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ABSTRACT: In this article, we propose a new strategy to build a sensor for easy handling and rapid analysis on-site. Our sensor is
based on the combination of surface enhanced Raman spectroscopy (SERS) and molecularly imprinted polymers (MIPs). SERS provides a
strong sensitivity for the detection of traces molecules while MIPs offer a highly selective and specific recognition platform. The research
presented here focuses on the detection of the interaction between a robust ultra-thin layer of MIPs and of paracetamol, the targeted mole-
cule. This drug is an environmental emerging pollutant, i.e. a molecule whose presence and significance have not yet been elucidated,
which gives rise to health and environmental concerns. The results are a combined analysis of the SERS spectra and a multivariate analy-
sis. The former provides a clear demonstration of the evolution of the MIP-nanostructure interaction when the concentration of paraceta-
mol increases. The statistical analysis produces the proof of the selectivity of the sensor.

1 INTRODUCTION

Molecularly imprinted polymers (MIPs) are highly selective
materials made of robust artificial polymer matrices which ensure
long-term stability and can compete with biological receptors like
aptamers or antibody [1-3]. MIPs are obtained by the synthesis of
crosslinked polymers in the presence of a template molecule
which, after extraction, leaves complementary cavities in the film.
Rebinding the template by the MIPs is highly specific and selec-
tive as the artificial receptors are shaped by the template[4]. The
main figure of merit of MIPs compare to their biological counter-
parts include simple synthesis pathway and low cost, high stabil-
ity to extreme chemical environment and remarkable reusability.
They are especially appropriate for the detection of small molecu-
lar compounds; this is probably why their occurrence in environ-
mental sciences is increasing (about 10% of the publications of
MIPs for sensors according to web of science) [5]. In the frame-
work of sensing, MIPs are used mainly with electrochemical
sensors but also with quartz microbalance [6]. While MIP-based
sensors are a thriving research field, there are still only limited
numbers of studies combining MIPs with plasmonic nanoparti-
cles. In particular, their combination to lithographic nanoparticles
has never been reported so far.

We propose here to graft MIPs onto gold nanostructures and to
use this hybrid system as an original SERS (Surface-Enhanced
Raman Spectroscopy)/MIPs hybrid sensor. SERS combines rich
chemical fingerprint information based on Raman spectroscopy
and high sensitivity due to the local field enhancement offered by
optically resonant metal nanoparticles. This results in a strong
amplification of the Raman signals and label-free identification of
molecular species with high-sensitivity. Besides, the SERS analy-
sis can be performed in aqueous medium under ambient condi-
tions, which makes it well adapted for analytical chemistry. Con-
siderable progress has been made in this field, from studies of
model systems on roughened metallic surfaces, sensing and imag-
ing applications, to single molecule detection [7-13]. However,
tremendous challenges remain in terms of reproducibility and
sensitivity. To obtain highly sensitive SERS-active substrates, the
most common strategies rely on disorganized nanostructures such
as plasmonic colloidal films[14], metallic nano-island layers on
glass[15-17] or electrochemically roughened metallic surface[18].
While being simple to prepare and highly sensitive, these sub-
strates offer poor reproducibility, originating from the complexity
and heterogeneity of these irregular surfaces, which makes quanti-
tative analysis a difficult task. Some strategies are, however,
found to build organized nanostructured surfaces, for example by
exploiting the organized array of nanorods left by a coffee stain



[19] or using electroplating on top of a lithographied array [20].
To overcome this issue and achieve more uniform SERS signals,
plasmonic substrates with controlled nanostructuration were
elaborated using Electron Beam Lithography (EBL). This ap-
proach provides a precise control over the geometry and separa-
tion of nanostructures, guaranteeing a fabrication reproducibility
and precision down to the nanometer scale.

