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a  b  s  t  r  a  c  t

Serotonin  is  an  important  signaling  molecule  in  the  human  body.  The  detection  of  serotonin  is commonly
performed  by  high  performance  liquid  chromatography  (HPLC),  which  is  costly  and  time  consuming  due
to extensive  sample  preparation.  We  will show  that  these  problems  can be  overcome  by  using  molec-
ularly  imprinted  polymers  (MIPs)  as synthetic  receptors  in  combination  with  impedance  spectroscopy
as  readout  technique.  The  MIPs  were  prepared  with  several  blends  of  the  underlying  monomers  and  the
eywords:
iomimetic sensors
erotonin
olecularly imprinted polymers

mpedance spectroscopy

best  performing  MIP  material  was  selected  by  optical  batch-rebinding  experiments.  MIP  microparticles
were  then  integrated  in an  impedimetric  sensor  cell  and  dose–response  curves  were  measured  in  PBS
buffer  and  in  non-diluted  blood  plasma.  The  sensor  provides  reliable  data  in  the  physiologically  relevant
concentration  regime  as an  independent  validation  by HPLC  measurements  demonstrates.  Finally,  we
show that  the  impedimetric  response  upon  serotonin  binding  can be  attributed  to  a capacitive  effect  at

 MIP
quivalent circuit modeling the interface  between  the

. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a metabolite of the
ssential amino acid tryptophan and its role in smooth muscle
ontraction was already reported in 1951 [1].  The structure of sero-
onin, its natural metabolite 5-hydroxyindoleacetic acid (5-HIAA),
nd its oxidation product are shown in Fig. 1. Today, it is known
hat the serotoninergic system is steering numerous behavioral
nd physiological functions including emotions, sleep, and appetite
2].  Abnormalities of serotonin-related processes in the central ner-
ous system can lead to severe mental disorders including anorexia,
epression, and schizophrenia [2,3]. Also, anomalous serotonin lev-
ls are found in patients with hypertension [4],  migraine, fibrotic
yndrome, and carcinoid tumors [5,6]. Recently, it was  recognized
hat serotonin is also involved in the regulation of the gastroin-
estinal functions and this insight has led to novel treatments for
astrointestinal disorders [7–9]. For diagnostic purposes, serotonin
oncentrations are usually analyzed in portal blood and in the

ystemic circulation, where plasma levels of 5–20 nM define the
ypical range for healthy individuals [6,10].

∗ Corresponding author. Tel.: +32 11 268876; fax: +32 11 268899.
E-mail address: marloes.peeters@uhasselt.be (M.  Peeters).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.05.040
 particles  and  the  plasma.
© 2012 Elsevier B.V. All rights reserved.

Serotonin belongs to the class of indoles and this group of
aromatic, heterocyclic molecules is sensitive to light, oxygen and
changes in pH. Therefore, special precautions must be taken to
prevent oxidation during preparation and handling of patients’
samples [11,12].  Established detection techniques such as solvent
extraction and ion exchange chromatography require extensive
sample preparation and are aspecific with respect to other indole
species [13]. This can be overcome by high pressure liquid chro-
matography (HPLC), which can distinguish between different
indoles. Therefore, it is currently the most common technique in the
field [11,14], but it is especially costly and requires sophisticated
equipment, making it unsuitable for routine tests [2].

Other options include electrochemical techniques: For instance
Sarada et al. were able to measure serotonin in the 10–1000 nM
range in aqueous media using amperometric detection [15]. Wu
et al. developed carbon-nanotube coated glass electrodes suit-
able for cyclic voltammetry measurements in spiked human blood
serum [16]. Using the same technique, Kumara Swamy  and Ven-
ton attempted a first in vivo measurement in the striatum of an
anesthetized rat [17]. Upon administration of the serotonin pre-
cursor 5-hydroxytryptophan, a change in the oxidation current was

observed, however it was not possible to determine the exact con-
centration. Summarizing, with electrochemical techniques it is not
possible so far to measure serotonin selectively in the relevant con-
centration range of ‘real’ biological samples.

dx.doi.org/10.1016/j.snb.2012.05.040
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:marloes.peeters@uhasselt.be
dx.doi.org/10.1016/j.snb.2012.05.040
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Fig. 1. The structure of serotonin (a), its metabol

An alternative route to serotonin detection can be found
n molecular imprinting. Using molecularly imprinted polymers
MIPs) as synthetic receptors offers, in addition to specific recog-
ition, several benefits: First, MIPs can be synthesized at a rather

ow cost via established polymer-chemical routes [18–20].  Second,
IPs can be stored for long time scales and maintain their receptor

roperties in wide ranges of temperature, pH, and ionic strength
21–23]. Third, the recognition of target molecules is reversible for
on-covalent imprinting, allowing MIP-based sensors to be used
epetitively [24].

