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A B S T R A C T

Two different molecularly imprinted polymers (MIP) were designed to selectively bind the insecticides carbo-
furan (CBF) and profenofos (PFF). CBF-MIP are based on methacrylic acid (MAA) as a functional monomer,
ethylene glycol dimethacrylate (EGDMA) as a crosslinker, and azobisisobutyronitrile (AIBN) as an initiator. The
PFF-MIP comprised of polyurethane based on poly (4-vinylphenol) (PVP), and diphenyl methane-4,4′-di-iso-
cyanate (DPDI) as functional monomers, phloroglucinol (PG) as the cross-linker, and diphenylmethane (DPM) as
the porogen. For sensor measurement, MIPs were spin-coated onto one electrode pair of a dual-electrode QCM,
while the second pair was spin-coated with NIPs. Fourier transform infrared (FT-IR) spectroscopy confirms
successful template removal from the polymer matrix. The resulting CBF- and PFF-MIP coated onto quartz crystal
microbalances (QCMs) lead to pesticide QCM sensors revealing the following analytical characteristics, re-
spectively: dynamic detection range of 0.5–1000 μM for CBF-MIP and 10–1000 μM for PFF-MIP. In both cases,
the MIP exhibit roughly ten times higher sensor signals, than the corresponding non-imprinted polymers (NIP).

1. Introduction

Pesticides are used worldwide to destroy or control weeds, insects,
fungi, and other pests in agriculture [1]. Their widespread application
has resulted in residues in the environment, which pose inherent health
risks to humans and mammals. The same is true for persons exposed to
them while applying them. Nowadays, organophosphorus and organo-
nitrogen pesticides have widely replaced organochloride compounds
because of their low cost, comparably fast biodegradation, and low
environmental toxicity [2,3]. Carbofuran (CBF) is an organonitrogen,
and profenofos (PFF) an organophosphorus pesticide. Both are widely
used to control insects. Despite the abovementioned advantages, these
pesticides can still cause health conditions in humans, such as asthma
attacks, skin rashes, and chronic neurological disorders [4]. Thus, it is
necessary to detect and monitor their residues in farm products and in
the environment.

So far, a range of analytical methods aiming at detecting CBF and
PFF are available. They rely e.g. on spectrophotometry [5,6], or chro-
matography (HPLC, GC, GC/MS, and LC/MS-MS) [7–11]. Although
these methods are sufficiently accurate, sensitive and specific, they still
require expensive instrumentation and skilled analysts. Immunological
methods, such as enzyme-linked immunosorbent assay (ELISA), have

also been reported including real sample applications [12]. However,
biological materials - i.e. antibodies, antigens and enzymes – are of
limited use, because they are inherently costly and comparably sensi-
tive towards environmental factors [12]. Those limitations have
prompted development of synthetic selective receptors.

Molecularly imprinted polymers (MIP) have attracted substantial
interest in this regard. MIPs are usually synthesized through co-poly-
merization of functional and cross-linking monomers in the presence of
a template. The latter interacts with functional groups to form non-
covalent [13], or covalent [14] bonds. MIP are suitable coatings for
QCM to yield sensors with enhanced performance, such as high speci-
ficity, low cost, ease of use and rapidness of detection [15]. There are
several successful reports on insecticide detection with molecularly
imprinted polymers on QCM: For example, Gao et al. synthesized MIP
using methacrylic acid (MAA) for recognition of PFF by physical en-
trapment and in situ self-assembly [16]. However, they carried out all
measurements in gas phase. Ozkutuk and coworkers prepared MIP
using methacryloyl chloride as the monomer to detect paraoxon [17].
Findeisen et al. synthesized MIP based on poly-4-vinylphenol as a
monomer to detect dimethyl methylphosphonate (DMMP) [18], which
seems a good starting point for PFF MIP. Successfully creating re-
cognition sites depends on appropriately selecting all polymer
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constituents including functional monomers, template, solvent, cross-
linker, and initiator. There are also examples of MIP sensors toward
carbofuran [19] and profenofos [20], respectively. However, the former
relies on electropolymerized systems and the latter on fiber-optical
detection. To the best of our knowledge there are no acrylate- or ur-
ethane-based MIP for CBF and PFF, respectively, in literature that serve
as receptors on QCM sensors. The rationale behind using those two
systems is twofold: First, larger numbers of functional monomers are
available in both cases, which makes it feasible to fine-tune interaction
sites to optimally interact with PFF and CBF, respectively, e.g. by
forming hydrogen bonds. Second, functional monomers are commer-
cially available in a highly cost-effective way and can be polymerized
conveniently on various substrate materials.

