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ABSTRACT: A novel hybrid plasmonic platform based on the synergetic combination of a molecularly imprinted polymer (MIP)
thin film with Au nanoparticle (NPs) assemblies, noted as Au@MIP, was developed for surface-enhanced Raman scattering (SERS)
spectroscopy recognition of polycyclic aromatic hydrocarbons (PAHs). While the MIP trapped the PAH close to the Au surface, the
plasmonic NPs enhanced the molecule’s Raman signal. The Au@MIP fabrication comprises a two-step procedure, first, the layer-by-
layer deposition of Au NPs on glass and their further coating with a uniform MIP thin film. Profilometry analysis demonstrated that
the thickness and homogeneity of the MIP film could be finely tailored by tuning different parameters such as prepolymerization
time or spin-coating rate. Two different PAH molecules, pyrene or fluoranthene, were used as templates for the fabrication of
pyrene- or fluoranthene-based Au@MIP substrates. The use of pyrene or fluoranthene, as the template molecule to fabricate the
Au@MIP thin films, enabled its ultradetection in the nM regime with a 100-fold improvement compared with the nonimprinted
plasmonic sensors (Au@NIPs). The SERS data analysis allowed to estimate the binding constant of the template molecule to the
MIP. The selectivity of both pyrene- and fluoranthene-based Au@MIPs was analyzed against three PAHs of different sizes. The
results displayed the important role of the template molecule used for the Au@MIPs fabrication in the selectivity of the system.
Finally, the practical applicability of pyrene-based Au@MIPs was shown by performing the detection of pyrene in two real samples:
creek water and seawater. The design and optimization of this type of plasmonic platform will pave the way for the detection of other
relevant (bio)molecules in a broad range of fields such as environmental control, food safety, or biomedicine.

KEYWORDS: molecularly imprinted polymers, hybrid nanostructures, plasmonic sensors, SERS, polycyclic aromatic hydrocarbons,
environmental analysis

B INTRODUCTION owing to their high physical stability, straightforward and low-
Molecularly imprinted polymers (MIPs) are tailor-made cost preparation, and remarkable robustness.'” However, the
polymers that are prepared in the presence of a template use of MIPs for sensing applications still has some drawbacks
entity (atom, ion, molecule, complex, or a molecular, ionic or such as converting the binding event into a measurable and
macromolecular assembly, including micro—organisms).1 After quantifiable signal, and hence, it could be cumbersome to

the subsequent removal of the template molecules, the vacant
spaces will act as recognition sites with suitable shape, size, and
functional groups for the detection/separation of a target
analyte (template). MIPs are hence three-dimensional supra-
molecular smart materials with remarkable molecular recog-
nition properties.1 Compared to other recognition systems,
MIPs have become attractive in many fields such as
purification and separation,” chemo/biosensing,® ° artificial
antibodies,” drug delivery,8 and catalysis and degradation,9

perform a multiplex analysis.
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Surface-enhanced Raman scattering (SERS) spectroscopy is
a powerful analytical technique for ultrasensitive detection of
molecules. It is based on the enhancement of the characteristic
inelastic Raman scattering signals of an analyte when it is in
close proximity to a plasmonic metal surface (Au and Ag,
mainly).""'* The unique spectral features with narrow peaks
make SERS ideal for multiplexing. Moreover, SERS allows
portability and fast analysis without the need for sample
pretreatment.13 However, SERS sensing still has some
limitations as many analytes, including the polycyclic aromatic
hydrocarbons (PAHs), lack metal-affinity functional groups
which limit their effective detection. In those cases, SERS
detection is performed by capturing the molecule through the
proper functionalization of the metal surface.'*~' Therefore,
the combination of MIPs with plasmonic nanostructures could
lead to a strong synergistic effect; where the MIP will act as a
recognition and trapping site for the target analyte and the
plasmonic nanoparticles (NPs) will play the important role of
enhancing the molecule Raman signal. The outstanding optical
properties of Au NPs have shown great potential for the
development of plasmonic-based Au@MIP hybrid sensors with
promising capabilities in terms of sensitivity, selectivity, and
reliability.17 In fact, several attempts have been made to
develop Au@MIP substrates as optical,'® electrochemical,"
and gravimetric sensors.”’ On the other hand, MIPs combined
with SERS have been successfully employed for the analysis of

cq 2l 22 23 24 . 2§
pesticides,” antibiotics,”™ proteins,” explosives,” vitamins,
or toxins.”® Nevertheless, in most cases, the strategy implies
two separate steps: (1) MIP extraction and preconcentration of
the analyte and (2) SERS detection. Alternatively, just a few
works have been reported combinin§ both elements, MIPs and
plasmonic NPs, in a single platform.”**” For instance, Holthoff
et al. proposed a micron-size MIP coating on Klarite substrates
for the SERS-based detection of 2,4,6-trinitrotoluene.”*
Alternatively, Liz-Marzan and co-workers reported the use of
multibranched gold—silica—MIP (Au@mSiO,@MIP) core—
shell NPs, for the ultrasensitive SERS detection of enro-
floxacin.””

