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A molecularly imprinted polymer (MIP) film based electrochemical sensor for selective determination of
tyramine was devised, fabricated, and tested. Tyramine is generated in smoked and fermented food prod-
ucts. Therefore, it may serve as a marker of the rottenness of these products. Importantly, intake of large
amounts of tyramine by patients treated with monoamine oxidase (MAO) inhibitors may lead to a
‘‘cheese effect”, namely, a dangerous hypertensive crisis. The limit of detection at S/N = 3 of the
chemosensor, in both differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy
(EIS) determinations, with the use of the Fe(CN)6

4-/Fe(CN)6
3- redox probe, was 159 and 168 mM tyramine,

respectively. The linear dynamic concentration range was 290 mM to 2.64 mM tyramine. The chemosen-
sor was highly selective with respect to the glucose, urea, and creatinine interferences. Its DPV deter-
mined apparent imprinting factor was 5.6. Moreover, the mechanism of the ‘‘gate effect” in the
operation of the polymer film-coated electrodes was unraveled.
� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Tyramine is a typical biogenic primary amine. Living organisms
produce it via decarboxylation of tryptophan. Tyramine can be
found in smoked and fermented food products. Moreover, it may
serve as a marker of the rottenness of these products [1]. Tyramine
is mostly used as such for perishable foodstuff, e.g., meat and fish
products. Therefore, tyramine determination can be very useful in
food quality control.

Tyramine is decomposed by monoamine oxidase (MAO). Intake
of large amounts of tyramine by patients treated with MAO inhibi-
tors or antidepressants may lead to the so-called ‘‘cheese effect”,
namely, dangerous hypertensive crisis [2]. Moreover, long-term
elevated tyramine levels in the blood may result in hypertension
[3]. Therefore, these patients should avoid tyramine containing
food, including pickles, cheese, yogurt, fish, and meat products,
as well as fruits, including cacao seeds, bananas, avocados, figs,
and pineapples. Tyramine contents in representative food products
considered to be risky for the patients mentioned above are listed
in Table 1 [4]. Procedures for small biogenic amines determination
in food products usually involve chromatographic techniques.
These procedures are exact and accurate. However, they require
relatively expensive instrumentation, experienced operators, and
large amounts of costly chemicals. These requirements highlight
a high need for developing robust, inexpensive, and easy to handle
determination procedures.

Concerning analytical parameters, chemosensors may fulfill the
demand indicated above. Therefore, within the present research,
we devised, fabricated, and tested an electrochemical chemosensor
for selective determination of tyramine. Molecularly imprinted
polymer (MIP) film deposited on the electrode surface can ensure
selective tyramine recognition [5,6]. Until now, only a few
attempts of tyramine imprinting in polymers were reported. Sol-
gel systems [7–11] and acrylic polymers [12–14] were imprinted
with tyramine. These polymers served as SPE column packing
materials [13] or as selective recognition units of optical [10–12]
and electrochemical sensors [7–9,14]. Within the above MIP
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Table 1
Tyramine content in food products considered not to be recommended for patients treated with MAO inhibitors or antidepressants. Adapted from reference [4].

Food product Portion size Tyramine content, mg Tyramine content, mmol Tyramine concentration, mMa

Canadian cheddar 28 g 43 314 11.2
Camembert cheese 28 g 38 277 9.9
Bleu/Blue cheese 28 g 28 204 4.7
Gorgonzola 28 g 1.6 11 0.42
Cottage cheese, fresh 112 g 0 0 0
Tap beer 355 mL 38 277 0.78
Chicken livers, aged 28 g 60 438 15.6
Sauerkraut 112 g 3.5–14 25–102 0.23 – 0.91
Soy sauce 5 mL 0.05–4.7 3.6–34 0.073–6.86
Thai fish sauce 5 mL 0–3.7 27 5.4

a The tyramine concentration was calculated assuming that the food product density is equal to that of water.
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chemosensors, direct tyramine electro-oxidation at 0.70 V vs. Ag/
AgCl produced faradaic currents. However, these currents were
very low [7,8]. Therefore, it was necessary to modify surfaces of
electrodes with nanomaterials, including carbon nanotubes, gold
nanoparticles, and conductive polymer composites, to reach
acceptable chemosensor sensitivity [9,14]. Moreover, for the
above-mentioned optical sensors, imprinting factors were small
or not reported at all [10–12]. Thus, the efficiency of the reported
imprinting methods was limited. Indirect electrochemilumines-
cence sensing protocol was recently proposed to circumvent these
problems [15]. In this protocol, graphitic-phase carbon nitride (g-
C3N4) nanosheets were deposited on the rGO-COOH support and
subsequently coated with the film of poly(o-phenylenediamine)
imprinted with tyramine. The (carbon nitride nanosheets)/rGO-
COOH electrochemiluminescence was quenched because of tyra-
mine binding in the MIP film. The reported chemosensor enabled
selective tyramine determination in the 10 nM to 1 mM linear
dynamic concentration range. In our present research, we propose
a simplified approach to indirect electrochemical tyramine deter-
mination using an MIP chemosensor.