2. Experimental

2.1. Chemicals

Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA),
2,2′-azobisisobutyronitrile (AIBN), phloroglucinol (PG) and diphenyl
methane 4,4′-di-isocyanate (DPDI) were purchased from Merck AG
(Darmstadt, Germany) in highest available purity. Carbofuran (CBF,
98%), profenofos (PFF, 97.6%), chlopyrifos (CPF, ≥98%), poly(4-vinyl
phenol) (PVP) and diphenyl methane (DPM) were obtained from Sigma
– Aldrich (St. Louis, MO, USA).

2.2. Apparatus

Fourier transform infrared (FT-IR) spectra were recorded on a
PerkinElmer Spectrum 100 in the range 4000-600 cm−1. Quartz crystal
microbalances (QCM) were based on AT-cut quartz with 14mm dia-
meter and a thickness of 168 μm comprising electrodes screen printed
onto their surfaces by a process developed in the group [21].
Morphologies of CBF-MIP, PFF-MIP and the corresponding NIP films
were evaluated by AFM using a scanning microscope probe (Park Sys-
tems Corp., Korea.) controlled by XEI software.

2.3. Synthesis of molecularly imprinted polymers and non-imprinted
polymers

Two different types of MIP toward CBF and PFF, respectively, were
prepared by free radical polymerization in a bulk imprinting approach
as summarized in Scheme 1: For CBF-MIP synthesis, 15 μL (0.20 mmol)
MAA as a functional monomer and 22.2 mg (0.10 mmol) CBF were
dissolved in 600 μL DMSO in an Eppendorf tube. Then 25 μL
(0.13 mmol) EGDMA as the cross-linker and 2.4 mg (0.02 mmol) AIBN
as initiator were added and the mixture ultrasonicated for 10min.
Then, the solution pre-polymerized in a water bath at 70 °C until
reaching the gel point while continuously stirring. Polymerization took
place in Argon atmosphere to ensure oxygen-free conditions and thus
minimal side reactions. After this, 4 μL of the resulting oligomer solu-
tion was dropped onto the surface of bare gold electrode of a QCM and
spin-coated at 2000 rpm for 30 s. The NIP was prepared and spin-coated
in the same way, but without adding CBF. Finally, MIP and NIP coatings
were polymerized overnight by exposing to UV light with
λmax= 312 nm.

PFF-MIP was prepared by dissolving 59 mg (5.4 μmol) PVP (please
note that this compound is a polymer, hence the low molar amount),
41 mg (0.16 mmol) DPDI, 8 mg PG, 10 mg (0.06 mmol) DPM, and
37.4 mg (0.10 mmol) PFF in 600 μL THF in an Eppendorf tube. The
mixture was ultrasonicated for 10 min followed by pre-polymerizing in
water bath at 75 °C for 3 h under Argon atmosphere. After that, 500 μL
of THF was immediately added to the pre-polymer solution to stop the
reaction. Before spin coating, the reaction mixture was diluted again
with THF (1 part reaction mixture + 1 part solvent) to achieve thin
films [18]. NIP resulted from the same procedure, but without adding

PFF. Finally, the MIP and NIP solutions were spin-coated onto each of a
QCM electrode pair at 3000 rpm for 1min. The coated electrodes were
hardened at room temperature overnight and then completely poly-
merized in a drying oven at 120 °C for 10min.

Finally, the templates (CBF and PFF, respectively) were removed by
immersing the respective QCM into a solvent mixture consisting of
methanol and acetic acid (9:1 %v/v) for 30min followed by deionized
water for 30min, respectively. Washing steps continued until network
analyzer tests revealed constant resonance frequencies.

FT-IR spectroscopy was used for assessing the synthesized materials.
MIP and NIP examined this way were prepared exactly in the same way
as already described, but using glass slides as the substrate rather than
QCM. After that, the MIP and NIP films were mechanically removed
from glass slides, and mixed homogenously with KBr (samples:
KBr= 1:200, w/w) in a mortar. Then MIP and NIP were pressed under
hydraulic pump to form the KBr pellet.