PAHs are an important class of environmental pollutants
that are produced during incomplete combustion of materials
such as oil, coal, petrol, or wood. Hence, they can be found in
the atmosphere, soil, natural waters, and even in food
consumed by humans.”* "> These issues make relevant the
development of sensitive analytical techniques for their
detection. Gas and liquid chromatography—mass spectrometry
is perhaps the main technique for PAH analysis,”> which
presents important drawbacks as sample treatment and hence a
long analysis time or lack of portability. It should be pointed
out that MIPs have been used to preconcentrate PAHs for
HPLC and GC analysis.”*** Thus, the development of new
hybrid plasmonic materials based on MIPs as SERS substrates
open the possibility to meet the current requirements of
reaching higher sensitivity, faster analysis, and eventually
portability. To the best of our knowledge, no MIPs-SERS
substrates for PAHs detection have been reported yet.

Herein, we report the fabrication of a hybrid plasmonic
SERS chemical sensor by combining in the same platform the
molecular recognition capability of MIPs with the high-
performance SERS detection of Au NP assemblies. Although
the plasmonic platform was fabricated through the layer-by-
layer (LbL) deposition of Au NPs, a uniform MIP thin film
was deposited by spin-coating. The fabrication of the polymer
film required the analysis of polymerization conditions
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(prepolymerization time and spin-coating rate) of methacrylic
acid (MAA) and divinylbenzene (DVB) in the presence of a
template. Two different PAHs, pyrene and fluoranthene, were
employed independently as templates to fabricate pyrene-
based or fluoranthene-based Au@MIP thin films, respectively.
We investigated the sensing capabilities of each Au@MIP, as
well as their selectivity when binary or ternary mixtures of
PAHs (pyrene, fluoranthene, and/or benzo[a]pyrene) were
used. Finally, the performance of pyrene-based Au@MIPs was
assessed for the detection of pyrene in spiked real matrices
(creek water and seawater).

B EXPERIMENTAL SECTION

Materials. Tetrachloroauric(III) acid trihydrate (HAuCl,:3H,0,
99.995%), trisodium citrate dihydrate, poly-
(diallyldimethylammonium chloride) (PDDA, 20 wt % in H,O,
average M, 200,000—350,000), poly(sodium 4-styrenesulfonate)
(PSS, M, 70,000), hydrogen peroxide (H,0,, 28%), sulfuric acid
(H,S0,, 98%), sodium chloride (NaCl, 99%), MAA (99%), DVB
(80%), 2,2'-azobis(2-methylpropionitrile) (AIBN), fluoranthene
(98%), and benzo-[a]-pyrene (96%) were supplied by Sigma-Aldrich.
Pyrene (99%) was supplied by Merck. N,N-dimethylformamide
(DMF) was supplied by Fluka. Milli-Q grade water was used in all
preparations.

Synthesis of Au NPs. Citrate-stabilized Au NPs (~60 nm in
diameter) were synthesized following a seeded growth method
previously reported by Basts et al.*° In brief, 150 mL of an aqueous
solution of 2.2 mM trisodium citrate was heated to boiling under
vigorously stirring. After 15 min, 1 mL of 25 mM HAuCl, in water
was injected into the boiling solution. After 10 min, the reaction
mixture was cooled down to 90 °C and subsequently, another
injection of 1 mL of 25 mM HAuCl, in water was performed. Another
addition was repeated 30 min later. The mixture was allowed to react
for 30 min and then, 55 mL were extracted from the reaction mixture.
Subsequently, 53 mL of water and 2 mL of 60 mM sodium citrate (in
water) were added. The resulting solution was used as Au seeds. The
process was repeated six times to yield 60 nm Au NPs. To remove the
excess of reagents, the colloids were centrifuged at 1520 g for 30 min
and redispersed in the same volume of water.