In the present research, tyramine was imprinted in a deriva-
tized conductive polythiophene film. The resulting MIP-tyramine
film-coated electrodes were applied for selective determination
of tyramine using electrochemical transduction techniques in com-
bination with the so-called ‘‘gate effect” [16]. Moreover, the mech-
anism of this effect on the MIP and control non-imprinted (NIP)
film-coated electrodes was unraveled.
2. Procedures

2.1. Monomer synthesis

Synthesis of the functional monomer, p-bis(2,20-bithien-5-yl)-
methylbenzo-18-crown-6 FM2, was described elsewhere [17].
2.2. MIP and NIP films simultaneous synthesizing and depositing

The MIP-1 film was prepared by oxidative electropolymeriza-
tion under potentiodynamic conditions involving five potential
cycles over the potential range of 0 to 1.30 V vs. Ag quasi-
reference electrode at a potential scan rate of 50 mV/s. An acetoni-
trile solution of 50 mM tyramine, 100 mM 2,20-bithiophene-5-car
boxylic acid FM1, 500 mM 2,30-bithiophene, and 100 mM tetrabuty-
lammonium perchlorate, (TBA)ClO4, was used for this
electropolymerization.

The MIP-2 film was prepared by oxidative electropolymeriza-
tion under potentiodynamic conditions within two potential cycles
over the potential range of 0 to 1.30 V vs. Ag quasi-reference elec-
trode at a potential scan rate of 50 mV/s. An acetonitrile solution of
50 mM tyramine, 100 mM FM1, 50 mM FM2, 500 mM 2,30-
2

bithiophene, and 100 mM (TBA)ClO4 was used for this
electropolymerization.

After electropolymerization, the films were trice rinsed with
acetonitrile to remove (TBA)ClO4 and residues of unreacted mono-
mers. Subsequently, the tyramine template was extracted from the
MIP-1 and MIP-2 films by immersing the film-coated electrodes in
0.1 M NaOH for 150 min at room temperature, 20 (±1) �C. The NIP-
1 and NIP-2 control films were prepared by oxidative electropoly-
merization under the same conditions as those used for the MIP-1
and MIP-2 syntheses but in the tyramine absence. Moreover, the
NIP-1 and NIP-2 films were subjected to the same ‘‘extraction”
procedures as the MIP-1 and MIP-2 films.

Before depositing the MIP and NIP films, the electrodes were
cleaned in a ‘‘piranha” solution for 10 min, and then mirror fin-
ished with 0.05-mm alumina slurry. (Warning. The ‘‘piranha” solu-
tion is hazardous if it comes in contact with skin or eye.)

For XPS and PM-IRRAS measurements as well as AFM imaging,
the MIP and NIP films were deposited on Au film-coated, with Ti
underlayer, glass slides using a homemade holder with a Pt plate
as the counter electrode and an Ag wire as the quasi-reference
electrode. The working and counter electrodes were mounted in
parallel, face-to-face, at a distance of ~ 5 mm [18].

2.3. Electrochemical measurements

All DPV and EIS measurements were performed at room tem-
perature using the electrochemical mini cell (Section S2 in Supple-
mentary Material), in the 0.1 M phosphate-buffered saline, PBS,
(pH = 7.4) solution of the 100 mM K3[Fe(CN)6] and 100 mM K4[-
Fe(CN)6] redox probe.

In DPV measurements, the potential was scanned from 0 to
0.60 V vs. Ag quasi-reference electrode with the potential step of
5 mV. The amplitude of 50-ms pulses applied was 25 mV. A drop
of the redox probe faradaic current served as the analytical signal
[16,19].

In the EIS experiments, an ac excitation signal of frequency in
the range of 1 MHz to 100 mHz and 10-mV sinusoidal amplitude
was used at a potential of 0.20 V vs. Ag quasi-reference electrode.

After each tyramine determination, the MIP-1 and MIP-2 film-
coated electrodes were immersed in 0.1 M NaOH for 10 to 150 min,
at room temperature, under magnetic stirring, until the analyte
was extracted entirely. The extraction completeness was con-
firmed by a stable DPV peak of ~ 45 mA for the redox probe.

