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ABSTRACT

A new man-tailored biomimetic sensor for Chlorpromazine host-guest interactions and potentiometric
transduction is presented. The artificial host was imprinted within methacrylic acid, 2-vinyl pyridine and
2-acrylamido-2-methyl-1-propanesulfonic acid based polymers. Molecularly imprinted particles were
dispersed in 2-nitrophenyloctyl ether and entrapped in a poly(vinyl chloride) matrix. Slopes and detection
limits ranged 51-67 mV/decade and 0.46-3.9 pg/mL, respectively, in steady state conditions. Sensors were
independent from the pH of test solutions within 2.0-5.5. Good selectivity was observed towards oxytetracycline,
doxytetracycline, ciprofloxacin, enrofloxacin, nalidixic acid, sulfadiazine, trimethoprim, glycine, hydroxylamine,
cysteine and creatinine. Analytical features in flowing media were evaluated on a double-channel manifold,
with a carrier solution of 5.0 x 1072 mol/L phosphate buffer. Near-Nernstian response was observed over the
concentration range 1.0 x 10~ to 1.0 x 10~2 mol/L. Average slopes were about 48 mV/decade. The sensors were
successfully applied to field monitoring of CPZ in fish samples, offering the advantages of simplicity, accuracy,

automation feasibility and applicability to complex samples.
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1. Introduction

Industrial aquaculture is a rapidly growing industry in many de-
veloped and developing countries [1]. The introduction of veterinary
medicines at the food production area has been the main responsible
for this scenario. However, their wide use in aquaculture led to
environmental and food spread of veterinary drugs [1,2]. Recognition
of the risks has led to their limited or prohibited use in aquaculture
production [3].

CPZ is a phenothiazine drug with an aliphatic side chain (Fig. 1),
used in the management of psychotic conditions [4]. It controls
excitement, agitation and other psychomotor disturbances, control-
ling hyperkinetic states and aggression. CPZ was used for veterinary
purposes as an antiemetic, pre-anesthetic and muscle relaxant. Its use
in food-producing animals is today banned from EU (according to the
Council's regulation 2377/90) because no safe level of residue can be
determined.

Many methods have been reported to determine phenothiazines,
including CPZ. Most of them imply optical-based methods, namely
spectrophotometric [5-17], fluorimetric [ 18-22], and turbidimetric [23]
procedures that regard several chemical transformations of CPZ. High
Performance Liquid Chromatography (HPLC) [24-33] electrophoresis
[34] voltammetric [ 11,35-37], coloumetric [38], polarographic [39] and
spectroelectrochemical [12] procedures have been reported as well.

Overall, these methods involve several time-consuming manipulation
steps and/or require sophisticated equipment, being also a source of
wastewaters of considerable high toxicity. Alternative and advanta-
geous methods should rely on expeditious and efficient procedures
providing highly specific and sensitive measurements.

Chemical sensors of potentiometric transduction could fulfill these
requirements. lon-selective electrodes (ISEs) offer high precision and
rapidity, low cost of analysis, and enhanced selectivity and sensitivity
over a wide range of concentrations [40,41]. For membrane-based
devices the selectivity and sensitivity is mainly governed by the ion-
ophore or the ion carrier [42]. lon exchangers and neutral macrocyclic
compounds have been employed over the past decades for this
purpose. To our knowledge, the only two CPZ selective electrodes
reported in literature [43,44] employed ion-exchangers as sensing
materials.

The design of sensing materials that are complementary to the
size and charge of a particular ion can lead however to an increased
selectivity of the sensing unit. For this purpose, molecularly imprinted
polymers (MIPs) can be easily tailored with suitable selectivity for
a guest molecule [45-47]. The preparation of MIPs involves the
polymerization of functional monomers in the presence of template
molecules and initiators. After polymerization, the template mole-
cules are removed, leaving accessible binding sites that maintain
the ordered arrangement of complimentary chemical functionalities
of the template and the overall spatial configuration of the target
molecule.

