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Molecularly imprinted polymers provide an excellent platform for the modification of selective electrodes for
sensing applications. Herein, we present a novel modified carbon paste electrode (CPE) with a selective molecu-
larly imprinted polymer (MIP) for recognition of sesquiterpene β-caryophyllene, constituted of important plants
oil-resins and extracts. The non-covalentMIPwas synthesized usingAA, EGDMA, and AIBN as a functionalmono-
mer, cross-linker and initiator agent, respectively. Structural and chemical characterization of the synthesized
MIP was conducted through scanning electron microscopy (SEM), Fourier-transform infrared (FT-IR) spectros-
copy, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). It was possible to verify the functional
features of the synthesized MIP related to the extraction process of the template molecule. The CPE modified
with MIP for sesquiterpene β-caryophyllene recognition was characterized by electrochemical techniques as cy-
clic voltammetry (CV) and squarewave voltammetry (SWV). The highest selective recognition electrode enables
to detect concentrations in the range between 1.5 × 10−7 and 7.5 × 10−7 M, showing great potential for applica-
tions in monitoring content of sesquiterpene β-caryophyllene in technological processes and for predicting the
quality of extracts, oils, and resins of plants.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The sesquiterpene β-caryophyllene is a bicyclic compound present
in several plant extracts, oils and resins [1,2]. β-Caryophyllene is widely
used as a flavoring agent and additive in food and cosmetics applica-
tions [3,4]. The pharmaceutical industry uses the β-caryophyllene due
to its potentialized effect as anesthetic, antifungal, antiviral, spasmolytic
and anti-inflammatory [5–8].

Among the diverse applications of β-caryophyllene stands out their
extensive use as an herbal medicine that requires rigorous quality con-
trol when extracted from the natural source rawmaterial. On the other
hand, the extraction of β-caryophyllene isn't trivial. Pharmaceutical and
cosmetic industries make their products using original vegetable ex-
tracts and oil resins and these raw materials are complex mixtures
formed by a large number of compound requiring specific techniques
and reagents for extraction and identification [9,10].β-caryophyllene is
usually obtained using chromatographic methods and their identifica-
tion through expensive analytical techniques [11,12].

Molecularly imprinted polymers (MIP's) are materials with highly
selective cavities that act as specific detectors or molecular sieves,
which can help to identify β-caryophyllene from the plant extracts.
MIP's have been widely used in the chromatographic separation, capil-
lary electrophoresis, selective extraction, solid phase microextraction
and as electrochemical sensors [13,14]. The application of MIP's as elec-
trochemical sensor for β-caryophyllene can offer high performance in
selective detection of this compound with important technological ap-
plications [15–17].

In this work it is presented a novel electrochemical sensor for detec-
tion of the β-caryophyllene based on CPE modified with MIP. The syn-
thesized MIP was characterized by different techniques for deepening
into its behavior and functionality. The electrochemical sensor showed
great potential for technological applications in the qualification and
control of oils-resins and plant extract, as well as in the cosmetic and
pharmaceutical industries that use natural raw materials.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2019.03.097&domain=pdf
https://doi.org/10.1016/j.saa.2019.03.097
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2. Experimental

2.1. Materials and methods

β-Caryophyllene, acrylic acid (AA), ethylene glycol dimethacrylate
(EGDMA), 2,2′-azo-bis-isobutyronitrile (AIBN), methanol and acetoni-
trile were purchased from Sigma-Aldrich (Steinheim, Germany). All re-
agents are of analytical grade and have been used without purification.
All solutions were prepared using water from aMillipore (Billerica, MA,
USA) Milli-Q purification system.

2.2. Synthesis of MIP

The MIP synthesis was performed using the procedure reported by
Pardeshi et al. [18]. First, the template molecule β-caryophyllene
(1 mmol), and the functional monomer AA (4 mmol) were added to
10 mL of acetonitrile in a glass tube with the screw cap. The cross-
linker EGDMA (40 mmol) and the initiator AIBN (0.3 mmol) were
then added. The mixture was purged with nitrogen for 10 min before
placed to polymerize for 24 h immersed in a 60 °C water bath. The syn-
thesized MIP was macerated in Agatha mortar for 5 min, mixed with
methanol and placed in the ultrasonic bath for 15 min; this procedure
was repeated to remove the templatemolecule from the polymeric ma-
trix. Fig. 1. shows the schematic representation of the functioning ofMIP
before and after template removal.