2.4. Preparing Mozzarella cheese whey samples

For the preparation of these samples, a package of Mozzarella
cheese of the Galbani Mozzarella company was purchased in a
local supermarket. A 35-mL of whey from a freshly opened package
of this cheese was collected. Solid contaminants of the whey sam-
ple were removed by twice centrifuging (20 min, 10 000 rpm).
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Then, the supernatant was collected and twice washed with chlo-
roform (10 mL). Next, the collected aqueous phase was 100 times
diluted with deionized water. This solution was divided into two
equal portions. To one, the PBS (pH = 7.4) solution of K3[Fe(CN)6]
and K4[Fe(CN)6] redox probe was added to reach the same concen-
trations as those described in Section 2.3 above. The solutions pre-
pared that way were applied for DPV tyramine determinations in
the same way as that described in Section 2.3 above to construct
calibration plots.

The other portion was stored in the freezer. Later, it was
thawed, and the 0.1 M PBS (pH = 7.4) solution of the K3[Fe(CN)6]
and K4[Fe(CN)6] redox probe was added, as previously. Then, it
was divided into four samples, and each of these samples was
spiked with a known amount of tyramine. Finally, tyramine was
determined in these samples using a freshly prepared MIP-2 film
coated electrode.

3. Results and discussion

3.1. Selecting functional monomers

Functional monomers provide a pattern of interactions that
enable selective recognition of the target analyte molecules by
the MIP molecular cavities. Therefore, the selection of appropriate
functional monomers is one of the most critical issues concerning
successful imprinting. The chosen monomers should form a stable,
in solution, pre-polymerization complex with the template. Thus,
the functional monomers would be placed on expected positions
Scheme 1. (a) and (c) Structural formulas as well as (b) and (d) DFT optimized structures
of monomer FM1 or (c) and (d) two molecules of monomer FM1 and one molecule of the
3–21 g(*) basis set at room temperature. The effect of the acetonitrile solvent was appr

3

inside of the imprinted cavities after complex copolymerization
with a cross-linking monomer and subsequent template removal.
For that purpose, the tyramine template complexation with the
most promising functional monomers was simulated with DFT. Ini-
tially, the FM1 monomer was selected. Results of the DFT calcula-
tions suggested that this monomer could form a stable complex
with tyramine of the 2 : 1 M ratio (Scheme 1a and 1b). The mono-
mer FM1 participated in hydrogen bond formation with the hydro-
xyl group of tyramine as the acceptor. Moreover, this monomer
could bind a protonated primary amine group of tyramine. The cal-
culated Gibbs free energy change due to complex formation was
quite appreciable DG = -180 kJ/mol. The electrode coated with
the film prepared using the FM1 monomer, indicated as MIP-1,
was highly sensitive to tyramine. Unfortunately, in subsequent
studies described below, this chemosensor appeared nonselective
to common interferences (see Figure S3 in Supplementary
Material).

Therefore, we searched for another functional monomer, which
would be able to provide additional interactions with the tyramine
template for higher selectivity. It appeared that the crown-ether-
moiety-containing monomer FM2 fulfilled this requirement. That
is, this moiety formed a supramolecular complex with the proto-
nated primary amine group of tyramine. Moreover, one molecule
of monomer FM1 served as the counterion, thus neutralizing the
positive charge on the above protonated primary amine group of
tyramine. The second FM1 molecule formed a hydrogen bond with
the tyramine hydroxyl group in this complex. Scheme 1c and 1d
show the structural formula and the DFT optimized structure of
of the tyramine pre-polymerization complexes containing (a) and (b) two molecules
monomer FM2. DFT calculations were performed with the B3LYP functional and the
oximated with the PCM model.
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the complex of one tyramine molecule with two molecules of the
FM1monomer and one of the FM2monomer, respectively. For this
complex, the calculated negative Gibbs free energy change of com-
plex formation was much higher DG = -220 kJ/mol.
3.2. Simultaneous electrochemical synthesizing and depositing of MIP
and NIP films

BothMIP-1 (Fig. 1a) and NIP-1 (Fig. 1c) films were deposited on
the Pt electrodes via potentiodynamic electropolymerization. The
potential was scanned from 0 to 1.30 V vs. Ag quasi-reference elec-
trode. Five potential cycles were performed. During the deposition
of each film, an anodic peak was formed at ~ 1.25 V vs. Ag quasi-
reference electrode. With each consecutive potential cycle, anodic
currents appeared at slightly lower potentials, and the current
peaks increased, thus manifesting successful electropolymeriza-
tion and simultaneous film deposition. Moreover, a cathodic peak
at 1.00 V vs. Ag quasi-reference electrode emerged in the second
cycle. This peak may be assigned to polythiophene cation radical
electroreduction, thus additionally confirming successful film
deposition. Moreover, complete coverage of the electrode surface
with the MIP-1 film was confirmed with the CV and DPV experi-
ments in the presence of the Fe(CN)64-/Fe(CN)63- redox probe (Fig-
ure S1 in Supplementary Material). During tyramine template
extraction with 0.1 M NaOH, the current of the redox probe
increased and then reached a constant value after 45 min.