Literature reports on the synthesis of MIPs for serotonin recog-
ition are sparse and very recent: Kitade et al. developed a MIP
ith methacrylic acid (MAA) as functional monomer [25]. Analy-

is with optical spectometry allowed detecting serotonin in water
ith a detection limit of 1 �M.  Okutucu and Telefoncu also used
ethacrylic acid and packed the MIPs obtained by bulkpolymer-

zation into separation columns. The analysis of plasma platelet
amples spiked with 100 nM of serotonin was performed with HPLC
26]. After optimization, Okutucu et al. detected spiked serotonin
oncentrations in the �M range also in human blood [27]. Khur-
hid et al. combined the charged monomer methacrylic acid with
he neutral monomer methacrylamide to detect 1 mM of serotonin
n the dimethylformamide with a microplate reader [28].

While the synthesis of the MIPs is low-cost, the aforemen-
ioned detection techniques are still not suited for point-of-care
pplications. This can be solved by combining MIP  receptors with
lectronic read-out strategies. In previous work, first examples
ere demonstrated with MIP-based impedimetric sensors for nico-

ine [29] and for histamine [30,31].  These sensors have detection
imits of 2 nM in buffer solutions, but the functioning in biologi-
al matrices was not yet demonstrated. Other electronic readout
echniques for MIP-based sensors, such as voltammetry and quartz
rystal microbalances, have also been reported, but the detectable
oncentration range is generally at the millimolar scale [31,32].
ince the serotonin level in human blood is typically 5–20 nM,
mpedance spectroscopy is therefore the method of choice. To our
nowledge, there are no previous reports in literature combining
he molecular imprinting of serotonin with impedimetric read-out.

The goal of this study was threefold: first, we  aimed to optimize
he monomer blends and MIP  synthesis with respect to affinity
nd selectivity. Especially, the MIPs should allow discriminating
etween serotonin, its oxidized form and its metabolite 5-HIAA.
ext, the goal was to develop an impedimetric sensor that is able to
ope with the fast oxidization of serotonin and special care needs
o be taken to circumvent non-specific responses from compet-
ng molecules in the complex matrix of blood plasma. To this end,
on-imprinted polymers (NIPs) will be used as a reference channel.
inally, we aimed to set up equivalent-circuit modeling to assist
n understanding the physical origin of the impedance increase,

hich is observed upon the molecular recognition of serotonin at
he MIP-coated sensor electrodes.

. Materials and methods
.1. Chemical reagents

Ethylene glycol dimethacrylate (EGDM), methacrylic acid
MAA), acrylamide (AM) and dimethylsulfoxide (DMSO) were
IAA (b) and the chemical oxidation product (c).

purchased from Acros (Geel, Belgium). Prior to polymerization,
the stabilizers in the MAA  and EGDM were removed by filtra-
tion over alumina. Azobusisobutyronitrile (AIBN) was purchased
from Fluka (Buchs, Switzerland). The target molecule serotonin
and its competitor, the metabolite 5-HIAA, were obtained from
Acros (Geel, Belgium). All solvents were of analytical grade (Acros,
Geel, Belgium) and used without further purification. The PPV
derivative, OC1C10-PPV, which served as the immobilization layer
on the impedimetric sensor electrodes, was  synthesized via the
sulfinyl precursor route [33]. All chemical and physical proper-
ties of this conjugated polymer were in agreement with previously
reported data. For the impedance measurements a home-made
1 × phosphate buffered saline (PBS) solution was  used.

2.2. MIP synthesis

The MIP  synthesis was optimized to achieve a high affinity
and selectivity for serotonin. The combination of two functional
monomers, methacrylic acid (MAA) and acrylamide (AM), was
studied by varying the monomer ratios. Hereby, the following
MAA:AM ratios were considered: 1:0, 1:1, 1:3, and 0:1. As a mea-
sure of the specificity, the imprint factor was selected, which
corresponds to the amount of target molecules bound per gram
of the MIP  divided by that of the NIP. The imprint factors were
determined by optical batch rebinding experiments at a free tar-
get concentration of 0.3 mM using a Varian Cary 500 UV–vis–NIR
spectrophotometer (Leuven, Belgium). Briefly summarized, MIPs
composed solely of MAA  or AM did not show specific binding
properties. Upon mixing MAA  and AM in a 1:1 ratio, an improved
imprint factor of 1.4 was  achieved. The highest imprint factor (3.64)
was  obtained with MIPs synthesized from the 1:3 blend. This MIP
was prepared as follows: first, a mixture of MAA  (2.84 mmol),
AM (8.50 mmol), EGDM (22.72 mmol) and AIBN (0.61 mmol) was
dissolved in 7 ml  DMSO together with the template molecule
serotonin (5.67 mmol). This solution was  degassed with N2 and
polymerized in a UV oven for 12 h. After polymerization, the bulk
polymer was  ground and sieved to obtain microparticles with
a size smaller than 25 �m.  This was  verified by SEM-images,
which showed a similar particle size distribution for the MIP  and
NIP-particles. Finally, the serotonin was  removed from the MIP
powders by Soxhlet extraction with methanol (48 h), a mixture of
acetic acid/acetonitrile (1/1) (48 h) and again methanol (12 h). The
extracted powders were dried in vacuum for 12 h at room tempera-
ture. A non-imprinted polymer (NIP) was synthesized accordingly,
but without the presence of the target molecule. These MIP and NIP
powders were used in all further batch-rebinding and impedimetric
measurements.