LbL Fabrication of Au NP Thin Films. LbL Au NPs substrates
were obtained following a method previously reported by Vial et al.*”
In brief, glass slides were activated with piranha solution (H,SO,/
H,0, 70:30) for 30 min and then copiously rinsed with water and
stored in water until use. Glass slides were cut to dimensions of § X
20 mm. The glass slides were rinsed with water again and dried under
an air stream.

The activated glass slides were immersed in Eppendorf tubes
containing an aqueous solution of 1 mg mL™' PDDA (0.5 M NaCl)
for 15 min, rinsed with water, and then dried. The process was
repeated twice but alternating the polyelectrolyte aqueous solution:
PSS solution (1 mg mL™", 0.5 M NaCl) first, and then PDDA solution
(1 mg mL™", 0.5 M NaCl). Both polyelectrolyte solutions were
sonicated for 10 min before use. The rinsing step with water was
performed three-fold by dipping the glass slides in different Eppendorf
tubes for 1 min. For the Au NPs deposition, the glass slides were
immersed in the previously prepared 0.92 mM Au NPs solution for 4
h under gentle stirring followed by rinsing with water and drying with
an air stream. Then, the substrates were immersed again in the
aqueous solution of PDDA (1 mg mL™, 0.5 M NaCl) for 15 min,
rinsed with water, and then dried. Finally, a new immersion of the
glass substrates was performed in the Au NPs solution for 4 h,
followed by rinsing with water and drying with an air stream. Note
that for each immersion, fresh Au NPs or PDDA solutions were
employed. Au substrates were kept in Eppendorf tubes until use.

Fabrication of Au@MIP Thin Films for SERS Sensing. First, a
prepolymerization mixture was prepared as follows: to 3.95 mL of
DMF (porogen solvent) 69 mg of pyrene (template) or fluoranthene
(template) was added. After ultrasound sonication for 3 min, S7 L of

https://dx.doi.org/10.1021/acssensors.9b01882
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MAA (0.67 mmol), 835 uL of DVB (4.69 mmol), and 170 uL of
AIBN solution (40 mg mL™" in DMF) were added. In the case of
Au@NIP thin films, the procedure was the same except that no
template molecule was added to the prepolymerization mixture. The
prepolymerization mixture was purged with nitrogen for 10 min and
introduced in an oven at 60 °C for a certain time (noted as
prepolymerization time). Thus, experiments with prepolymerization
time ranging from 1 to 4 h were performed Then, 50 uL of the
prepolymerization mixture was deposited on the Au NPs thin film by
spin-coating (PRSI 4E, GME Ltd, Surrey, UK) for 20 s. Experiments
at different spin-coating rates (1000, 2000, and 4000 rpm) were
performed in order to modulate the thickness of the polymer film.
After purging with nitrogen for 10 min, the substrate was heated at 60
°C for 30 min for curing. Then, template removal was performed by
washing the resulting Au@MIP platforms twice with DMF at 60 °C
for 1 h. Finally, the Au@MIP substrates were dried with air and kept
until use. Au@NIP platforms were subjected to the same DMF
washing procedure to ensure the same experimental conditions for
both substrates.

SERS Detection of PAHSs. For SERS detection of a single analyte
or their PAHs mixtures, Au@MIP substrates were immersed in 10 mL
of aqueous PAH solutions (concentrations ranging from 107> to 107"
M) and kept for 1 h at 60 °C. PAH stock solutions (107> M) were
prepared in DMF. After incubation, Au@MIP platforms were rinsed
with water and air-dried. The procedure was analogous to Au@NIP
substrates.

SERS Detection of Pyrene in Real Samples. Two different real
samples were selected: creek water and seawater. The creek water was
collected from a creek located in the forest that surrounds the Vigo
campus. The seawater from the Atlantic ocean was collected at
Portomaior Beach in Bueu (Pontevedra). Both samples were filtered
with a 0.22 ym filter (Whatman) prior to analysis. Pyrene-spiked
solutions (concentrations ranging from 107 to 107° M) were
prepared by using both matrices. The rest of the procedure was
analogous as for Au@MIP substrates.