Currents recorded during MIP-2 (Fig. 1b) and NIP-2 (Fig. 1d)
film deposition resembled those for the MIP-1 (Fig. 1a) and NIP-
Fig. 1. Current-potential curves recorded for deposition of the (a) MIP-1, (b) MIP-2, (c)
solution of (a and c) 50 mM tyramine, (a - d) 100 mM 2,20-bithiophene-5-carboxylic acid F
ClO4 was used for this electropolymerization. The potential scan rate was 50 mV/s.

4

1 (Fig. 1c), respectively, film deposition. However, anodic peaks
of monomers electro-oxidation were slightly shifted positively,
namely, to 1.30 V vs. Ag quasi-reference electrode. This shift may
suggest the formation of a more stable pre-polymerization com-
plex. Therefore, the potential was scanned from 0 to 1.40 V vs.
Ag quasi-reference electrode during the electropolymerization.
TheMIP-2 and NIP-2 films deposited that way were more compact
and less conductive than the MIP-1 and NIP-1 films. Apparently,
MIP-2 and NIP-2 films were sufficiently thick after two potential
cycles to block redox probe access to the electrode surface
(Fig. 2a curve 2 and Fig. 2b curve 20). The faradaic peak currents
of the redox probe in both the CV and DPV experiments increased
during tyramine extraction. After 150 min of extraction, changes in
DPV curves for the redox probe recorded on the MIP-2 film-coated
electrode approached a constant value (Fig. 2a and 2b, curves 3 and
50, respectively), thus manifesting successful extraction of the tyra-
mine template.
3.3. AFM imaging as well as XPS and PM-IRRAS characterizing of MIP-
2 and NIP-2 films

The depositedMIP-2 and NIP-2 films were characterized by XPS
(Tables S1-S3 in Supplementary Material) and PM-IRRAS (Figure S2
in Supporting Material). Two weak bands in the PM-IRRAS spectra
at ~ 3100 and ~ 2900 cm�1 of all deposited filmsmay be assigned to
C-H bond stretching vibration in aromatic and aliphatic moieties,
respectively. Moreover, a well-pronounced band between 1750
and 1700 cm�1 was present in the spectra for all films. This band
NIP-1, and (d) NIP-2 films on 0.75-mm diameter Pt disk electrodes. An acetonitrile
M1, (c) and (d) 50 mM FM2, (a - d) 500 mM 2,30-bithiophene, and (a - d) 0.1 M (TBA)



Fig. 2. (a) CV curves for 0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6] in PBS (pH = 7.4) on (1) the bare Pt electrode, as well as theMIP-2 film-coated Pt electrode (2) before and (3)
after 150-min extraction in 0.1 M NaOH. (b) DPV curves for 100 mM K3[Fe(CN)6] and 100 mMK4[Fe(CN)6] in 0.1 M PBS (pH = 7.4) recorded on (10) the bare Pt electrode, as well
as the MIP-2 film-coated Pt electrode (20) before and after (30) 10, (40) 60, and (50) 150 min of extraction in 0.1 M NaOH.

V. Ayerdurai, M. Cieplak, K.R. Noworyta et al. Bioelectrochemistry 138 (2021) 107695
originated from C=O bond stretching, thus confirming successful
copolymerization and deposition of all monomers present in the
pre-polymerization complex solution. However, the band of the
N-H stretching vibration was not evident in the PM-IRRAS spec-
trum of MIP-2 film before extraction. The intensity of the N-H
stretching vibration signal is moderate. Moreover, the tyramine
content in the deposited MIP film is low compared to the contents
of the monomers. Therefore, we expect the intensity of the N-H
stretching band to be relatively low. The MIP film is very thin. Thus,
the signal-to-noise ratio in the recorded PM-IRRAS spectrum is
low. Therefore, this band may not be visible. Moreover, protona-
tion of the primary amine group of tyramine and complex forma-
tion of this group with the crown ether moiety of FM2 may
result in a shift of the band of the N-H stretching vibration to
wavenumbers lower than expected. We may only speculate
whether this band overlaps with that assigned to the C-H stretch-
ing bands in the range of 3100–3000 cm�1 or not.