2.3. Preparation of blood-plasma samples and HPLC
characterization

Blood samples were obtained from three healthy volunteers,
person A, B and C, and divided over 4 ml  K2EDTA tubes in order
to prevent coagulation. The blood collection tubes also contained

0.1 ml  of ascorbic acid (1.4 g ascorbic acid/100 ml distilled water).
This addition is necessary to prevent the conversion of serotonin
to 5-HIAA by the enzyme monoamine oxidase, which normally
occurs within several seconds. It was  proven earlier that this
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ig. 2. Schematic layout of the impedimetric flow cell for plasma measurements w
dministered by a syringe-driven pump system. The temperature of the liquid is ac

reatment guarantees the stability of serotonin [12]. After collec-
ion, the tubes were kept at 0 ◦C and subsequently centrifuged with
000 × g, corresponding to 19,620 m/s2, for 10 min at 4 ◦C in order
o obtain blood plasma. The as-prepared plasma samples were
tored in Eppendorf tubes at −80 ◦C until analysis. For analysis, each
lasma sample was divided into six different aliquots. One part was
ept as a reference and remained unaltered, while the other parts
ere spiked with 50, 100, 150, 200 and 250 nM serotonin. During
andling, the samples were kept at 4 ◦C in to minimize enzymatic
xidation prior to analysis. Shortly before measuring, the samples
ere warmed up to 37 ◦C.

Reference HPLC measurements were conducted on the plasma
amples of person B and C. These measurements were performed
ccording to the protocol described by Danaceau et al. [12] in order
o verify the native concentrations that were obtained by impedi-

etric read-out. For person B, the serotonin level according to HPLC
as 11.2 nM and for person C the corresponding value was  8.9 nM.

.4. Impedance-spectroscopy platforms

Two different impedimetric setups were used. For proof-of-
rinciple experiments concerning the electronic recognition of
erotonin in PBS buffer, we used an open impedimetric sensor cell,
hich was previously described for histamine detection [30]. The

lectrode couples (one couple for the MIP- and one for the NIP
hannel) have a planar geometry while the MIP/NIP powders are
oaded onto the electrodes by using PPV as adhesive polymer in
ombination with stamping and a thermal treatment. For details of
his immobilization procedure, we refer to [30,31].  The advantage
f this open ‘addition’ cell is the large liquid volume, allowing to
easure concentration series rapidly, without changing the liquid,

y spiking up to higher and higher concentrations. The impedance
ignals were measured with an Iviumstat electrochemical analyzer
rom Ivium Technologies B.V. (Eindhoven, The Netherlands). Lim-
tations of the open-cell concept with in-plane electrodes are the
ontact with ambient oxygen and impedimetric modeling requires
ssumptions concerning the current distribution.

In order to perform serotonin detection in blood plasma, a
efined sensor-cell concept was developed shown in Fig. 2. This
ow-through cell, made of Perspex, has an internal liquid volume

f 110 �l. Patient’s samples can be safely administered and oxi-
ization of serotonin by ambient air is suppressed to the widest
xtend. The cell features also an integrated heating element and
hermocouple, enabling stand-alone operation without need for
n active channel (MIP) and a reference channel (NIP). The liquids are sequentially
 regulated for autonomous operation of the setup.