Characterization. UV—visible—NIR absorption spectra were
recorded using an Agilent 8453 spectrophotometer. A profilometry
equipment Dektak XT (Bruker, Massachusetts, US) of high resolution
(1 nm) was employed to determine the thickness of the films of Au@
MIPs and Au@NIPs. For each sample, three scans (ranging from 2 to
8 mm) in different zones were performed. Transmission electron
microscopy analysis was performed in a JEOL JEM 1010 microscope
operating at an acceleration voltage of 100 kV. Scanning electron
microscopy (SEM) images were obtained using a JEOL JSM-6700F
FEG microscope operating at an acceleration voltage of 10.0 kV.
Optimized geometries of the different PAHs were calculated using the
B3LYP/6-31G* density functional theory and the Gaussian 09
program. SERS measurements were conducted with a Renishaw InVia
Reflex system. The spectrograph used a high-resolution grating (1200
grooves cm™') with additional band-pass filter optics, a confocal
microscope, and a 2D-CCD camera. Laser excitation was carried out
at 785 nm, 1.99 mW of maximum power, and 0.5 s of acquisition
time. SERS images were obtained using a SERS point-mapping
method with a S0X objective (N.A. 0.75) or with a 10X objective
(N.A. 0.25). A spectral image was created by measuring the SERS
spectrum of each pixel of the image, one at a time. The SERS images
of each pixel were decoded using the characteristic peak intensities of
each PAH using WiRE software V 4.3 (Renishaw, UK.).

B RESULTS AND DISCUSSION

Design and Optimization of Au@MIP Thin Films. A
hybrid Au@MIP thin film platform based on Au NPs and a
MIP was developed following a two-step procedure consisting
of (1) the fabrication of a highly SERS-sensitive Au NPs
substrate and (2) the subsequent deposition of a uniform MIP
coating and removal of the template molecule. The Au NPs
provided the platform with plasmonic sensing capabilities,
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whereas the MIP allowed the selective hosting of a target
analyte through molecular recognition.

The plasmonic substrate was fabricated as previously
reported™® via electrostatic LbL assembly of citrate-stabilized
60 nm Au nanospheres (Figures S1 and S2). The resulting Au
NPs platform featured a plasmon band at 516 nm, ascribed to
the dipole resonance of individual Au NPs, as well as a broad
band at 850 nm, due to the plasmon coupling between NPs in
close proximity (Figure S2B). The Au NP assembly was
characterized by SEM showing a uniform NP distribution
along the glass surface (Figure S2C).

The MIP thin film deposition over the Au NP assembly was
carried out through the copolymerization of MAA with DVB, a
cross-linking agent, in the presence of the template molecule
(pyrene or fluoranthene) and azobisisobutyronitrile (AIBN) as
the initiator followed by template extraction from the cross-
linked polymer matrix (see Scheme 1). MAA has been

Scheme 1. Schematic Representation of Au@MIP
Fabrication Process

w Template

&) cavity

extensively used as a MIP monomer due to its capability to act
both as a hydrogen bond and proton donor and as a hydrogen
bond acceptor.”” Moreover, this monomer has been previously
used for pyrene recognition.””*>*' The prepolymerization
solution (MAA, DVB, AIBN, and the template molecule) was
heated at 60 °C till reaching the appropriate viscosity and
degree of crosslinking and then spin-coated on the Au NPs
assembly.*” Subsequently, the substrate was heated at 60 °C
for 30 min in the absence of oxygen to induce the complete
polymerization (curing) of the MIP. Finally, the removal of the
template was carried out by DMF washing. Au@NIPs were
fabricated as reference samples following the same strategy but
in the absence of the template molecule.

The optimization of Au@MIP thin films to achieve a highly
sensitive and reliable SERS-based PAH sensor required the
analysis of different key parameters. It was carried out
considering that a good performance was closely related to
the MIP films’ ability to trap the maximum amount of the
target molecules on/close to the Au NPs surface®® and
therefore the deposition of a very thin, but uniform, MIP film
on the plasmonic substrate was desired. With this aim, the
effect of prepolymerization time and spin-coating rate in the
MIP formation (thickness and homogeneity) were studied by
profilometry using pyrene-based Au@MIPs. The film analysis
was performed after pyrene removal from MIP matrix.
Although, the monomer:crosslinker molar ratio is crucial for
defining the final properties of the polymer in terms of porosity
and rigidity, it was fixed to 1:7 as previously stablished.”* Thus,
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for Au@MIP hybrid platforms after the removal of pyrene by DMF washing. (C) Profilometry analysis of Au NP substrate (black spectrum) and
Au@MIP prepared under the optimum conditions (red spectrum). The shadow regions in A and B indicate the selected parameters for the Au@
MIP thin film fabrication. All Au@MIPs were fabricated using pyrene as the template molecule.
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washing. SERS spectra were acquired with laser excitation at 785 nm, 10X objective, 0.5 s acquisition time, and laser power of 1.99 mW. Scale bars

are 1000 pm. All Au@MIPs are pyrene-based.