The N1s core level XPS spectra (not presented) confirm the tyra-
mine presence in the MIP-2 film before extraction. Although the
AFM determined film thickness, described below, was much larger
than the depth of XPS sampling (1–2 nm), with the XPS technique,
we could compare relative changes in elemental compositions of
both MIP and NIP samples, evaluated within the same XPS sam-
pling depth. We are aware that the composition of the surface of
the deposited films is not fully representative of the composition
of the bulk of polymer grains. However, the XPS data quite well
confirm a change of elemental composition due to chemical treat-
ment. The nitrogen content in both MIP-2 and NIP-2 films was
evaluated (Tables S1-S4 in Supplementary Material). The nitrogen
content in the MIP-2 spectrum significantly decreased after the
extraction of the tyramine template (Tables S1 and S2 in Supple-
mentary Material). The N-to-C ratio dropped to only half of its orig-
inal value (Table S5 in Supplementary Material). However, this
drop might originate from both tyramine or/and entrapped tetra-
butylammonium cation removal. Therefore, NIP-2 film was sub-
jected to a similar ‘‘extraction” treatment. After this treatment,
the nitrogen content in the NIP-2 film decreased only slightly. This
decrease indicates that the TBA+ removal during the extraction was
negligible. Thus, the XPS data support successful tyramine removal
from the film. The XPS sulfur content of 12.8 at.% slightly decreased
(to 8.2 at.%) after tyramine extraction from theMIP-2 film. Wemay
only speculate that the MIP-2 film treatment with a basic aqueous
solution during the extraction caused a rearrangement of surface
polymer chains in such a way that the hydrophilic carboxyl groups
and crown ether moieties were exposed to the solution, thus hid-
5

ing the hydrophobic polythiophene polymer backbone inside the
grains. The decrease in the sulfur signal may also be caused by
the removal from the film of oligomers and traces of unreacted
monomers during the extraction.

AFM images of the polymer films are presented in Figure S6 in
Supplementary Material. The determined morphological and
nanomechanical parameters are summarized in Table S4 in Sup-
plementary Material. Per the film deposition procedure, all depos-
ited films were quite thin. The AFM determined thickness of the
MIP-2 film before template extraction was 19 (±2) nm, while the
NIP-2 film was slightly thicker, 24 (±3) nm. The removal of tyra-
mine from theMIP-2 film led to a minor decrease of the film thick-
ness to 16 (±1) nm while the NIP-2 film thickness practically
remained unchanged, equalling 24 (±2) nm. Roughness (Ra) deter-
mined for the ‘‘as-deposited” polymer films was markedly higher
than that for the bare gold support. Moreover, the MIP-2 film
was rougher, being 2.7 (±0.3) nm, than the NIP-2 film, amounting
to 1.9 (±0.2) nm. Interestingly, the roughness of the NIP-2 film sig-
nificantly increased while that of the MIP-2 film decreased after
tyramine extraction (Table S6 in Supplementary Material).

As expected for such thin films, the observed film topography
was highly influenced by the topography of the underlying gold
film. All of the films were composed of circular grains with an aver-
age diameter in the range of 40 to 70 nm. Yet, there were some dif-
ferences in the morphology of the grains. That is, uneven and
unsymmetrical grains looking like fused small and large grains
were seen in ‘‘as-deposited” MIP-2 and NIP-2 films (Figure S4a
and S4b, respectively, in Supplementary Material). These surface
features are in contrast to quite uniform and round grains visible
in images of the gold support (not shown). ‘‘Extraction” of the
NIP-2 film altered grain morphology to some extent, but the grains
preserved their general features of non-extracted NIP-2 film (Fig-
ure S4b’ in Supplementary Material). On the other hand, the
MIP-2 morphology changes after tyramine extraction were more
pronounced (Figure S4a’ in Supplementary Material). Here, the
grains were more even and globular. However, differences in the
grain sizes were still much higher than those for the bare gold sup-
port. Moreover, the estimated average grain diameter for
tyramine-extracted MIP-2 (65 nm) was higher than that for the
bare gold support (49 nm). The observed surface morphology
changes indicate that the extraction led to the removal of these
MIP-2 film parts, which were weaker bound. However, NIP-2 film
adhesion to the gold support was stronger.