The grafting of a probe molecule on a SERS substrate usually rely
on thiol-based strategies. They exhibit excellent bonding affinity
between sulfur and gold [8,21,22], however, unfavorable reaction
conditions may deteriorate their recognition efficiency. Moreover,
during the SERS measurement, the excitation of localized surface
plasmon resonance may increase the surface temperature, leading
to the desorption and photodecomposition of these chemoreceptor
layers and of their thiol-metal links[23,24]. This is why we have
chosen here to use a more efficient strategy for the grafting of
MIPs. Diazonium salt-based MIPs were synthesized to assure a
good stability. We present an original hybrid MIP-SERS sensor
easy to prepare, low-cost and reusable. Another of its advantage is
that its all-solid form and the lack of treatment of the sample is
suitable for in situ measurements.

Paracetamol was chosen as the target molecule as it is a widely
used drug with analgesic and antipyretic properties, considered
nowadays as an emerging pharmaceutical contaminant[25,26].
Owing to its intense use, high excretion rate, persistence and
resistance to conventional wastewater treatments, it is found
widespread in wastewaters, water effluents, and surface waters, in
concentrations ranging from ng.I"! to pg.I"!. The sensitive detec-
tion of paracetamol is an important issue for several reasons. For
instance, it can be found unmetabolized in urban wastewaters
where the measurement of its concentration is fundamental for
epidemiology analysis. A mapping of the concentration of parace-
tamol can be used to study the actual consumption of this drug by
a population in a given area, just as it has already been done by
the group J. B. Quintana on many molecules [27,28]. Another
point is that paracetamol, metabolized or not, can react with
chemicals used in wastewater plants such as hypochlorite to form
toxic compound [29]. Finally, paracetamol is part of a larger
family of similar compound such as its metabolized compounds or
even salicylic acid or acetyl salicylic acid. The process developed
here stand as a proof of concept for all these molecules.

To go one step further we have used numerical routine to discrim-
inate between the three above molecules. Independent Compo-
nents Analysis (ICA) was applied as a chemometric tool to ana-
lyze the paracetamol spectra. ICA is a statistical and computation-
al technique for extracting source signals from their mixture. We
show that it can be used to differentiate the spectra of the polymer
with or without the drugs.

2 MATERIAL AND METHODS

2.1 Reagents

Paracetamol, methacrylic acid (MAA) and ethylene glycol di-
methacrylate (EGDMA) were purchased from Sigma-Aldrich and
used as received. 4-aminobenzophenone was obtained from Alfa
Aesar. N,N-dimethyaniline, chloroform (CHCIs), methanol
(MeOH), acetonitrile (ACN), dichloromethane (DCM) and ace-
tone were all of analytical reagent grade from Acros Organics.
Water was deionized using a Millipore purification system.

2.2 Synthesis of the initiator derived from dia-
zonium salt CsHs-CO-CsHs-N2",BF«
The initiator derived from diazonium salt was prepared by stand-

ard method of Pinson and co-workers[30]. *H NMR (200 MHz,
DMSOQO): & ppm: 8.87 and 8.25 (d, 4H), aromatic group of the

diazonium function, 7.5 to 7.8 (m, 5H aromatics) from the com-
mercial 4-aminobenzophenone.

2.3 Raman and SERS measurements

SERS and extinction measurements were recorded using Xplora
ONE (Horiba scientific) spectrometer. For SERS, a 660 nm laser
tuned at 3 pW was focused on the sample with x80 objective
(N.A. 0.75). The used grating of 600 grooves.mm™ ensured a
spectral resolution of 3 cm™. Integration time for signal collection
was set at 40s. Each spectrum was the average of two repetitive
accumulations. The mean spectra presented here are the average
of five spectra acquired on different location of the sample.

2.4 Chemometrics

As mentioned in the introduction, an ICA process was applied to
the SERS spectra. This method decomposes a spectrum into linear
combination of synthetic spectra called components and their
coefficients are called scores. The estimated independent compo-
nents (ICs) are often closely related to the spectral profiles of the
individual chemical components in the initial mixture and thus
chemically interpretable[31,32].