The non-imprinted polymer (NIP) was synthesized following the
same procedure described above without the template.

2.3. Characterization methods

Scanning electron microscopy (SEM) images were obtained by Ox-
ford model X-ACT microscope. For this purpose, the MIP and NIP were
sputtered with a layer of gold and the images were observed under a
voltage of 25 kV.

FTIR spectra were recorded using a Thermo Electron (model Nicolet
S10) spectrophotometer, with 32 scans in the range of 4000 to
400 cm−1and a resolution of 4 cm−1. Samples were mixed with KBr in
a weight ratio of 1:100 and compressed to obtain a thin film disk for
the spectrum analysis.

The active vibrational mode spectra were collected using a Confocal
Raman microscope (WITec alpha 300R, WITec GmbH, Ulm, Germany)
equipped with a cooled CCD using a 50× magnification lens and
600 g mm−1 grating with the integration time of 1 s and 10 accumula-
tions. The samples were excited using a blue laser (wavelength 488 nm,
power at 20 mW). The spectra were obtained at room temperature in
the spectral range 100–3600 cm−1.

XPS measurements were performed at the ESCALAB 250Xi spec-
trometer (Thermo Scientific) equipped with an electron energy
Fig. 1. Schematic representation of the functionin
hemispherical analyzer using monochromatized Al Kα line (hʋ =
1486.6 eV) excitation. The spectra were energy referenced to the C1s
signal of aliphatic C atoms at the binding energy of 285.00 eV. XPS spec-
tra were collected using X-ray beam spot size = 650 μm with an emis-
sion angle of 90° with respect to the sample surface. The powders were
placed on conductive double-sided carbon tape and the spectra were
collected at two different points of the sample. High-resolution spectra
were acquired with 25 eV pass energy at C1s and O1s core levels.

Electrochemical characterization was performed at AUTOLAB®
PGSTAT 204 N (Metrohm Autolab) with the NOVA 2.1 with the plati-
num wire as a counter electrode, Ag/AgCl as a reference electrode, and
a commercial CPE (diameter of 3.00 mm, with the cavity of 2 mm
depth) as the working electrode.

2.4. Electrode preparation

Themodified carbon pastewas prepared by themixture of 0.025 g of
carbon black, 0.025 g of MIP after template removal and 0.100 g of bi-
component epoxy resin with the addition of 15 μL of cyclohexanone.
The resulting paste was then packed firmly into the electrode cavity.
The electrodes were left at room temperature for solidification and the
excess of solidified material was carefully removed with sandpaper
(4000 grit). For comparative studies CPE modified with NIP was pre-
pared following the same procedure.

2.5. Electrochemical characterization

The electrochemical characterization was first performed using the
CV technique with potentials between −1 V and 1 V, scan velocity of
25 mV in 10 mL of K3[Fe(CN)6]/K4[Fe(CN)6 (5 mM) and KCl (0.2 M).

For determination of the β-caryophyllene themodified CPEwere in-
cubated for 5 min in solutions containing different concentrations of β-
caryophyllene followed of the removal of the excess of solution from the
electrode surface by immersion for 10 s in methanol. The electrochem-
icalmeasurementwas conducted using the SWV techniquewith the fol-
lowing parameters: scanning potential from −0.1 to 0.7 V, modulation
amplitude 0.02 V, step 0.005 V and frequency 25 Hz. Themeasurements
were performed in 10 mL of K3[Fe(CN)6]/K4[Fe(CN)6(5 mM) and KCl
(0.2 M).

3. Results and discussion

3.1. Scanning electron microscopy studies

The SEM exploration has been performed to understand the mor-
phological modifications of the synthesized MIP and NIP. Fig. 2 shows
morphological differences between the NIP (a) and MIP after template
removal (b). Fig. 2a) exhibits a smooth, and continuous surface with
g of MIP before and after template removal.



Fig. 2. SEM images of NIP (a) and MIP after template (β-caryophyllene) removal (b).
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an incipient grain growth and non-porous structures relate to the syn-
thesized NIP.

Otherwise, Fig. 2b) shows awell-definedgrain boundary and amean
grain size of 100 nm. It is possible to observe an irregular morphology
related to the typical porous structure that defines the MIP after the
template removal [19].