The examination of the nanomechanical properties of the poly-
mer films confirmed that both the MIP-2 and NIP-2 films were
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deposited, indeed. For these films, the Young modulus was in
accord with that reported for polythiophene films, i.e., it was ~ 6
GPa [20,21]. This value is much lower than that of 42 GPa esti-
mated for bare gold. The latter value should be considered as an
estimation only because the tip spring constant was not adjusted
for measurements of highly rigid objects. However, its magnitude
well corresponds to the literature value of 69 GPa [22]. For both
the MIP-2 and NIP-2 film, the Young modulus substantially
decreased after tyramine extraction, thus indicating film ‘‘soften-
ing”. Interestingly, the adhesion of the Si tip to the polymer film
surface (5 to 8 nN) was much weaker than that to the bare gold
support (19 nN). Considering that the Si tip is typically coated with
a few nm thick film of hydrophilic silicon oxide and that the poly-
thiophene films studied herein are relatively hydrophobic, one can
easily understand this adhesion decrease. So, the nanomechanical
studies performed further confirm the formation of polymer films
on gold support.

Moreover, SEM imaging of deposited films showed uniform sur-
face coating (Figure S5 in Supplementary Material).

3.4. DPV and EIS selective tyramine determining with MIP-1 and MIP-
2 film-coated electrodes

The above-described MIP-1 and MIP-2 film-coated electrodes
were applied for DPV determination of tyramine. The Fe(CN)64-/Fe
(CN)63- DPV peak current for the MIP-1 film coated electrode lin-
early decreased with the increase of the tyramine concentration
in the micromolar concentration range (Figure S3 in Supplemen-
Fig. 3. DPV curves recorded for (a) MIP-2 and (b) NIP-2 film coated 0.75-mm diameter Pt
290 mM, (3 and 30) 490 mM, (4 and 40) 1.01 mM, (5 and 50) 1.76 mM, or (6 and 60) 2.64 mM
Calibration plots of DPV peak current changes with the concentration change of (1" and
and (7") D-phenylalanine on the (100 – 700) MIP-2 and (500) NIP-2 film coated electrode.

6

tary Material). However, the MIP-1 film-coated electrode was not
selective when tested vs common interfering compounds, namely,
glucose, urea, and creatinine. To incur this selectivity, we intro-
duced additional interactions of the imprinted molecular cavities
with molecules of the tyramine analyte. For that purpose, a
crown-ether-moiety-containing FM2 monomer was added to the
pre-polymerization complex solution. This monomer provided an
additional supramolecular site for tyramine recognition
(Scheme 1c and 1d), thus improving chemosensor selectivity
(Fig. 3).

The linear dynamic concentration range of the MIP-2 film
coated electrode extended from 290 mM to 2.64 mM tyramine in
DPV determinations. Changes in the DPV peak current fulfilled
the following linear regression equation. (IDPV,0 – IDPV,s) [mA] = -0.
67(±0.71) [mA] + 13.39(±0.86) [mA/mM] ctyramine [mM]. The correla-
tion coefficient and the lower limit of detection at S/N = 3 was
R2 = 0.9859 and LOD = 159 mM, respectively. Moreover, a control
NIP-2 film coated electrode was applied for tyramine determina-
tion. The apparent imprinting factor, estimated from the ratio of
slopes of calibration plots constructed for both electrodes, was
high, IF = 5.6, thus confirming successful imprinting. The MIP-2
chemosensor response to common interferences was examined
to estimate its selectivity (Fig. 3c). The selectivity coefficient for
creatinine was 17.7, and responses to changes in glucose and urea
concentrations were negligible. Moreover, the selectivity to close
structural tyramine analogs was studied. After the initial addition
of L-tyrosine, adrenaline, or D-phenylalanine, a pronounced
decrease in the DPV signal was observed. However, at their con-
disk electrodes (1 and 10) after tyramine extraction and in the presence of (2 and 20)
tyramine in 0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6], in 0.1 M PBS (pH = 7.4). (c)

8") tyramine, (200) glucose, (3") creatinine, (400) urea, (5") L-tyrosine, (6") adrenaline,
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centrations exciding 0.5 mM, the MIP-2 film coated electrode
response to changes of concentration of these interferences was
significantly lower than that of tyramine. Therefore, the calculated
selectivity coefficients were 3.2, 3.8, and 3.6, respectively. Unfortu-
nately, the chemosensor revealed no selectivity to tryptamine
(data not shown).