prepolymerization time was varied between 0 and 4 h and the
spin-coating rate between 1000 and 4000 rpm. Figure 1
summarizes the effect of both parameters in the MIP film
thickness. The pristine gold substrate, without MIP thin film,

presents an average thickness of 63.3 = 1.5 nm (see Figure
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1C), which is in good agreement with Au NP dimensions (ca.
60 nm). As shown in Figure 1A, for prepolymerization times of
2 h or shorter, the measured average thickness was close to
~60 nm indicating that the MIP film was negligible, most
probably due to the low viscosity of the solution which

https://dx.doi.org/10.1021/acssensors.9b01882
ACS Sens. 2020, 5, 693—-702
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Figure 3. (A,D) Time-dependent SERS intensity changes (I/I.,(%)) recorded at 594 cm™ upon the pyrene-based Au@MIPs uptake of 10~" M
pyrene (A) or at 557 cm™" upon the fluoranthene-based Au@MIPs uptake of 1077 M fluoranthene (D). Control experiments with Au@NIPs (in
red) are also shown. (B,E) SERS spectra of (B) pyrene or (E) fluoranthene recorded from aqueous solutions at different concentrations. The insets
show the molecular structure of (B) pyrene or (E) fluoranthene. (C,F) SERS intensity at 594 cm™ (C) or at 557 cm™ (F) as a function of pyrene
or fluoranthene concentration, respectively. SERS measurements were performed with a 785 nm laser line, 0.5 s acquisition time, and 1.74 mW

maximum power.

hindered film formation by spin-coating. Nevertheless, above 2
h, Au@MIP film thickness increases with the prepolymeriza-
tion time, which could be ascribed to an increase in the
viscosity of the prepolymerization mixture due to entangle-
ment or crosslinking processes. Moreover, it should be noted
that above 3 h, the resulting films are rather uniform (with
residual standard deviation, RSD, between 7 and 13%) and
thick enough to ensure the complete burial of the Au NPs in
the MIP matrix. While 3 h of prepolymerization gave rise to a
homogenous thin film of 211 + 23.7 nm, much thicker films
were obtained for 4 h (Figure 1C). As the plasmon-induced
enhancement of Raman signals is just expected for molecules
located few nm away from the Au surface, 3 h prepolymeriza-
tion time was selected to analyze the spin-coating rate. As
shown in Figure 1B, an increase in the rate from 1000 to 4000
rpm decreases the average film thickness from ca. 200 to 80 nm
without affecting the uniformity of the film.** Taking into
account that Au particles are around 60 nm, 1000 rpm was
selected as the spin-coating rate. Therefore, the experimental
conditions for the Au@MIPs fabrication were monomer/
crosslinker ratio of 1:7, 3 h of prepolymerization time, and
1000 rpm spin-coating rate. A similar analysis was also
performed for the fabrication of fluoranthene-based Au@
MIPs and Au@NIPs, obtaining similar results.