3.2. Fourier transform infrared analysis

Fig. 3 shows a comparative study related to the infrared spectra of β-
caryophyllene, NIP andMIP, before and after template removal, to iden-
tify the contributions to the vibrational spectra and to verify the func-
tionality of the synthesized MIP. In the β-caryophyllene spectrum, itis
possible to observe the vibrational strain (3071 cm−1) of _CH, and
the asymmetric (2936 cm−1) and the symmetric (2859 cm−1) vibration
Fig. 3. FTIR spectra of β-caryophyllene (1), NIP (2), MIP after removal (3) and before
removal of sesquiterpene β-caryophyllene (4). Yellows regions show details of the
comparative FTIR spectra of MIP after and before removal of β-caryophyllene.
stretching of the CH2 group [20]. The small stretching at 1671 cm−1 re-
fers to the absorption frequency of the alkyl group bonded directly to
the ring double bond and the stretching C_C (1633 cm−1) to the dou-
ble bond that is outside of the terpene ring. It can also be observed the
scissoring mode absorption band (1451 cm−1) of the CH2 bonded to
the carbon of the double bond out of the ring [20,21] and the double
peaks (1383 cm−1 and 1368 cm−1) of the vibrations of symmetric
CH3 deformations attributed to the two methyl groups attached to the
cyclobutane ring. Moreover, it is possible to detect an intense peak in
the spectrum at 886 cm−1 characteristic of the _C\\H deformation of
vibration out-of-plane [21].

The NIP spectrum in Fig. 3 shows a wide band attributed to the OH
stretching (3400 cm−1), the asymmetric (2961 cm−1), the symmetric
(2918 cm−1) stretching vibration typical of CH2 and a small stretching
at 1633 cm−1 due to the double bond (C_C). On the other hand, it
can be observed a vibrational band relative to the carboxyl group
(C_O) at 1724 cm−1 that in the acrylic acid (functional monomer) ap-
pears at 1670 cm−1 but after the polymerization process undergoes are
shift [22,23].

Fig. 3 shows two yellow regions related to the comparison between
FTIR spectra of MIP before and after template removal. The MIP spec-
trum after removal of the template has the similar spectral characteris-
tics of NIP, which is constituted of poly(acrylic acid). However, the
spectrum of MIP before template removal shows the contribution of
molecular groups of β-caryophyllene. Thus, the characteristic small vi-
brational stretching at 3071 cm−1 related to the _CH group was not
found in the poly(acrylic acid) structure and, as previously discussed,
this group is involved in the radical polymerization reaction, by which
their incidence is only related to the template β-caryophyllene
molecule.

On the other hand, the region of asymmetric (2936 cm−1) and sym-
metric (2859 cm−1) vibrations typical of CH2 and the axial strain vibra-
tion bands of C_C groups were not detected in the MIP spectrum after
template removal at testing the removing process of the template.
These results are similar to the literature, where it was observed that
after the extraction of the template from the polymeric matrix [24,25],
a non-polar terpene class, as a sesquiterpene β-caryophyllene, form a
non-covalent bonding with the polymeric matrix [26,27]. β-
Caryophyllene does not have specific functional groups such as carboxyl
or hydroxyl groups which could generate a strong interaction with the
polymeric matrix. Thus, it is proposed that weak non-covalent interac-
tions, such as Van der Waals, govern the interaction between the poly-
meric matrix and the template molecule [28,29].
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3.3. Raman spectra analysis

Fig. 4 shows the Raman spectra of NIP (a) and MIP before (b) and
after removal of the β-caryophyllene (c). The assignments of the
Raman bands are summarized in Table A in Supplementary data.

Raman spectral signatures of both NIP and MIP before template re-
moval are rather similar in the peaks position, although the intensities
differ between them by 20%. This behavior can be related to the contri-
bution of molecular groups of β-caryophyllene that have non-covalent
interaction with the polymeric matrix [30]. The peaks located at
507 cm−1 and 603 cm−1 are due to the vibrations of CO2 out of plate
and CO2 rotation, respectively. The peaks at 735 and 835 cm−1 are at-
tributed to the C-COOH stretching vibrations; the peaks at 946 cm−1,
1381 cm−1, 1406 cm−1, 1640 cm−1 and 1722 cm−1correspond to vibra-
tion of the C\\C stretching, C\\H bending, δ(CH2), C\\H stretching and
C\\O stretching, respectively, presented in the carboxyl acid and acetyl
groups [31–34]. The assignments of somemodes, such as at 2902 cm−1,
2932 cm−1, 3046 cm−1 and 3110 cm−1 are associated to the CH
stretching and CH2 bond, and C\\H and CH2 symmetrical vibrations
and correspond to the carbonyl group present in the poly(acrylic acid).