temperature regulation in a furnace. During all measurements,
the temperature was  stabilized to 37 ± 0.02 ◦C using a home-
made PID controller. When dealing with a complex matrix such
as blood derivatives, the non-specific responses from competing
molecules can be stronger than the signals from specific recogni-
tion. To identify the specific signal nevertheless unambiguously, the
MIP-functionalized electrode and the NIP-coated electrode (refer-
ence channel) were installed symmetrically with respect to a gold
wire serving as a common counter electrode. This ‘perpendicular’
electrode configuration imposes also a well-defined current-flow
direction through the MIP- or NIP-coated interface, thus facilitat-
ing the equivalent-circuit modeling. The electrodes here were made
from 1 cm × 1 cm aluminum substrates, coated again with the adhe-
sive PPV polymer and loaded with equal amounts of MIP- and NIP
powder. The contact area of each electrode with the liquid (28 mm2)
was  defined by O-rings and the distance to the gold counter elec-
trode was 1.7 mm.  Offset voltages between the gold electrode and
the working electrodes could not be detected. The impedance sig-
nals were measured with a home-made, portable system operating
in a frequency range of 100 Hz to 100 kHz with 10 frequencies
per decade and a scanning speed of 5.7 s per sweep [34,35].  The
amplitude of the AC voltage was  fixed to 10 mV.

3. Results and discussion

3.1. Optical batch rebinding experiments

For all four monomer blends mentioned under Section 2.2,  the
performance of the obtained MIPs was analyzed by batch rebinding
experiments. For these experiments, 50 mg of MIP- or NIP pow-
der were added to 5 ml  of aqueous serotonin concentrations in
the range between 0.1 and 1 mM.  The resulting suspensions were
shaken for 2 h on a rocking table at room temperature. After fil-
tration, the free concentration (Cf) of serotonin was  measured by
UV–vis spectroscopy. Hereafter, the amount of bound serotonin per
gram MIP  or NIP was  calculated (Sb) and the binding isotherms and
the corresponding affinity distributions were determined. Fig. 3(a)
shows the binding isotherm of the optimal MIP  with the 1:3 ratio
between MAA  and AM.  The solid line is based on a two-parameter fit
of the type Sb = AC�

f . This mathematical expression corresponds to a

Freundlich isotherm, which is expected in a MIP  system with a het-
erogeneous distribution of binding sites and affinity constants [36].
There is a clear difference between the MIP- and the NIP isotherm
and, when looking at a concentration Cf = 0.3 mM,  the imprint
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Fig. 3. The upper panel (a) shows the binding isotherms of MIPs (solid squares) and
the  corresponding NIPs (open squares) upon exposure to serotonin. Solid lines are
based on the allometric fit described in the text; the imprinting factor for optimized
monomer blend is close to 4. (b) Shows the corresponding affinity distributions
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or  MIPs and NIPs (solid and open squares) according to the Freundlich model. The
ffinity for the competitor molecule 5-HIAA (solid and open circles) is negligible
oth for the MIP  and the NIP.

actor IF is 3.6 while other concentrations give similar IF values.
his confirms recent findings by Khurshid et al., who  reported that

 blend of charged and neutral monomers, as also used in our study,
s crucial for obtaining serotonin MIPs with good affinity proper-
ies [28]. In contrast to this, MIPs for the recognition of nicotine
r histamine can be synthesized by using MAA  as a single, neutral
onomer [29,30].
The affinity distribution, as derived from the binding isotherms,

s shown in Fig. 3(b). By using the Freundlich model, the total num-
er of binding sites, Ntot, within the range of the affinity constants
i = 1–15 mM−1 can be calculated for the MIP  and NIP. In this region
he number of binding sites for the MIP  is 26. ± 2.1 �mol/g and for
he corresponding NIP 5.6 ± 0.4 �mol/g. This indicates that, within
he considered range, the MIP  has 4.7 times the amount of binding
ites as compared to the NIP. For comparison, a Langmuir interpre-
ation (all binding sites assumed to be equivalent) also confirms

he stronger affinity of the MIP  (K = 3.6 ± 0.1 mM−1) as compared to
he NIP (1.2 ± 0.03 mM−1). However, the Scatchard plot clearly indi-
ated heterogeneous behavior and therefore the Langmuir model is
ot applicable to this system. Another alternative is a combination
rs B 171– 172 (2012) 602– 610 605

of Freundlich and Langmuir behavior, which resulted also in a fit
with a high linearity coefficient (R2 = 0.99) [37]. We will show here
only the results of the Freundlich model as this gave an equally
good fit (R2 = 0.99) as the Freundlich–Langmuir model using one
parameter less.