Although there are various MIP applications, including chromatog-
raphy [48-50] artificial antibodies [51-53] chemical sensors [54-56],
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Fig. 1. Chemical structures of MIP reagents.

and solid-phase extraction (SPE) [57-59], until now, only few works
in literature report the use of MIP as potentiometric PVC membrane
sensing materials [60-63]. However, MIPs should play an advantageous
role when associated to potentiometric sensors. lon-selective electrodes
(ISEs) use membranes to enable the selective recognition of a specific
ion by transferring it (selectively) across the interface between the
sample and membrane phase. This transfer generates a potential dif-
ference that is a measure of the activity of the transferred ion. Until
now, several mechanisms have been suggested for this purpose. One of
these is based on a selective complexation between the target ion and a
“specific carrier” included in the membrane. A specific carrier binds a
target analyte selectively.

MIPs acting as a carrier provide a means to enhance the selectivity
of ISEs membranes. These materials are designed to carry out specific
host-guest interactions between template and carrier. Once the
imprinted templates are washed out from the polymeric matrix, they
leave behind binding sites with specific shape and functional group
complementarily in the polymeric network. These sites have the
ability to rebind the analyte, generating an emf variation.

Therefore, the present work reports the development of CPZ MIP-
based ISEs. The polymeric sensor was synthesized with methacrylic
acid (MAA), 2-vinyl pyridine (VP) or 2-acrylamido-2-methyl-1-
propanesulfonic acid (AAMPSO) functional monomers, cross-linked
by ethylene glycol dimethacrylic acid (EGDMA) or trimethylolpro-
pane trimethacrylate (TRIM) within the template molecule (see
chemical structures in Fig. 1). The sensing materials are dispersed in
PVC plasticized with o-nitrophenyl octyl ether (oNPOE). The sensors
are evaluated in steady-state and flowing media, and applied to the
analysis of fish samples.

2. Experimental
2.1. Apparatus

All potential measurements were made in a Crison upH 2002
decimilivoltammeter (+0.1 mV sensitivity), at room temperature,
and under constant stirring by means of a Crison micro ST 2038.
The output signal in steady state evaluations was transferred to a
commutation unit and reconnected to one of six ways out, enabling
the simultaneous reading of six ISEs. The assembly of the potentio-
metric cell was as follows: conductive graphite | CPZ selective mem-
brane | buffered sample solution (phosphate, 5x 102 mol/L, pH 4.5)
|| electrolyte solution, KCI | AgCI(s) | Ag. The reference electrode was
an Orion Ag/AgCl double-junction (Orion 90-02-00). The selective
electrode was prepared in conventional or tubular configurations [64]

for batch and flow mode evaluations, respectively. Both devices had
no internal reference solution and epoxy-graphite was used as solid
contact.

The FIA assembly had a Gilson Minipuls 2 peristaltic pump, fitted
with PVC tubing (0.80, 1.60 and/or 2.00 mm i.d.), and a four-way
Rheodyne 5020 injection valve holding a loop of variable volume.
The several components were joined by PTFE tubing (Omnifit, Teflon,
0.8 mm i.d.), Gilson end-fittings and connectors. The support devices
for tubular and reference electrodes, and the confluence point ac-
cessory were constructed in Perspex [64]. After reaching a stable
baseline, the emf was recorded continuously by means of a home-
made high-impedance data acquisition eight-channel box connected
to a PC through the interface ADC 16 (Pico Tech., UK) and PicoLog for
windows (version 5.07) software.

The pH was measured by a Crison CWL/S7 combined glass elec-
trode connected to a decimilivoltammeter Crison, pH meter, GLP 22.