2.4. Sensor measurements

Scheme 2 illustrates the setup of MIP-QCM detection system. Dual
channel QCMs were custom-made by screen printing Brilliant gold
paste onto the surface of quartz blanks. Screen printed QCM were he-
ated to 400 °C for 4 h to remove organic residues and expose bare gold.
QCM measurements followed previously published protocols [22]: A
dual-channel QCM containing both MIP and NIP was installed into
custom-made PDMS cell and connected to an oscillating circuit mon-
itored by means of an Agilent HP5313A frequency counter. Measure-
ments were carried out in stopped-flow mode. For that purpose, the
sensor chamber was first flushed with deinoized water. The frequency
reached at equilibrium defined the base line for the measurement. After
this, we injected a solution containing the respective pesticide in
deionized water and waited for equilibrium again. Corresponding data
was read out into computer through Agilent GPIB interface with Lab-
View software. Finally, we flushed out samples by flowing water over
the sensor surfaces until reaching equilibrium signal.

3. Results and discussion

3.1. FT-IR characterization of MIP and NIP

Fig. 1a and Fig. 1b summarize the FT-IR spectra taken after different
steps of synthesizing CBF-MIP and PFF-MIP, respectively. It shows the
NIP and the MIP before, and after removing the template, respectively.
The FT-IR spectrum of CBF-MIP (Fig. 1a) before template removal
shows a peak at 3355 cm−1 attributed to N–H stretching from CBF
molecules that adsorb in the polymer layer synthesized from MAA: CBF
N–H groups have the ability to form strong hydrogen bonds, e.g. with
monomers. At the same time, CBF-MIP after template removal and NIP
films do not contain this spectral band, which strongly indicates that
the template had been removed successfully. However, both spectra
reveal an OH stretching band around 3425 cm−1 that can be associated
with carboxylic group (COOH) of MAA. All PFF-MIP spectra in Fig. 1b
show absorption bands of N–H originating from PVP at 3329 cm−1, i.e.
it is visible in MIP before and after removing the template, and NIP. The
PFF-MIP before template removal reveals PFF absorption bands at
1464, 1150, 949, 682 and 628 cm−1 for C–H, P]O, P–S, C–Cl, and
C–Br respectively. Neither of these spectral bands is visible in MIP
spectra after removing PFF, and NIP, respectively. This is strong evi-
dence that PFF is absent in both of them presumably leading to re-
cognition sites in the material as outlined in Scheme 1. These results
indicate successful PFF and CBF removal from the corresponding MIPs
and the formation of imprinted sites at the polymer layer. This is in line
with previous work [23,24].
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3.2. AFM characterization

The surfaces of MIP after removing the template and NIP were
characterized using AFM (5 μm×5 μm scan size) in contact mode with
NP-S10 silicon nitride tips by Bruker metrology. Fig. 2a–b shows AFM
images of polymers template by CBF and PFF, respectively. As shown in
Fig. 2a, the morphologies of CBF-MIP after template removal displays a
large number of spherical structures and cavities whereas the NIP
shows comparably smooth surface. Fig. 2b shows the significant dif-
ference between PFF-imprinted and non-imprinted films. PFF-MIP after
the template removal exhibits larger surface roughness compared to
NIP. The MIP after the template removal reveal cavities on the surface,
which are not present in the NIP. This clearly demonstrates that the
morphology of MIP thin films differs from their non-imprinted coun-
terparts. Of course it is not possible of visualize individual imprints,
because lateral resolution of AFM is determined by tip aperture, which
is 5–10 nm in this case. It still clearly demonstrates that molecular
imprinting also has some overall effect on the corresponding polymer.
The thicknesses of PFF-MIP and CBF-MIP thin films were measured
revealing 20 and 80 nm height, respectively. For that purpose, each

electrode was characterized by the means of a network analyzer before
and after coating and after removing the template. Observed frequency
shifts depend on mass. The respective relation between mass change

Scheme 1. Synthesis approach to CBF-MIP (A), and PFF-MIP (B).

Scheme 2. Setup of MIP-QCM detection system.

Fig. 1. FT-IR spectra of CBF-MIP (a) and PFF-MIP (b).

W. Sroysee, et al. Physics in Medicine 7 (2019) 100016

3



Δm and frequency shift (ΔF), is given in Eq. (1) [24].

=
−

F
F

A ρu
mΔ

2
Δ0

2

(1)

where ΔF is the measured frequency change (Hz), F0 the fundamental
frequency of QCM (6×106 Hz), Δm the mass change (g), A the elec-
trode area 1.33 cm2, ρ the density of quartz (2.65 g/cm3) and μ is the
shear module of quartz (2.95×1011 dyn/cm2). Inserting the respective
values into the Sauerbrey equation and assuming that the density of the
polymer is ρ=1 g/cm3 leads to the conclusion that ΔF=−1 kHz
corresponds to 40 nm layer height [25].