Then a Partial least squares-discriminant analysis (PLS-DA)
method was applied to analyze SERS spectra in the presence of
different drugs. PLS-DA is a technique used for predictive and
descriptive modelling as well as for discriminative variable selec-
tion. This method aims to maximize the covariance between
SERS spectra and the corresponding classes (different drugs) by
finding a linear subspace of the variables[33].

To facilitate the comparison among the spectra, the signal was
normalized by dividing each spectrum by its Euclidean norm.

All pretreatments and chemometric applications were performed
using Matlab software R2017b (The MathWorks, Natick, USA).

2.5 MIP grafting on gold NC

Gold nano-cylinders arrays were elaborated on indium-tin-oxide
(ITO) coated-glass substrates by electron-beam lithography
(EBL). The functionalization of gold NCs arrays by MIPs was
performed using a chemical strategy based on aryl diazonium salt
initiators[34-36]. These molecules were chosen as an alternative
to alkanethiol self-assembled monolayers, in order to obtain stable
and strongly attached layers at the surface of the plasmonic arrays.
The grafting process is summarized on Figure 1. A bifunctional
initiator, 4-benzoylbenzenediazonium tetrafluoroborate, bearing
(i) a diazonium end group for surface anchoring and (ii) a benzo-
phenone function able to activate surface-initiated radical photo-
polymerization was synthesized according to ref[37]. The NCs
were functionalized with the initiator-derived diazonium salts by
simple incubation of the arrays in a water solution of the diazoni-
um salt (3 mM) at room temperature for 2 h. After washing the
plasmonic arrays with copious amount of water and ethanol,
photopolymerization could proceed, incubating the NC arrays
with a deoxygenated mixture of MAA (1 mmol) as the monomer,
EGDMA (1.5 mmol) as the crosslinking agent, dimethylamine
(DMA: 4wt.% relative to MMA and EGDMA)) as co-initiator and
paracetamol (0.25 mmol) as the template molecule. Irradiation of
the mixture under UV light for 4 h yielded the final products,
consisting of NC arrays coated by molecularly imprinted poly-
mers (Au@MIP). A reference non-imprinted polymer sample
(AU@NIP) was prepared using the same procedure, but without
the addition of the paracetamol template.
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Figure 1. Schematic illustration of the surface modification strat-
egy for coating the gold NC arrays with a MIPs layer, by combin-
ing diazonium salt chemistry and photopolymerization.

3 RESULTS AND DISCUSSION

Representative SEM images of the NCs are displayed in figure 2.
They exhibit a diameter D = 100 nm, a height H = 50 nm, and an
interparticle distance A = 200 nm. The extinction spectrum of the
NC array shows a main peak at 639 nm, corresponding to the
localized surface plasmon resonance (LSPR). The plasmon band
shifts to 682 nm after grafting of MIP and to 680 nm after wash-
ing the paracetamol from the MIP. This behavior is coherent with
an increase of the local refractive index due to the grafting of the
organic coating around the gold NCs and then a decrease when
the paracetamol is removed. The shift of the LSPR with the para-
cetamol removal suggest that the layer is thin enough for the
surface to be sensitive to chemical modifications. Electromagnetic
simulations (can be found here: [38]) confirm that the volume in
which the LSPR can detect any change is a few nanometer wide.
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Figure 2. Characterization of the gold NC array. (a) SEM image
of the nanoarray with cylinders of 100 nm in diameter and a pitch
of 200 nm. (b) Normalized extinction spectra showing the LSP of
the NCs: (black) before MIPs functionalization, (red) after func-
tionalization and (blue) after washing the paracetamol.

