used to quantify TMP in commercial milk
samples. Even with the chemical complexity of the samples, it was possible to quantify
TMP in the presence of matrix interferents. Figure 11 depicts the concentration maps
recovered by MCR-ALS for two interferents and TMP in the usual analyte separation
region. No significant changes were observed for the profile recovered by ICA, except a
less noisy spectral profile (results not shown here).
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Table 2. TMP recovered from commercial milk samples at different spiking levels: S0 (not spiked), S1
(spiked with 1.7 × 10−7 mol·L−1), and S2 (spiked with 3.4 × 10−7 mol·L−1).

Recovering (%)

MCR-ALS ICA

Milk A—S0 N.D. N.D.
Milk B—S0 N.D. N.D.
Milk C—S0 N.D. N.D.
Milk A—S1 98 ± 6% 106 ± 15%
Milk B—S1 119 ± 24% 100 ± 15%
Milk C—S1 110 ± 2% 82 ± 17%
Milk A—S2 102 ± 22% 83 ± 1%
Milk B—S2 111 ± 19% 96 ± 8%
Milk C—S2 107 ± 15% 96 ± 13%
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4. Conclusions

By using a specific experimental design, a TLC-SERS device was optimized to obtain
better conditions for the determination of SMX and TMP, allowing their simultaneous
detection at concentration values close to their MRLs. Due to the high complexity of the
sample matrices, it was not possible to quantify SMX in the presence of interferents, even
with the use of chemometric tools for signal resolution due to the suppression of the SERS
signal. However, it was possible to detect the presence of the drug when it was present in
the samples at a concentration of two times the MRL, demonstrating its applicability as a
qualitative approach.

The results demonstrated satisfactory recovery values for TMP in commercial milk
samples. Both an ICA and MCR-ALS were able to deconvolute the analyte signals in the
presence of matrix interferents, making the quantification of TMP in the range of its MRL
possible for bovine milk. The results demonstrated that the SERS-TLC device coupled with
chemometric techniques is a potential sensor device for the quantification of analytes in
complex samples.
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43. Ungurean, A.; Leopold, N.; David, L.; Chiş, V. Vibrational Spectroscopic and DFT Study of Trimethoprim. Spectrochim. Acta A
Mol. Biomol. Spectrosc. 2013, 102, 52–58. [CrossRef] [PubMed]

44. van Rhijn, J.A.; Lasaroms, J.J.P.; Berendsen, B.J.A.; Brinkman, U.A.T. Liquid Chromatographic–Tandem Mass Spectrometric
Determination of Selected Sulphonamides in Milk. J. Chromatogr. A 2002, 960, 121–133. [CrossRef] [PubMed]

http://doi.org/10.1002/jrs.5168
http://doi.org/10.1016/j.saa.2017.07.049
http://doi.org/10.1016/j.chemolab.2014.10.003
http://doi.org/10.1016/j.talanta.2017.11.051
http://doi.org/10.1016/j.saa.2013.07.063
http://doi.org/10.1016/j.saa.2012.10.026
http://www.ncbi.nlm.nih.gov/pubmed/23220519
http://doi.org/10.1016/S0021-9673(02)00329-1
http://www.ncbi.nlm.nih.gov/pubmed/12150549

	Introduction 
	Materials and Methods 
	Chemicals 
	Nanoparticle Synthesis 
	Preparation of Solutions and Samples 
	TLC-SERS Device Procedure 
	Analysis Optimization 
	Chemometric Methods 

	Results and Discussion 
	Preliminary Tests 
	Device Optimization 
	SMX Quantification 
	TMP Quantification 

	Conclusions 
	References