3.3. Sensitivity

The rationale for choosing MAA and PVP as functional monomers
for CBF-MIP and PFF-MIP, respectively, is to interact strongly with the
template by providing multiple ways of interaction such as H-bond
donor, H-bond receptor, dipole-dipole interaction and van der Waals
interaction based on literature [26]. CBF and PFF are comparably large
templates for bulk molecular imprinting. Therefore, choosing the
proper eluent is important to make sure to remove the template effi-
ciently from the polymer matrix. A solvent mixture comprising me-
thanol and acetic acid (9:1 %v/v) was chosen, because methanol can be
used to break hydrogen bonding between template and binding sites,
while acetic acid is believed to compete with the template for func-
tional groups in the binding site [27,28]. Then, the frequency shifts (F0
– F1) were calculated, resulting 1850 Hz and −644 Hz for PFF-MIP and
CBF-MIP, respectively.

Fig. 3 shows the QCM sensor responses of CBF-MIP in comparison
with CBF–NIP, which acted reference. CBF-MIP leads to substantial

Fig. 2. AFM image of CBF-MIP (a) and PFF-MIP (b) and corresponding NIP on glass slides.

Fig. 3. QCM sensor responses toward CBF at various concentrations; the inset
shows bi-linear sensor characteristic in the concentration range of
0.5–1000 μM.

W. Sroysee, et al. Physics in Medicine 7 (2019) 100016

4



frequency signals in a range of 50–1850 Hz. In contrast, the NIP-coated
electrode yields slightly positive frequency shift in the range of
13–130 Hz. MIP signals are thus substantially larger, namely around 10
times, than those for the NIP. The reason is that the –NH group of CBF
can interact with the –COOH functionality of the polymer backbone.
This result is in line with previous reports by Kotova et al. [25] on
detecting ephedrine with MIP. The inset of Fig. 3 shows the corre-
sponding sensor characteristic: it contains two linears in the con-
centration ranges of 5–10 μM and 10–1000 μM, respectively.

Fig. 4 shows typical frequency responses of PFF-MIP and PFF-NIP
toward solutions containing different concentrations of this analyte.
Obviously, PFF gave rise to sensor signals as high as −644 Hz and
−74 Hz for MIP and NIP, respectively, when using 1mM solutions. The
frequency shift of the MIP in this case is seven times higher than that of
the NIP, the latter allowing for assessing affinity interaction between
PFF and the respective polymer matrix. However, slight drift of the
baseline can be seen on the PFF-MIP-coated electrode. This phenom-
enon does not influence the recognition ability of the system, but may
be the consequence of the fact that damping on the MIP electrode made
it more difficult to stabilize the oscillator circuit. This circumstance is
consistent with previous work [25] and can be regarded a technicality.
PFF-MIPs display linear working range from 5 to 1000 μM. The limit of
detection (LOD) was found to be about 0.21 μM and 0.38 μM (S/N=3)
for CBF-MIP and PFF-MIP, respectively. Table 1 compares the proposed
sensors (CBF-MIP and PFF-MIP) with previously published methods.
Notably, the performance of proposed electrode is comparable or even
better than that of the previous reported QCM sensors for CBF and PFF
detection. Besides, this method also provides a very convenient

approach determining these analytes.
Based on the sensor characteristics of CBF-MIP and PFF-MIP, re-

spectively, we then determined the corresponding binding isotherms.
For that purpose, we applied a Langmuir adsorption isotherm model, as
stated in Eqn. (2) [33,34]:

=

+

m m
K C

Δ Δ max

d (2)

Where Δm is amount of increased mass on unit area of QCM sensor
(g/cm2); Δmmax is maximum saturation binding value; C is concentra-
tion of CBF or PFF solution (μM) for CBF-MIP or PFF-MIP, respectively;
Kd is reverse binding constant equal to the inverse of the equilibrium
association constant. For any given mass deposition, the respective
isotherm parameters can be according to equation (3).

=
×

+

m m K C
K

Δ Δ
1

max a

a (3)

For practical reasons, Eqn. (3) is usually rearranged to Eqn. (4): This
allows for plotting Δm versus Δm/C which yields the slope of 1/Ka and
Y-intercept of Δmmax.

= − × +m
K

m
C

mΔ 1 Δ Δ
a

max (4)

Where Ka is forward binding constants. All masses were calculated
from the frequency shifts according to the Sauerbrey equation [35]. The
free energy change (ΔG) value for CBF and PFF adsorbed on the MIP-
CBF and PFF-MIP immobilized QCM were calculated according to the
following Eqn. (5) [24].