In order to test the selectivity of the molecular recognition,
the MIPs and NIPs were also exposed to the natural metabo-
lite of serotonin (5-HIAA) and to its chemical oxidation product
(Fig. 1(b) and (c)). To obtain the oxidized version, serotonin solu-
tions (0.1–1 mM)  were intentionally left in contact with air for one
week, resulting in a brownish discoloration even for the lowest con-
centration. The addition of MIP- or NIP powder could not remove
this discoloration and therefore UV–vis measurements were not
feasible. However, this also suggests that the binding of the oxi-
dized molecules by serotonin MIPs is negligible, which will be
confirmed by the impedance data presented in Section 3.2.  In case of
5-HIAA, we  could extract UV–vis data and in the affinity-constant
region of 1–15 mM−1 the number of binding sites for the MIP  is
2.6 ± 0.1 �mol/g and for the NIP 2.6 ± 0.2 �mol/g, see Fig. 3(b). This
proofs that the limited binding of the metabolite must be entirely
due to non-specific adsorption, which is even less than the non-
specific adsorption of serotonin to the NIPs. A reason may be the
acidic character of the COOH groups present in the metabolite.

3.2. Impedance spectroscopy in PBS buffer with open sensor cell

MIP- and NIP powders were immobilized on the planar elec-
trode structures as mentioned in Section 2.4.  By optical microscopy
in combination with image processing by Image J software we
verified that in case of the MIP  a surface coverage of 28 ± 1.2%
was  obtained, while it was  27 ± 1.3% for the NIP-loaded electrode.
This shows that an almost identical surface coverage can be read-
ily achieved while also the particle-size distribution of MIP  and
NIP is similar. Furthermore, the surface coverage was validated by
the change in fluorescence intensity with a Zeiss LSM 510 Meta
Axiovert 200 M laser scanning confocal fluorescence microscopy
using 514 nm argon-ion laser excitation. The MDMO-PPV shows
strong fluorescence [33], while for the MIP  and NIP this is not the
case and therefore a sharp contrast can be seen between the parti-
cles and the background. Subsequently, the fluorescence images
processed by Zeiss LSM Image Browser determined a 27 ± 3.0%
coverage for the MIP  and a 25 ± 2.5% coverage for the NIP. From
SEM-analysis, the thickness of the layers was determined to be
4.0 ± 0.5 �m.  Therefore, the precondition for differential measure-
ments, having identical particle loadings, is fulfilled. Next, the
sensor cell was filled with PBS buffer in order to simulate the pH
and ionic strength of human blood. Also, the physiological tem-
perature conditions of 37 ◦C were mimicked. After stabilizing for
25 min, increasing concentrations of serotonin were added in a
stepwise manner, resulting in a concentration series from 0 to
64.5 nM with an increment of 10.75 nM per step. The correspond-
ing dose–response curve at a frequency of 213 Hz is given in Fig. 4.
All data were actually measured in the entire available frequency
range. The 213 Hz data presented here were selected for the very
good signal-to-noise ratio while this frequency is low enough to
probe capacitive interface effects.

The impedance data for each concentration are normalized with
respect to a starting value of 100% for pure, serotonin-free PBS
solution. The highest serotonin concentration (64.5 nM)  resulted
in an impedance increase of 8.4 ± 0.4% while physiologically rele-
vant concentrations in the order of 10 nM,  see, e.g. Ref. [11], also
result in an easily measurable increase of 2.5% ± 0.2%. The error at

this concentration is used to estimate the detection limit, which is
commonly defined as the concentration where the signal amplitude
equals three times the standard deviation. In the low-concentration
regime (0–30 nM), the dose–response results can be represented
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Fig. 4. Dose–response curves for MIP  and NIP exposed to increasing concentra-
tions of serotonin and the oxidized form of serotonin in PBS buffer. For exposure to
serotonin, data points are shown as solid squares (MIP) and open squares (NIP). For
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Fig. 5. The upper panel (a) shows the normalized impedance response of the MIP
and the NIP-based sensor electrode to plasma samples of person A spiked with
serotonin. The lower panel (b) shows the differential signal as a function of the spiked
xposure to the oxidized form of serotonin the data are given as solid triangles (MIP)
nd  open triangles (NIP). The sensor response to the oxidized version of serotonin
s  negligible. The error bars for the MIP  are smaller than the symbol size.

ell with a linear fit (R2 = 0.99). With this obtained fit, the limit of
etection was calculated to be 3.2 nM.  As this is below the physio-

ogically relevant concentrations, we can use the sensor for medical
pplications.

For concentrations higher than 40 nM,  the dose–response curve
hows a trend toward saturation that can be attributed to the
ncreasing occupation of binding sites. The NIP-based electrode
ave no clear impedance change beyond experimental uncertain-
ies. During these measurements we also took into account that
he molecular recognition of the target molecules by MIPs is not
nstantaneous: after each increase of the serotonin concentra-
ion, the sensor cell was allowed to stabilize for 10 min  and then
he impedance was measured for six times with an intermediate
aiting time of 3 min. This ‘moving average filter’ reduces data

cattering to a minimum and the total measuring time for a specific
oncentration is still not more than 30 min.