Immediately after recording the above-discussed DPV curves,
the EIS spectra were recorded, for the same solutions, to get a clo-
ser insight into mechanistic aspects of the chemosensor response
[23]. Then, the Nyquist plots were constructed. In these plots,
semicircles with diameters corresponding to the charge transfer
resistance (Rct) of the redox probe faradaic process were well pro-
nounced (Fig. 4a). These semicircles were significantly flattened,
Fig. 4. The (a and c) Nyquist and (b and d) Bode plots for 0.75-diameter Pt disk electr
0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6], in 0.1 M PBS (pH = 7.4) (1) after tyramine extract
(6) 2.64 mM tyramine. (e) Calibration plots of the charge transfer resistance change with t
on the tyramine-extracted MIP-2 film coated electrode as well as (50) tyramine on the N
MIP-2 and (c, insert) NIP-2 film-coated electrodes.
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most likely because of the inhomogeneity of the electrode surfaces.
Moreover, there were straight lines in these plots in the low-
frequency ranges of the spectra. These lines correspond toWarburg
impedance. Slopes of these lines were slightly lower than 45�
expected for fully diffusional rate control. Namely, they were equal
to 37 (±2)�, thus indicating the possible influence of the MIP-2 film
properties on redox probe diffusion through the film to the elec-
trode surface. However, these slopes were independent of the tyra-
mine concentration. So, the MIP-2 film neither swelled nor
contracted as a result of analyte binding. Evidently, the chemosen-
sor response originated from changes in MIP-2 conductivity [23].
This inference was supported by Bode plots, where only one peak
in the frequency range of 1 to 10 kHz was present (Fig. 4b). The
odes coated with the (a and b) MIP-2 and (c and d) NIP-2 film and immersed in
ion, and then (2) in the presence of 290 mM, (3) 490 mM, (4) 1.04 mM, (5) 1.76 mM, or
he change of concentration of (10) tyramine, (20) urea, (30) glucose, and (40) creatinine
IP-2 film coated electrode. Equivalent circuits fitted to the EIS spectra for (a, insert)



Fig. 5. (1) Langmuir, (2) Freundlich, and (3) Langmuir-Freundlich isotherm fitting to
the DPV peak current change with the tyramine concentration change in real
samples of Mozzarella cheese whey. DPV measurements were performed for the
tyramine-extracted MIP-2 film-coated 0.75-mm diameter Pt disk electrodes using
0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6] in Mozzarella cheese whey diluted 100
times with 0.1 M PBS (pH = 7.4).
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electrochemical system was approximated with a modified
Randles-Ershler equivalent circuit, Rs + CPE/(Rct + Wo), where Rs,
Rct, CPE, and Wo are solution resistance, charge transfer resistance,
constant phase element, and Warburg impedance, respectively.
The Rct changes were linearly dependent on the tyramine concen-
tration from 290 mMup to 2.64 mM (Fig. 4e). These changes obeyed
the following linear regression equation. (Rct) [kX] = 4.97 (±0.38)
[kX] + 7.11 (±0.45) [kX/mM] ctyramine [mM]. The correlation coeffi-
cient and the lower limit of detection at S/N = 3 was R2 = 0.9843
and LOD = 168 mM tyramine, respectively. The coefficient of selec-
tivity to creatinine was 28, and the MIP-2 chemosensor responded
neither to changes of glucose nor urea concentrations.

Significantly, the EIS spectra recorded for the control NIP-2
film-coated electrodes (Fig. 4c and 4d) differed from those for the
MIP-2 film-coated electrodes (Fig. 4a and 4b). That is, only tiny ini-
tial parts of semicircles with diameters determining Rct values
were developed in a high-frequency range of the Nyquist plots
(Fig. 4c). The size and shape of these semicircle parts depended
on the tyramine concentration. These parts were followed by rela-
tively flat and slightly curved lines, apparently forming other huge
semicircles. Those may be assigned to redox probe diffusion
through the porous non-conductive NIP-2 film. The diameter of
the second semicircle increased with the increase of the tyramine
concentration.

Moreover, there were two peaks in the Bode plots (Fig. 4d). One,
at high frequencies, corresponded to a faradaic process of the redox
probe. The other, in the frequency range of 1 to 10 Hz, could orig-
inate from redox probe diffusion through the porous polymer film
[24–27]. This peak was absent in the spectra recorded for the MIP-
2 film-coated electrode (Fig. 4b). Evidently, the mechanisms of the
electrochemical response at the NIP-2 and MIP-2 film-coated elec-
trodes were different. For the NIP-2 film-coated electrode, a ‘‘gate
effect” mechanism is operative [19]. This mechanism assumes that
the electrode is coated with a non-conductive porous polymer film
and that a redox probe diffuses through pores of this film to the
electrode surface for charge exchange.

Analyte ingress to the film causes film swelling or shrinking
and, hence, expansion or contraction, respectively, of the pores.
Therefore, the redox probe diffusion trough these pores is affected.
Thus, it was not possible to fit the Randles-Ershler equivalent cir-
cuit (Fig. 4a, insert) to the EIS spectra recorded for the NIP-2 film
coated electrode. Instead, the circuit shown in Fig. 4c fitted quite
well [24–27]. From the ratio of slopes of the Rct changes of MIP-2
and NIP-2 film-coated electrodes with the tyramine concentration
changes, we estimated the apparent imprinting factor as IF = 2.1.
This relatively low IF value may result from fitting different equiv-
alent circuits to Nyquist plots to determine the Rct values for the
MIP-2 and NIP-2 film-coated electrodes. Thus, the calculated IF
value reliability is limited.