Au@MIPs Characterization. Next, the optimized Au@
MIP and Au@NIP thin films were further characterized by
UV-—visible—NIR spectroscopy, SEM, and SERS spectroscopy.
The extinction spectra of Au@MIP or Au@NIP thin films
(Figure 2A) show similar optical features to those exhibited by
Au NPs substrates before the MIP deposition. The slight
differences observed in the main peak position are most
probably due to the minor changes in the Au NP distribution
and in the local refractive index produced by the MIP coating.
UV—visible—NIR spectroscopy was also useful to monitor the
removal of the template from the resulting MIP matrix. As
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shown in Figure 2A, before the DMF washing, the pyrene-
based Au@MIP presents two intense absorption bands
between 300 and 360 nm, which can be assigned to the
electronic excitation of pyrene,” indicating molecule incorpo-
ration in the polymer matrix. Nevertheless, those bands
completely disappeared after two cycles of Au@MIP
immersion (1 h) in DMF at 60 °C, confirming the removal
of pyrene from the MIP matrix (blue spectrum in Figure 2A).
In the case of fluoranthene-based Au@MIPs, it was performed
by monitoring the characteristic absorption bands from
fluoranthene at 260 and 380 nm (data not shown). On the
other hand, SEM characterization (Figure 2B) reveals a
uniform Au NP assembly monolayer covered with a
homogenous thin polymer film. Additionally, Au@MIPs and
Au@NIPs were characterized by SERS before and after the
template removal. As shown in Figure 2C, the SERS spectrum
of the pyrene-based Au@MIPs before DMF washing is
dominated by the characteristic signals of pyrene: ring C=C
stretching (1407 and 1242 cm™'), ring deformation (409
cm™), ring breathing (594 cm™), ring C=C stretching (1594
and 1628 cm™'), and CH bending (1067 and 1143 cm™1).*
Furthermore, other SERS signals not attributed to pyrene but
to the polymer matrix are observed. The fact that those signals
also appear in the SERS spectrum of the Au@NIP before DMF
washing (green spectrum in Figure 2C) may indicate that they
correspond to the polymer reactants in excess. Interestingly,
after the DMF washing step, none of the characteristic SERS
peaks from pyrene or other reactants were observed (blue
spectrum in Figure 2C), indicating their complete removal
from the Au@MIP thin film. Finally, the uniformity of the
Au@MIP thin films was investigated by recording SERS
intensity mappings at 594 cm™' (ring breathing peak of
pyrene) over extended film areas (typically 5200 X 3000 pm
with 100 ym step size) (Figure 2D). Before DMF washing, the
SERS mappings showed a highly intense and homogeneous
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pyrene signal over the Au@MIP thin films (RSD between 10
and 15% for the SERS intensity) (Figure 2D). Nevertheless,
the signal completely disappeared over the whole thin film
(Figure 2D) after the washing step, confirming its complete
removal. Analogous results were obtained for fluoranthene-
based Au@MIPs.

SERS Performance of Au@MIPs. So far, we demonstrated
that a new hybrid platform could be fabricated using as
building blocks Au NP assemblies and pyrene- or fluoranthene-
based MIP thin films. Next, the sensing capabilities of both
types of Au@MIPs were evaluated.

First, we investigated the pyrene or fluoranthene uptake
kinetics by its corresponding Au@MIP using SERS. Despite its
low affinity for the gold surface, the PAH should be selectively
and quickly trapped by the 3D cavities created during the MIP
fabrication process. The amount of adsorbed PAH is
proportional to the corresponding SERS peak intensity.
Thus, Au@MIP and Au@NIP substrates were incubated at
60 °C over 90 min in 107" M pyrene or fluoranthene. The
time-dependent uptake was studied at 594 or 557 cm™ for
pyrene or fluoranthene, respectively. As shown in Figure 3A,D
the pyrene or fluoranthene uptake rate was much superior for
Au@MIP than for Au@NIP substrates. Thus, the maximum
uptake (equilibrium amount) was achieved after 30 min for
pyrene and 60 min for fluoranthene in the case of Au@MIPs.
Nevertheless, Au@NIPs did not reach values larger than 40%
of the equilibrium amount for both targets even after 90 min of
incubation. The experiment was also carried out for 107 M
pyrene (Figure S3), observing slightly slower uptake kinetics
for Au@MIPs (equilibrium time around 60 min) and no
pyrene detection for Au@NIPs.

We concluded that 60 min was the optimal time of
incubation for generating a SERS signal corresponding to
about 100% of the saturation value, independently of the
template. These results clearly support the potential applic-
ability of our plasmonic chemical sensor.

Second, the sensing capabilities were analyzed through the
determination of the limit of detection (LOD) and quantitative
SERS detection region for pyrene and fluoranthene in aqueous
media using pyrene- and fluoranthene-based Au@MIPs,
respectively. Thus Au@MIPs thin films were immersed for 1
h at 60 °C in aqueous solutions of pyrene or fluoranthene at
concentrations ranging from 107> to 107 M and then
analyzed by SERS. Figure 3B,E shows representative SERS
spectra acquired for the Au@MIPs after incubation with the
different PAH concentrations. The characteristic SERS peaks
of pyrene (Figure 3B) and fluoranthene (Figure 3E) decreased
in intensity with the concentration being distinguishable up to
molecule concentrations of 107 M. A detailed vibrational
band assignment of both PAHs can be found in Table S1.
Besides, it was found that within a certain concentration range
(107 to 107® M for pyrene and 10™° to 107° M for
fluoranthene), the SERS response was homogeneous (with
RSD < 10%) along the whole Au@MIP, indicating its uniform
spatial distribution as well as the good quality of the platform.
It is also evidenced in the SERS mapping acquired for 107> M
pyrene (Figure S4A). Whereas, lower PAH concentrations led
to RSD > 10% in the SERS signal along the Au@MIP thin
film. Therefore, systematic SERS mapping measurements were
necessary in order to determine the LOD with accuracy. Thus,
the experimental data corresponding to 10~ M in Figure 3C is
an average of 441 points. This behavior is clearly reflected in
the SERS mapping recorded for 107 M pyrene (Figure S4B).
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Importantly, the LODs reached by the Au@MIP thin films
fabricated for pyrene or fluoranthene detection are lower than
those established by the regulation of the European Union (8.0
X 107 to 4.0 X 107 M) in different types of foods.”” We
strongly believe that this imprinting strategy could be easily
extended for the ultrasensitive detection of other PAHs.