On the other hand, the peak located at 2857 cm−1 appears only in
the spectrum of MIP before the β-caryophyllene removal, showing
that the template was removed from the polymeric matrix. This peak
corresponds to the CH3 symmetrical stretching mode and may be asso-
ciated with saturated carbon [35].

3.4. XPS analysis

For in-depth analysis of the surface chemical species present in the
different states of operation ofMIP, high resolution XPS spectrawere re-
corded. High-resolution C1s and O1s XPS spectra are shown in Fig. 5 for
NIP and MIP before and after template removal. They were fitted with
three peaks, using symmetric Voigt curves based on a convolution of
Gaussian and Lorentzian curves [36].

In the deconvoluted C1s XPS spectra, the first peak was assigned to
the C\\C bonds in the aliphatic chain of the poly(acrylic acid) present
Fig. 4. Raman spectra of NIP (a), MIP before (b) and a
in the polymeric matrix, the second one to the C\\O bond and the
third to carbonyl, C_O, present in the functional group of acrylic acid
monomer [37,38]. In the O1s XPS spectra, the first peak was assigned
to the C\\O bonds, the second to carbonyl, C_O and the third to
adsorbed water [38]. The binding energy and atomic percentage values
of the chemical species present are given in Table B in Supplementary
data file.

Fig. 5a and b shows the C1s XPS spectra for NIP, i.e. for poly(acrylic
acid) and for MIP after the removal of β-caryophyllene. It was observed
a great similarity in the shape of the spectra and, also, no shift in the
binding energy due to the great similarity in the chemical environment
at the C 1s core level after the removal of β-caryophyllene. Thus, the
ratio of atomic percentages between C\\C and C\\O for the NIP and
MIP after removal of β-caryophyllene is very close: 1.96 and 2.02, re-
spectively, indicating that the chemical environment around the carbon
and oxygen atoms did not change with the absence of the β-
caryophyllene molecule in the polymeric matrix.

Fig. 5b and c shows the XPS spectra of the C1s for theMIP before the
removal of the β-caryophyllene molecule and for the MIP after the re-
moval of the β-caryophyllene molecule. Here, it is possible to notice
an accentuated difference in the peak intensities attributed to C\\C
bond due to the presence of sp2 and sp3 carbon atoms present in the
β-caryophyllene structure. β-Caryophyllene is a molecule which ex-
hibits in its bicyclic structure alkyl groups (–CH, –CH2, –CH3 and
_CH2) that form non-covalent intermolecular interactions of the dis-
persion forces type (also known as London forces), which are weak in-
termolecular interactions that happen by the phenomenon of induction
of the dipole moment of the electronic cloud [39].

The values of the atomic percentages of the C\\C and C\\O bonds
show a significant increase of 2.02 (absence of β-caryophyllene) to a
value of 2.63 (presence of β-caryophyllene) strongly indicating the con-
tribution of the sp2 and sp3 carbon atoms of the β-caryophyllene mol-
ecule. It is known that the intermolecular interaction between the β-
caryophyllene and the active cavities formed within the MIP, mainly
by the carbonyl group, C_O, occurs by permanent dipole— induced di-
pole; as it is a very weak interaction it is not possible to assign an
fter removal (c) of the template β-caryophyllene.



Fig. 5. High-resolution XPS spectra of C1s and O1s core levels for NIP (a and d), MIP before (b and e) and after (c and f) removal of β-caryophyllene.
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increase of BE to this interaction, only as a consequence of the presence
of carbon atom sp2, _CH2 of β-caryophyllene [40–42]. The O1s core
level did not show any significant changeswith the presence or absence
of the β-caryophyllene asmolecular template. In summary, such results
corroborate with those presented by RAMAN and FTIR spectroscopies.