The surface chemical composition of the NCs after functionaliza-
tion was investigated by XPS. Only slight modifications of the
spectra were observed after the reaction with the diazonium salt-
derived initiator, suggesting that the grafted initiator layer is very
thin. No peak that could be attributed to nitrogen atoms from the
diazonium group can be observed, evidencing the complete trans-
formation of the diazonium cations. In contrast, the polymeriza-
tion step induces strong variation of the XPS spectra, summarized
in Table 1. The most striking observation is the progressive de-
crease of the gold signal and the relative increase of carbon and
nitrogen due to the poly(MAA-co-EGDMA) coating.

Material Au C (0] N

Au NCs 42 42 13 3

Au@Benzophenone 43 49 6 2

Au@MIP 2 71 21 6

Au@NIP - 72 22 6

Table 1. Surface chemical composition (at. %) of initial Au NCs,
Au@Benzophenone, Au@MIP and Au@NIP.

The samples were further characterized by SERS (see Figure 3).
The Raman spectra were successively acquired on the bare NCs,
the Au@MIP and the Au@NIP just after grafting and after wash-
ing the paracetamol away from the polymer. After washing, the
AUu@NIP spectra show variations reflecting modifications of the
polymer matrix. For instance, the peaks at 1615cm™ and
1388 cm! are better defined once the AU@NIP has been rinsed.
Similarly, the comparison between the Au@MIP spectra recorded
before and after washing, evidences slight modifications. The
peaks at 933 cmt, 1201 cm?, 1388 cm™ and 1615 cm™ cannot be
seen when the paracetamol is in the matrix but appear clearly after
washing. These peaks are comparable to those seen in the rinsed
Au@NIP and can thus be assigned to the polymer matrix layer.
The spectrum of the paracetamol does not emerge. This can be
explained by the fact that the vibrational modes of the drug are
strongly affected by the polymer matrix. Also, the paracetamol
concentration is very likely too low compared to the polymer one.
The decrease or disappearance of some of the MIP's peaks (1201
cm peak for instance) reveals the growing interaction between
the polymer and paracetamol, and thus the presence of the con-
taminant.
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Figure 3. SERS spectra of the bare cylinders (black); Au@MIP
before (red) and after (light red) washing away the paracetamol;
Au@NIP before (dark green) and after (light green) washing the
polymer. The brown curve is the Raman spectra (without NC) of
the paracetamol powder.

Increasing concentrations solutions of paracetamol were added to
the Au@MIP and Au@NIP samples in order to analyze the evolu-
tion of the SERS peaks intensity (Figure 4). As observed above,
the paracetamol molecular fingerprint cannot be seen in the
Au@MIP spectra. However, some of the peaks of the Au@MIP
decrease in intensity as the concentration in paracetamol increas-
es, especially the 2 prominent peaks at 1073 cm™ and 1579 cm™.
The spectra of the Au@NIP show minor variation as the polymer
is exposed to increasing concentrations of paracetamol.
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Figure 4. SERS spectra of the MIP (thick lines) and NIP (thin
lines) exposed to increasing concentration of paracetamol

From this observation, a calibration curve has been derived and is
shown on figure 5. The intensity of the peak at 1073 cm™ (l1073)
was plotted for each concentration. As expected, lio7s was ob-
served to decrease for Au@MIP with increasing concentration of
paracetamol. The experimental points were then fitted to measure
the sensitivity of the sensor. The absence of a plateau shows that
even at 1 mM, the SERS-MIP sensor is not saturated. The limit of
detection (LoD) (i.e. the smallest reasonable value detected) is
given by the intersection of the calibration curve and the curve of
equation <xo> + k o, where <xw> is the mean intensity of the
blank sample, o is its standard deviation and k is a parameter
reflecting the confidence level of the detection. The LoD of the
SERS-MIP sensors is given by the intersection between the green
and red curve and it is less than 300 nM (45 nug.I?).