The sensitivity and efficiency of the Au@MIP were also
demonstrated by comparing its LOD for pyrene and
fluoranthene with that for Au@NIPs (Figures SS and S6)
and pristine Au substrate. SERS signals obtained for Au@NIPs
and Au NPs substrates were the result of unspecific molecule
adsorptions to the hydrophobic polymeric matrix (NIP) and to
the metal surface. Overall, Au@MIP improved the LOD by 2
and 3 orders of magnitude with respect to Au@NIPs and
pristine Au substrate, respectively.

The PAH binding to the cavities of the Au@MIP can be
modeled by employing the Langmuir—Freundlich (LF)
isotherm or just the Freundlich isotherm at low concentration
ranges.”® Considering the working concentration range for
pyrene and fluoranthene, we described the Au@MIPs behavior
through the Freundlich model

0 xI=K,/C" (1)
where 0 is the amount of pyrene complexed in the Au@MIP, I
the SERS intensity (in counts mW™' s7'), K, the binding
constant, C the pyrene molar concentration, and m the
heterogeneity index. m varies between 0 (complete heteroge-
neous material) and 1 (homogeneous material). The previous
equation can be linearized as follows

log I = log(K,) + mlog C (2)

Figure 3C,F shows the SERS intensity versus concentration
(both at log scale) for pyrene (594 cm™) and fluoranthene
(557 ecm™), respectively. Each experimental point corresponds
to at least 20 random points recorded and averaged for each
concentration on the Au@MIP thin film. Moreover, the
reported average values correspond to two different hybrid
platforms evaluated for each concentration, demonstrating the
high reproducibility between sensors. The data revealed a
linear variation of the SERS signal with the pyrene (Figure 3C)
and fluoranthene (Figure 3D) concentration from 107> to 107°
M. It could be fitted to eq 2 obtaining the empirical formula:
log I = 6.5 + 0.40 log C (R* = 0.96) for pyrene-based Au@MIP
and log I = 6.10 + 0.34 log C (R* = 0.99) for fluoranthene-
based Au@MIP. Importantly, it allowed to obtain the binding
constant between PAH and Au@MIPs being 3.2 X 10° and 1.3
X 10° M™! for pyrene and fluoranthene, respectively. The same
analysis performed for fluoranthene but using the SERS
intensity data at 665 cm™' instead of at 557 cm™" (Figure S7)
revealed similar behavior and binding constant.

To evaluate the specific recognition ability of pyrene- and
fluoranthene-based Au@MIPs, a SERS analysis was performed
by using mixtures of three different PAHs namely; pyrene,
fluoranthene, and benzo[a]pyrene. Benzo[a]pyrene was
selected because it has a larger size than pyrene and
fluoranthene. According to the calculated optimized geometry
(see experimental part and Figure S8), the dimensions of these
three PAHs decrease as follows: benzo[a]pyrene (9.820 A) >
fluoranthene (9.467 A) > pyrene (9.013 A). As shown in
Figure 4A the spectral region between 300 and 700 cm™ is
sufficient to clearly identify representative bands corresponding
to each PAH. Long-range representative SERS spectra of each
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Figure 4. (A) Representative SERS spectra of benzo[a]pyrene (blue),
fluoranthene (red), and pyrene (black). (B) SERS spectra recorded
using pyrene-based Au@MIPs of different mixtures: pyrene/
fluoranthene (blue), pyrene/benzo[a]pyrene (red), and pyrene/
fluoranthene/benzo[a]pyrene (black). (C) SERS spectra recorded
using fluoranthene-based Au@MIPs of the following aqueous
mixtures: fluoranthene/pyrene (blue), fluoranthene/benzo[a]pyrene
(red), and pyrene/fluoranthene/benzo[a]pyrene (black). The con-
centration of the three PAHs was 10~ M in all mixtures.

PAH have been included in Figure S9 and their vibrational
band assignment in Table S1.