2.2. Reagents

All chemicals were of analytical grade and de-ionized water
(conductivity<0.1 uS/cm) was employed. CPZ, potassium tetrakis(4-
chlorophenyl)borate (TpCIPB), o-nitrophenyloctyl ether (oNPOE),
poly (vinyl chloride) (PVC) of high molecular weight, EGDMA, VP,
AAMPSO, MAA, acetonitrile (AcN) and ethanol were purchased from
Fluka. Benzoyl peroxide (BPO), methanol (MeOH) and tetrahydrofu-
ran (THF) were obtained from Riedel-deHden and TRIM from Aldrich.

2.3. Synthesis of host-tailored polymers

MIPs were synthesized by placing the template (CPZ, 0.25 mmol)
in a glass tube (14 mm i.d) with the functional monomer (MAA,
AAMPSO or VPY, 2.0 mmol), the cross-linker (EGDMA or TRIM,
10.0 mmol) and the radical initiator (BPO, 0.50 mmol), all dissolved in
3 mL of porogenic solvent (MeOH, EtOH, AcN or THF). The mixture
was sonicated, degassed with nitrogen for 5 min, and cured at 70 'C
for 30 min. Non-imprinted polymers (NIP) was prepared similarly by
excluding the template from the procedure.

The resulting polymers were ground and sieved to particle sizes
ranging from 50 to 150 um. Extraction of the template molecule
and washout of non-reacted species was carried out with MeOH/
acetic acid (5:1, v/v). The absence of template on MIP particles was
confirmed by measuring the absorbance of the washout solution at
255 nm. All polymers were dried at 60 "C until constant weight before
use.

2.4. Preparation of the potentiometric sensor

The sensing membranes were prepared by mixing 200 mg of PVC,
400 mg of oNPOE and 7 mg of MIP or NIP (Table 1). Some membranes
were added of 2 mg of TpCIPB acting as anionic additive. The mixture
was stirred until the PVC was well moistened and dispersed in 3.0 mL

Table 1
Binding parameters of MIP polymers.
Monomer  Solvent  Cross High affinity binding site  Low affinity binding site
linker
Kq Qmax Ka Qmax
(pmol/L) (umol/g)  (umol/L) (pmol/g)
MAA AcN TRIM 404 288 3672 659
AAMPSO  AcN TRIM 1626 296 7042 562
VPY AcN TRIM 338 806 2505 4544
MAA THF EDGMA 578 86 5482 350
MAA MeOH EDGMA 139 250 977 865
MAA EtOH EDGMA 1452 1070 - -
AAMPSO  AcN EDGMA 415 258 - -




THF. These membranes were placed in conductive supports of con-
ventional or tubular shapes. Membranes were let dry for 24 h. The
electrodes were conditioned in a 1 x 10~ mol/L CPZ solution and kept
in this solution when not in use.

2.5. Potentiometric procedures

All potentiometric measurements were carried out at room tem-
perature. Emf values of each electrode were measured in solutions
of fixed pH and ionic strength. Increasing concentration levels of
CPZ were obtained by transferring 0.0200-10.0 mL aliquots of 1.0x
107> mol/L CPZ aqueous solutions to a 100 mL beaker containing
50.0 mL of 5.0 x 10~2 mol/L of suitable buffer. Potential readings were
recorded after stabilization to +0.2 mV and emf was plotted as a
function of logarithm CPZ concentration. Calibration graphs were used
for subsequent determination of unknown CPZ concentrations.

2.6. Binding experiments

Binding experiments were carried out by placing 20.0 mg of MIP
particles in contact with 10.0 mL CPZ solutions ranging 0.08-
10.0 mmol/L. The mixtures were oscillated for 12 h at room tem-
perature and the solid phase separated by centrifugation (3000 rpm,
10 min). The concentration of free CPZ in the supernatant was
detected by UV spectrophotometry at 255 nm. The amount of CPZ
bound to the polymer was calculated by subtracting the concentration
of free CPZ from the initial CPZ concentration. The data obtained was
used for Scatchard analysis.