3.5. Applying MIP-2 film-coated electrodes for DPV tyramine
determining in real samples

The devised MIP-2 chemosensor was applied for tyramine DPV
determination in samples of Mozzarella cheese whey. This deter-
mination highlights its usefulness for tyramine quantitation in real
samples. As shown in Fig. 5, the matrix effect was quite pro-
nounced. That is, the recorded signal changes after initial sample
injections were higher than those in the blank 0.1 M PBS
(pH = 7.4) solution. Moreover, for tyramine concentrations exceed-
ing 1 mM, the MIP-2 film was saturated with tyramine. Hence, it
was not possible to apply the same linear calibration plot as that
for the determination of tyramine in the PBS solution. Therefore,
the three most commonly used isotherms, namely, the Langmuir,
Freundlich, and Langmuir-Freundlich isotherms, were fitted to
the data acquired (Fig. 5 and Table 2) [28–31]. Evidently, the
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Langmuir-Freundlich isotherm (Fig. 5, curve 3) fitted best. There-
fore, this isotherm was used as the calibration plot for tyramine
in whey samples. Four Mozzarella whey samples were spiked with
tyramine, and then the tyramine concentration in these samples
was determined with freshly prepared MIP-2 film-coated elec-
trodes (Table 3). The recovery obtained was acceptable, thus sug-
gesting that the selectivity of the chemosensor was sufficiently
high for tyramine determination in food samples. However, addi-
tional sample purifying or constructing a separate calibration plot
for each matrix is recommended. We may only speculate if this
behavior originates from higher ionic strength of whey samples
or other effects.

4. Conclusions

An MIP film based electrochemical sensor for selective determi-
nation of tyramine was devised, fabricated, and tested. The struc-
ture of the tyramine template pre-polymerization complex with
two different functional monomers was optimized with DFT mod-
eling. A chemosensor pronounced detectability was due to tyra-
mine accumulation in the MIP film. That resulted in the
amplification of the detection signal. The introduction to the
molecularly imprinted cavities of an additional supramolecular site
for tyramine recognition, namely, a crown ether moiety of func-
tional monomer FM2, significantly increased the chemosensor
selectivity. The MIP-2 chemosensor linear dynamic concentration
range in both differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS) determinations, with the
use of the Fe(CN)64-/Fe(CN)63- redox probe, covered the micro- and
millimolar tyramine concentration ranges. The limit of detection
at S/N = 3 for DPV and EIS determinations was 159 and 168 mM
tyramine, respectively. Moreover, there was a substantial differ-
ence in the performance of the MIP and NIP film-coated electrodes.
This difference was unraveled by the EIS detailed study of the elec-
trochemical sensor response mechanism.
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Table 3
Results of tyramine determination in Mozzarella whey samples with the MIP-2 film-coated electrode using the Langmuir-Freundlich fitted isotherm as the calibration plot.

Sample No. Concentration of added
tyramine, mM

DIDPV, mA Calculated tyramine
concentration, mM

Recovery, %

1 0.3 9.54 (±2.64) 0.25 (±0.10) 84.8 (±33.9)
2 0.4 15.68 (±2.86) 0.39 (±0.11) 98.7 (±26.8)
3 0.5 21.83 (±3.62) 0.57 (±0.13) 115.0 (±25.1)
4 0.6 23.70 (±0.76) 0.64 (±0.05) 107.0 (±7.6)

Table 2
Results of isotherm fitting to the DPV peak current changes with the tyramine concentration change in real samples of Mozzarella cheese whey measured withMIP-2 film-coated
0.75-mm diameter Pt disk electrodes.

Isotherm Isotherm equation Fitted parameters R2

DIDPV,max, mA K, mM�1 n

Langmuir DIDPV ¼ DIDPV;max
KLctyramine
1þKctyramine

60.0 (±10.7) 1.01a (±0.366) – 0.9555

Freundlich DIDPV ¼ KFc
1
n
tyramine

– 29.86b (±1.00) 1.96d (±0.12) 0.8794

Langmuir-Freundlich DIDPV ¼ DIDPV;max
ðKLFctyramineÞn

1þðKLFctyramineÞn
41.9 (±7.3) 1.84c (±0.478) 1.61e (0.467) 0.9786

a KL - Langmuir constant
b KF - Freundlich constant
c KLF - Langmuir-Freundlich constant
d Adsorption intensity
e Homogeneity factor
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