= − ×G RT KΔ ln a (5)

Where R is gas constant (8.314 Jmol−1 K−1), T (K) is the temperature.
Table 2 summarizes the results: CBF-MIP contains two Ka of 0.1 and

0.01 μM−1 for low and high concentration ranges of CBF, respectively.
The rapid increase at low CBF concentrations correlates to the presence
of large number of vacant imprinted cavities of MIP. Subsequently,
these cavities re-bind template molecules leading to decreasing ad-
sorption rate at higher concentrations. In case of PFF-MIP, Ka and
Δmmax were 0.13 μM−1 and 3.03 g, respectively. This reveals strong
affinity of PFF-MIP toward its analyte.

Table 2 also lists the corresponding Gibbs Energies for binding ΔG
clearly revealing spontaneous binding.

The reproducibility of measurements for CBF-MIP and PFF-MIP
were evaluated by measuring the same concentrations for 3 times. The
calculated relative standard deviations (RSD) are 4.15% and 5.32% for
CBF-MIP and PFF-MIP, respectively. These results point out that our
method provides satisfactory reproducibility.

Fig. 4. QCM responses toward different concentration of PFF; The insert shows
linear sensor characteristic in the concentration range of 5–1000 μM.

Table 1
Comparison of the proposed sensor with the previous methods towards the sensing of CBF and PFF.

Electrodes Detection techniques Monomer Detection limit (μM) Ref.

CBF
AuNPs-MIP/GCE DPV ABA 0.024 [29]
GO@AuNPs-MIP/GCE DPV MAA 0.02 [19]
NiOPc-GO/CPE Amperometry – 1.7 [30]
anti-carbofuran IgG/Au QCM – 4.5 [31]
CBF-MIP/Au QCM MAA 0.21 This work
PFF
MIP/Au SPR MAA 9.6× 10−4 [32]
MIP/Au QCM MAA 5.36×10−4 [16]
PFF-MIP/Au QCM PVP 0.38 This work

AuNPs= gold nanoparticles, GO=graphene oxide, NiOPc= nickel (II) 1,4,8,11,15,18,22,25-octabutoxy-29H, 31H-phthalocyanine, ABA=Aminobenzoic acid,
MAA=methacrylic acid, PVP=poly (4-vinyl phenol), DPV=Differential pulse voltammetry, SPR = Surface plasmon resonance, GCE=glassy carbon electrode,
CPE= carbon paste electrode, Au=gold electrode.
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3.4. Selectivity

PFF and chlopyrifos (CPF) served to study the selectivity of CBF-MIP
whereas CBF and CPF were selected for PFF-MIP. Fig. 5 shows re-
sponses of insecticide binding for CBF-MIP (a) and MIP-PFF (b) when
exposed to solutions containing the respective pesticide at c= 1mM.
The frequency shifts of CBF-MIP and PFF-MIP were higher than those
obtained from CBF–NIP and PFF-NIP, respectively. Furthermore, im-
printing and selecting factors are defined as α and β shown Eq. (6) and
Eq. (7) [19].

=α F
F

Δ
Δ

MIP

NIP (6)

=β α
α

MIP

analog (7)

Where α is the imprinting factor (IF), which is defined as the ratio of
frequency shift obtained from MIP and NIP; β is the selectivity coeffi-
cient, which was calculated from the ratio of imprinting factor obtained
from analyte and analogue. Table 3 summarizes the results. The cal-
culated α of analyte (CBF for CBF-MIP and PFF for PFF-MIP) were in the
range of 0.20–2.15. Obviously, α values obtained from CBF-MIP and
PFF-MIP higher than that obtained from competing compounds. The
calculated β values were 10.42 (CPF) and 6.78 (PFF) for CBF-MIP and
1.99 (CPF) and 6.50 (CBF) for PFF-MIP. Overall, the results thus clearly
demonstrate appreciable selectivity and sensitivity of the respective
sensors.

4. Conclusion

In this work, we have developed two MIP sensors based on QCM
targeting carbofuran and profenofos, respectively. They yielded linear
ranges of 0.5–1000 and 5–1000 μM for CBF-MIP and PFF-MIP, respec-
tively. The CBF-MIP and PFF-MIP detection limits are estimated to be
0.21 μM and 0.38 μM (S/N=3), respectively. The results from se-
lectivity studies demonstrated that the CBF-MIP and PFF-MIP provides
acceptable selectivity for the determination of CBF and PFF, respec-
tively.
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