3.5. Voltammetric analyses

Sesquiterpene β-caryophyllene is a non-polar molecule that presents
low electroactivity. Because of this it was considered the indirect detec-
tion method for measuring the electrochemical response of the modified
carbon electrode with NIP and MIP before and after template removal.
Fig. 6 shows comparative cyclic voltammograms related to modified
CPE. First, the CPE was built using a synthesized MIP that was macerated
and treated to the removed template as described above. Then, the CPE
modified with MIP after template removal was placed in β-
caryophyllene solution (7.5 × 10−7 M) for 5 min to the reabsorbed tem-
plate. The voltammograms for modified CPE with NIP and MIP before
Fig. 6. Comparative cyclic voltammograms performed in K3[Fe(CN)6]/K4[Fe(CN)6 (5 mM)
in KCl (0.2 M) for modified CPE with NIP and MIP before and after the template removal.
and after the removal of the template were acquired using electrolyte so-
lution of [K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM) and KCl (0.2 M).

The voltammogramusing the CPEmodifiedwith NIP did not present
the characteristics of the K3[Fe(CN)6]/K4[Fe(CN)6 redox pair, showing a
higher resistivity if compared with the voltammograms of MIP before
and after template removal. This behavior can be attributed to the poly-
meric structure of NIP that does not present the imprinted cavities of the
template molecule where the diffusion of the K3[Fe(CN)6]/K4[Fe(CN)6
redox pair occurs. The respective voltammograms of MIP before and
after template removal show the characteristics of the K3[Fe(CN)6]/K4

[Fe(CN)6 pair. Thus, the polymeric matrix of MIP submitted to the pro-
cess of template removal provides cavities that enable the diffusional
process of the K3[Fe(CN)6]/K4[Fe(CN)6 species and the charge transfer
reactions on the electrode interface [43].

Themodified CPEwithMIP after template removalwas immersed in
the β-caryophyllene solution for 5 min and the obtained cyclic voltam-
mograms showed the K3[Fe(CN)6]/K4[Fe(CN)6 redox pair, despite a de-
creasing of the current of the redox process was observed. This
decreasing of the current can be explained by the reabsorbed templates
molecules, which occupy the cavities in the polymeric matrix of MIP
that limit the diffusion of electrolyte species and the charge transfer.

3.6. Determination of sesquiterpene β-caryophyllene

Fig. 7A shows the square wave voltammograms related to the deter-
mination of β-caryophyllene using modified CPE with MIP after tem-
plate removal. For the detection study modified CPE was immersed in
solutions containing different concentrations of β-caryophyllene.

The SWV shows the decrease of the current of the oxidation peak
when the concentration of β-caryophyllene was increased in the
solution. As explained above, the cavities in the polymeric matrix of MIP
are being occupied when the electrode is incubated in β-caryophyllene
solution and this process is increased as the electrode is exposed to higher
concentrations of β-caryophyllene. The current of the oxidation peak de-
creases with the increase of the β-caryophyllene concentration from 1.5
× 10−7–7.5 × 10−7 M with a correlation coefficient of 0.9916 (Fig. 7B).
Analogous behavior was related by X. Kan et al. and X.L. Jing Luo et al. in
the bovine hemoglobin detection [44,45] and also reported in the studies
for the determination of testosterone, epigallocatechin-3-gallate in green
tea and 4-nonphenol [25,46,47].



Fig. 7.A) The SWVwithmodified CPEwithMIP after template removal in different concentrations of their respective standards. The concentration of β-caryophyllene in curves a–f was as
follows: 1.5 × 10−7, 2.5 × 10−7, 3.5 × 10−7, 5 × 10−7, 6 × 10−7 and 7.5 × 10−7 M, respectively. B) The linear relationship between the peak current and the concentration of β-
caryophyllene in a range of 1.5 × 10−7–7.5 × 10−7 M. The initial and final potentials were set as−0.1 V and +0.7 V, respectively.
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4. Conclusion

The development of a novel sensor for the detection of sesquiter-
pene β-caryophyllene based on modified CPE with MIP was presented.
The synthesized NIP and MIP was structurally characterized showing
the formation of porous structure in the MIP after removal of the β-
caryophyllene. The spectroscopic characterization made possible to
demonstrate the functional features of the synthesized MIP before and
after extraction of the template. The electrochemical techniques such
as CV allowed to deepen into the mechanisms of molecular recognition
and the electroactive characteristics of β-caryophyllene. The detection
of β-caryophyllene was performed through the SWV that enabled the
detection in a concentration range between 1.5 and 7.5 × 10−7 M
with the correlation coefficient of 0.9916. These results showed the
great potential of monitoring the content of the sesquiterpene β-
caryophyllene in technological processes and for predicting the quality
of extracts, oils, and resins of plants.
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