Intensity of the 1073 cm™' peak (a.u)

T T T T T
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

Concentration (mol.L ')

Figure 5. Calibration curve from the intensity of peak 1073 cm™.
Black dot: experimental point and green line fit. Red line: LoD

As paracetamol is an emerging contaminant that has been detected
in different environmental water at concentrations ranging from
50 to 80 pg.L™,[39] the characteristics of the Au@MIP sensor
described here, appear well adapted for detection of paracetamol
in real sample concentration ranges.

The SERS analysis described above was further confirmed by
means of multivariate analysis. An Independent Component
Analysis (ICA) was used on the rough paracetamol spectra. On
the top part of Figure 6, each point represents the score of the first
component of each spectrum. The Au@MIP (point 1 to 30) have
clearly a lower score than the Au@NIP (point 31 to 60). The
difference between the two kinds of samples is thus confirmed by
the ICA analysis. In order to test the selectivity and the reusability

of the sensor, a series of consecutive measurements was made on
the same Au@MIP sample. After a first SERS measurement, the
sample was washed and measured again. The procedure was
repeated with an exposition to salicylic acid and acetylsalicylic
acid (two molecules with similar structures to paracetamol). The
result of the PLS-DA analysis is shown on the bottom part of
figure 6. The score obtained for the rinsed sample is clearly higher
than those obtained in presence of a drug. The red dot line of
figure 6 is the calculated discrimination of the empty MIP. The
score obtained for the salicylic and acetylsalicylic acids are of the
same order while the score of paracetamol is lower, confirming
the selectivity of the nanosensor towards paracetamol.
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Figure 6. ICA analysis of the SERS spectra. Each point repre-
sents a spectrum. Up: the first component of the analysis makes a
good separation between the MIP (point 1 to 30) and the NIP
(point 31 to 60). Bottom: the analysis of the same samples in the
presence of different drugs using PLS-DA. The red dot line shows
the discrimination between the paracetamol and the other state of
the polymer

4  CONCLUSION

In conclusion, we have designed and produced a hybrid sensor
made from the grafting of a MIP on gold nanocylinders. This
sensor was able to detect paracetamol in water with a limit of
detection of 300 nM. It also presents a good sensitivity and selec-
tivity. The sensor has demonstrated a good reproducibility and
specificity. The use of multivariate analysis confirmed the results
obtained by classical analysis. The results presented here are a
proof of concept that the detection of emerging pollutants such as
paracetamol is possible in a routine way. Other results have
demonstrated that it was possible to take advantage of the polari-
zation of the light to perform a regio-selective functionalization of
the nanocylinders [40]. These complementary results pave the
way to ultra-sensitive multiplexed SERS sensors.
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Figure 1. Schematic illustration of the surface modification strategy for coating the gold NC arrays with a MIP layer, by combining diazo-

nium salt chemistry and photopolymerization
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Figure 2. Characterization of the gold NCs array. (a) SEM image of the nanoarray with
disks of 100 nm in diameter and a pitch of 200 nm. (b) Extinction spectra showing the
LSP of the NCs: (black) before MIP functionalization, (red) after functionalization and
(blue) after washing the paracetamol.
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Figure 3. SERS spectra of the bare cylinders (black); Au@MIP before (red) and after
(light red) washing away the paracetamol; Au@NIP before (dark green) and after (light
green) washing the polymer. The brown curve is the Raman spectra (without NC) of the
paracetamol powder.
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Figure 4. SERS spectra of the MIP (thick lines) and NIP (thin lines) exposed to increas-

ing concentration of paracetamol
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Figure 5. Calibration curve from the intensity of peak 1073 cm™. Black dot: experi-
mental point and green line fit. Red line: LoD
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Figure 6. ICA analysis of the SERS spectra. Each point represents a spectrum. Up: the
first component of the analysis makes a good separation between the MIP (point 1 to 30)

and the NIP (point 31 to 60). Bottom: the analysis of the same samples in the presence of

different drugs using PLS-DA. The red dot line shows the discrimination between the
paracetamol and the other state of the polymer
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