To test the selectivity of the sensor, measurements were also
erformed with PBS solutions containing the oxidized version of
erotonin with the same sequence of concentration steps. The
hemical structure is similar, however due to oxidation less hydro-
en bonds can be formed and therefore binding to the nanocavities
s hampered. As shown in Fig. 4, neither the MIP- nor the NIP-coated
lectrode shows a measurable response to the oxidized molecules.
ogether with the optical batch-rebinding data, proving that the
IPs do not bind the metabolite 5-HIAA, we can indeed conclude

hat the recognition of serotonin is selective. Therefore, the sensor
s insensitive toward the most important competitor molecules,

hich are naturally present in patients’ samples.

.3. Serotonin detection in human blood plasma with a
ow-through impedimetric sensor cell

For these measurements, the cell was first filled with unaltered
non-spiked) plasma of person A, which was prepared according to
ection 2.3.  The sensor cell was allowed to stabilize 90 min and the
mpedance spectra of the MIP- and NIP channel were measured,

gain with the moving average filter. The resulting impedance
alues at 213 Hz were used as a nominal sensor baseline, irrespec-
ive of the a priori unknown concentration c0 of native serotonin
resent in the plasma sample. Note that even the lowest of the
concentration by solid squares. The open squares represent the dose–response data
obtained after correction for the native serotonin concentration c0 (18.8 nM)  present
in  the person’s plasma. The solid lines are allometric fits as described in the text.

spiked concentrations, 50 nM,  is at least 2.5 times higher than
the typical physiological concentrations of 5–20 nM.  Therefore, the
intrinsic c0 value is expected to be a minor correction to the final
dose–response curve. Next, the spiked plasma samples were intro-
duced one by one via the pumping system. After waiting each time
for 20 min, the impedance spectra of the MIP- and NIP channel were
determined before switching to the next-higher concentration. The
impedance values for the MIP- and the NIP electrode, normalized
to non-spiked plasma, are given in Fig. 5(a).

As compared to the studies with PBS electrolyte, the impedance
change of the MIP  electrode upon exposure to a given serotonin
concentration is less pronounced. This stems possibly from the
non-specific adsorption of plasma proteins on the electrode, which
results in a partial blocking of the MIP  nanocavities. The response
of the NIP electrode to serotonin seems stronger as compared to
the data in PBS (see Fig. 4), but we are dealing now with consider-
ably higher concentrations. In any case, there is a clearly visible
difference between the impedance change of the MIP- and NIP

channel, which is getting larger when increasing the spiked concen-
tration. The differential signal Z/Z(0) {MIP} − Z/Z(0) {NIP} is shown
in Fig. 5(b). This differential dose–response curve can excellently be
described with an allometric fit according to y = acb. Hereby, y is the
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Fig. 6. The normalized impedance response obtained for extracted plasma sample of

lel. A leaking capacitor was  chosen to take into account roughness
and inhomogeneity on the polymeric electrode surface. Finally, also
the MIP  layer, covering roughly 30% of the electrode’s surface, was
described as a CPEMIP in series. Here, a leaking capacitor is expected
M.  Peeters et al. / Sensors and A

ifferential impedance change in percent while c is the concentra-
ion in nanomolar units. The fit parameters a and b have the value

 = 0.07% ± 0.002% and b = 0.62 ± 0.005, the coefficient of determi-
ation R2 is 0.99. Although we are not discussing a binding isotherm

n the strict sense, the similarity with the Freundlich isotherm (see
ection 3.1 above) is obvious.

In order to estimate also the concentration c0 of native serotonin,
e determined in a second step the sensor baseline more precisely

y filling the sensor cell with serotonin-free plasma. For this, 10 mg
f MIP  powder was added to 3 ml  of unaltered plasma and this mix-
ure was shaken for 30 min  on a rocking table, allowing the MIPs to
bsorb the native serotonin of person A. According to the binding
sotherms, we  assumed the serotonin to be extracted completely
rom the liquid and subsequently the particles were removed by fil-
ration. Furthermore, the cell was equipped with freshly prepared