First, the selectivity of pyrene-based Au@MIP was evaluated
through SERS analysis after its incubation in three different
aqueous mixtures of PAHs (pyrene/fluoranthene, pyrene/
benzo[a]pyrene, and pyrene/fluoranthene/benzo[a]pyrene).
In all cases, the SERS spectra of the Au@MIPs (Figure 4B)
just showed the characteristic signals of pyrene. The fact that
no signals from fluoranthene and bezo[a]pyrene were
evidenced could indicate cavity-size selectivity as the pyrene
template is the smallest PAH used. Thus, in the present case, a
good selectivity (with a LOD of 1 nM) for pyrene was
obtained.

Similar experiments were performed for fluoranthene-based
Au@MIPs using the following PAHs aqueous mixtures:
fluoranthene/pyrene, fluoranthene/benzo[a]pyrene, and fluo-
ranthene/benzo[a]pyrene/pyrene. In this case, the SERS
analysis of the Au@MIPs (Figure 4C) showed the signatures
of fluoranthene as well as pyrene but none from benzo[a]-
pyrene. This behavior could be also explained in terms of
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cavity-size selectivity because the molecular dimensions of
fluoranthene are larger than those of pyrene but smaller than
those for benzo[a]pyrene. These results demonstrated that the
suitable choice of the template PAH modified the selectivity of
Au@MIPs.

Ultrasensitive SERS-Based Detection of Pyrene in
Real Samples. In order to demonstrate the practical
applicability of our developed plasmonic sensor, pyrene was
chosen as the target PAH due to the large selectivity of the
pyrene-based Au@MIPs. This PAH is included in the United
States Environmental Protection Agency (US EPA) priority
PAH list. Thus, pyrene detection was accomplished using
pyrene-based Au@MIPs in two real matrices: creek water
(Figure S) and seawater (Figure S10). Both kinds of real
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Figure 5. (A) SERS spectra of pyrene obtained from spiked creek
water solutions at different concentrations using as sensing platform
pyrene-based Au@MIPs. (B) SERS intensity at 594 cm™ as a
function of pyrene concentration.

samples were collected and filtered prior to use, then pyrene
was directly spiked at different concentrations ranging from
1075 to 107" M. All experimental procedures were performed
as previously described. Figures 5A and S10A show
representative SERS spectra acquired for the different pyrene
concentrations. Remarkably, the characteristic SERS peaks of
pyrene were again distinguished up to molecular concen-
trations of 10™° M, independently of the matrix sample. The
analysis of the average SERS intensity at 594 cm™ as a
function of pyrene concentration revealed a quantification
region in the whole range (Figures SB and S10B), which can
be expressed by the empirical formulas: log I = 5.20 + 0.20 log
C (R* = 0.97) in creek water and log I = 6.10 + 0.37 log C (R
= 0.95) in seawater. Additionally, the binding constants, K,
were calculated as being 1.6 X 10° and 1.3 X 10° M™' for
seawater and creek water, respectively. In the case of seawater,
K, was similar to that previously obtained in Milli-Q water,
suggesting no matrix interference. Whereas K, in creek water
was 1 order of magnitude lower than that in Milli-Q water
which could be translated into a matrix effect. Nevertheless,
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this matrix effect seemed to have no influence on the sensitivity
of the plasmonic sensor.

B CONCLUSIONS

In summary, we developed a reliable and sensitive SERS-based
hybrid sensor consisting of a Au NP assembly covered by a
uniform MIP thin film. In order to achieve homogeneous MIP
coatings, parameters such as prepolymerization time and spin-
coating rate were finely modulated. The combination of Au
NPs and MIPs hence solved the main drawbacks of each
component when used separately. Analysis of the SERS
performance of the Au@MIP thin films fabricated using
pyrene or fluoranthene as the template revealed that: (i) the
presence of MIPs allowed detecting molecules without an
affinity for gold, such as low molecular-weight PAHs; (ii) the
pyrene- and fluoranthene-based sensing platforms showed
limits of detection for pyrene and fluoranthene, respectively, up
to 100-fold times lower than those achieved with the
corresponding Au@NIP thin films; (jii) for both analyzed
PAHs, a quantification region is observed and their binding
constants can be calculated; (iv) the template molecule used
during the Au@MIPs fabrication may improve the selectivity
for each PAH; and (v) the plasmonic sensor might be
employed to analyze pyrene in real samples (creek water and
seawater) without affecting its sensitivity as a result of a matrix
effect.
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