IP- and NIP electrodes and filled subsequently with the serotonin-
ree and with the unaltered plasma samples. After stabilization each
ime at 37 ◦C for 30 min, the impedance values were determined.
he unaltered sample gave a differential-impedance increase of
.3 ± 0.03% as compared to the starting value with the serotonin-
ree plasma filling. In the sense of the differential dose–response
urve, this corresponds to a native concentration of c0 = 19 ± 1.2 nM,
ell within the physiologically expected range [10]. Based on these

ffset values, the dose–response curve of Fig. 5(b) was  rescaled by
dding c0 to all spiked concentrations and by shifting the differ-
ntial impedance increases with +0.32%. The resulting data points
an again be described with the fit y = a′cb′

with the parameters
′ = 0.06% ± 0.02% and b′ = 0.7 ± 0.05%. The R2 value is 0.98. The
etection limit in plasma was determined according to the pro-
edure described in Section 3.2 for the buffer measurements. The
tandard deviation was taken at the lowest spiked concentration
50 nM). The data in the low-concentration regime was  fitted lin-
arly (R2 = 0.94), which resulted in a detection limit of 4.3 nM.  This
alue is slightly higher compared to what was  obtained in buffer
easurements (3.2 nM), but is still below the physiologically rele-

ant concentration range.
To validate the results, two additional samples of person B and

 were measured by our technique and compared with corre-
ponding HPLC measurements performed according to the method
stablished by Danaceau et al. [12]. First, a calibration curve was
onstructed for person B by extracting the native concentration
rom the plasma and then measuring the impedance response to
he spiked concentrations 15, 25, 100, 150 and 200 nM (Fig. 6). The
ose response curve can be described with the fit y = a′cb′

with the
arameters a′ = 0.03% ± 0.007% and b′ = 0.8 ± 0.06% and has an R2

alue of 0.97.
Subsequently, a second measurement was performed with an

naltered sample which showed an impedance response of +0.27%.
ith the obtained calibration curve, the native serotonin con-

entration of patient B was determined to be 13.3 ± 1.3 nM.  The
PLC reference test indicated a concentration of 11.2 nM ± 1.0 nM,
s mentioned in Section 2.3.  The same procedure was  repeated
or person C. When using our technique a concentration of
.5 ± 1.0 nM was obtained, while the HPLC measured a concentra-
ion of 8.9 nM ± 0.5 nM.  Hereby, it is demonstrated that our sensor
rovides indeed reliable data in the diagnostically relevant concen-
ration regime.

.4. Response modeling of plasma measurements with equivalent
ircuits

As a final step, the origin of the impedance increase upon sero-

onin binding was further analyzed for the plasma samples of
atient A. Fig. 7(a) shows the Bode plot in the frequency regime
rom 100 Hz to 100 kHz for the MIP  electrode when the cell was
lled with unaltered plasma. The solid line was calculated with
person B spiked with 15, 25, 100, 150 and 200 nM.  The derived native concentration
for  derived from this calibration curve is 13.3 ± 1.3 nM which is in agreement with
the HPLC result of 11.2 ± 1.0 nM.

the equivalent circuit given in Fig. 7(b): Rf refers to the resistance
of the plasma and the counter electrode, elements that are not
expected to change upon spiking with higher serotonin concentra-
tions. The adhesive PPV layer and aluminum substrate are in series
with Rf and can be represented by an element with a resistor RPPV
and a constant-phase element (leaking capacitor) CPEPPV in paral-
Fig. 7. The upper panel (a) shows the Bode plot of the MIP  electrode when exposed
to  blood plasma with the native serotonin concentration c0. The solid lines are cal-
culated by using the equivalent circuit shown in (b) in combination with the fit
parameters given in Table 1.
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Table 1
Values for Rf , CPEppv, nppv, Rppv, CPEmip, nmip, CPEnip and nnip obtained after fitting. Values were evaluated before spiking and after additions of spiked concentrations of plasma.

MIP NIP

Spiked (nM) Rf (�) CPEppv (�S × sn) nppv Rppv (�)  CPEmip (�S × sn) nmip �2 (10−4) Rf (�) CPEppv (�S × sn) nppv Rppv (�) CPEnip (�S × sn) nnip �2 (10−4)

0 212 1.48 0.79 118 13 0.62 1.52 228 1.71 0.80 132 54 0.46 0.82
50  218 1.41 0.82 88 7.0 0.69 1.06 232 1.56 0.81 131 53 0.46 0.30

100  220 1.36 0.83 80 5.3 0.72 1.49 232 1.50 0.83 125 52 0.46 0.36
150  220 1.32 0.84 75 3.9 0.75 2.97 233 1.46 0.84 109 45 0.48 0.40
200 222 1.30 0.85 71 2.8 0.79 4.93 233 1.43 0.85 117 50 0.47 0.44
250 228  1.27 0.86 72 3.4 0.77 4.93 234 1.44 0.85 99 36 0.51 0.48
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Fig. 8. Concentration dependence of the amplitude of the constant-phase element
ue to the intrinsic porosity of the MIP  material. The NIP channel
as described by a corresponding CPENIP.

The parameters derived from the fit by using online available
SimpWin software are summarized in Table 1. The high quality of
he fit is illustrated by a �2 value around 1 × 10−4. Other equivalent
ircuit models based on the same number of elements had a �2 of
0−3 and were clearly less accurate. A more refined modeling of
he MIP  layer, e.g. in terms of a resistor and a CPE in parallel, gave
lso �2 in the order of 10−4, meaning that the proposed circuit
s indeed an excellent description of the system with a minimum
umber of elements. The same circuit also describes the behavior
f the NIP electrode with a similarly low �2 and can still be applied
fter exposing the MIP- and NIP electrodes to the spiked serotonin
oncentrations. All extracted data are summarized in Table 1.

When comparing the MIP- and the NIP channel for the different
piking concentrations, we note first that the values of the liquid
esistance Rf, the amplitude of the constant phase element CPEPPV
nd its exponent nPPV, and the resistance RPPV are widely constant.
he strongest variation is seen in RPPV where absolute values can
iffer by a maximum of 50% when comparing the value for MIP
nd NIP at a given spiking concentration. The exponent nPPV stays
lways in the range of 0.79–0.86, which is close to the behavior of
n ideal capacitor (n = 1). When comparing the CPE behavior of the
IP- and NIP element, the differences become immediately much
ore striking: the NIP electrode has no serotonin-shape nanocav-

ties and the absolute CPE amplitude is therefore insensitive to the
piked concentration while the exponent (nNIP = 0.46–0.51) resem-
les closely a Warburg behavior. The MIP  electrode has a much

ower CPE amplitude for the non-spiked sample as compared to
he NIP electrode (25%) and this decreases systematically to 10% of
he NIPs value when the MIP  electrode was exposed to the high-
st serotonin concentration. At the same time, the exponent nMIP
hifts up from Warburg-like to capacitor-like behavior. Fig. 8 shows
he concentration-dependent CPE amplitude of the MIP- and NIP
lectrode normalized to the initial value obtained in non-spiked
lasma.

The current data do not yet allow interpreting the resistive-
nd capacitive aspects of the CPE-behavior on morphological or
ven molecular grounds, but a coarse-grain physical interpreta-
ion may  be as follows: the CPE behavior of the MIP  electrode is
lways more on the capacitive than on the resistive side. The abso-
ute capacity value (related to the amplitude of the CPE element)
ecreases for increasing serotonin concentration, which means that
he serotonin-sized cavities in the MIP  polymer are more and more
lled by serotonin- rather than by water molecules. As a result, the
ffective contact area between the MIP  polymer and the electrolyte
here: plasma) decreases while water, with its high dielectric con-
tant of ε = 81, is replaced by organic molecules with ε in the range

f 5–10 [38]. Both aspects, the shrinking of the contact area and
he decrease of the dielectric constant at the solid–liquid inter-
ace, work into the direction of lowering the electronic interface
apacity, which corroborates the data shown in Fig. 8.
representing the MIP-type receptors (solid squares) and the NIP reference material
(open squares). The change of the CPE behavior is responsible for the increasing
sensor impedance with increasing serotonin level.

4. Conclusions

In this work, we have shown that a biomimetic serotonin sensor,
based on impedance spectroscopy in combination with MIP-based
synthetic receptors, has the potential to become a fast and low-
cost alternative to chromatographic techniques. At the receptor
side, we have shown that a blend of two functional monomers,
methacrylic acid and acrylamide, is essential to achieve selective
molecular recognition and the best properties were obtained with
a MAA-AM ratio of 1:3. Furthermore, we  have demonstrated that
the sensor response is specific and selective with respect to its com-
petitors, metabolite 5-HIAA and the oxidized version of serotonin.
At the sensor side, we  developed a symmetrical flow-through cell
hosting an active channel (MIP) and a reference channel NIP in order
to correct for unwanted side effects such as protein absorption,
which naturally occur in a biological matrix. The MIPs as such can
also be used to extract the native serotonin from a patient’s sam-
ple in order to obtain a well-defined sensor baseline in the limit of
vanishing serotonin concentration. The detection limit is below the
physiologically relevant range and the sensor can operate in non-
diluted blood plasma provided that standard precautions are taken
to counteract oxidization and enzymatic conversion of serotonin.
Furthermore, the determined concentrations show comparatively
small uncertainties and are in perfect agreement with HPLC ref-

erence tests, as was  illustrated for two different persons. This cell
allows for the safe and temperature-controlled handling of plasma
samples. Moreover, in combination with a compact impedance ana-
lyzer, the sensor setup can be operated as a ‘stand-alone device’,
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aking it well suited for point-of-care applications like, e.g. in a
ospital environment.
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