2.7. Determination of CPZ in fish

Constant weights of well grinded fish (~2.0 mg) from aquaculture
origin were transferred to 15 mL tubes. A 10 mL portion of 0.05 mol/L
phosphate buffer pH 4.5 was added and thoroughly mixed with the
fish sample. A sonication period of 5 min was allowed to ensured
convenient extraction of the analyte. A supernatant liquid was ob-
tained by centrifugation at 1000 rpm and transferred into a 25 mL
volumetric flask after filtration. Analytical measurements were con-
ducted over this solution after completing the flask to final volume
with buffer.

3. Results and discussions

The binding between the ionophore and the target ion is the
molecular-level phenomenon, sensed by an ISE [42]. The binding
strength between the selected ionophore and the analyte is the key
to the selectivity of the potentiometric sensor. In a similar way,
highly-specific imprinted polymers require the formation of stable
complexes between templates and their functional monomers in the
reaction mixture, as well as the preservation of these complexes
in the resulting polymers. To that end, mostly covalent bonds have
been used for fixation of the template molecules within the tailored-
cavities. However, fast and reversible binding requires low activation
energies. This is achieved by means of non-covalent binding, lead-
ing to sites that are less oriented than those in covalent imprinting
but still with similar selectivity and sensitivity [65]. In this work,
electrostatic interactions between CPZ and VP, AAMPSO or MAA
monomers were considered to support the self-assembling of the
sensor (that matches the shape of CPZ). The contribution of
monomer, cross-linker and solvent to host-guest binding properties
were studied.

3.1. Binding characteristic of MIP sensor

Binding experiments were carried out by incubating fixed
amounts of imprinted polymers with different concentrations of CPZ

until equilibrium as reached. The resulting binding capacity of MIPs
was calculated according to following equation:

0= wmol(CPZbound) (Ci_cf)vs > 1000 1)
B g(MipP) B Myyp

where Q is binding capacity of MIPs (umol/g), C; the initial CPZ con-
centration (umol/ml), C¢ the final CPZ concentration (umol/ml), Vg the
volume of solution tested (ml), Myyp the mass of dried polymer (mg).
Binding capacities were plotted against the initial CPZ concentration
(Fig. 2A). The adsorption data showed that the binding capacity of
imprinted polymer increased with the increasing of the initial con-
centration of CPZ, reaching to saturation at higher concentrations.

The binding data were further processed with Scatchard analysis,
providing important information on binding properties of the im-
printed particles. The Scatchard equation,

Q/Cfree = (Qmax_Q)/Kd (2)

was applied for this purpose, where Q is the binding capacity; Cree
the free analytical concentration at equilibrium (umol/L); Quqx is the
maximum apparent binding capacity; and Kp is the dissociation
constant at binding site. The equilibrium dissociation constant is
calculated from the slopes and the apparent maximum number of
binding sites from the y-intercepts in the linear plot of Q/C.. versus Q.
The Scatchard plots in Fig. 2B showed either a linear behavior or a
curve that could be understood as two straight lines. The former
behavior suggests the existence of a single kind of binding site in MIPs
while the later infers the existence of high and low affinity popu-
lations of binding sites.

The effect of monomer (Fig. 2A1 and B1) was studied for MAA, VPY
and AAMPSO cross-linked with TRIM (see chemical structure in
Fig. 1). In terms of acid/base properties, MAA and VPY play a similar
role despite their different chemical functions, with pKa values of
4.7 and 5.0. AAMPSO had a quite smaller pKa [—2.0, 65] but com-
bined in the same structure the sulfonic acid and the amide groups.
Overall, all polymers have the ability to establish electrostatic
interactions to CPZ. Adsorption plots evidenced higher binding
capacities for VPY and smaller ones for AAMPSO based polymers. All
MIPs showed heterogeneous binding sites. This heterogeneity was
probably not correlated to the monomer under use, because every
Scatchard analysis pointed out a similar behavior. VPY based MIPs
displayed the smaller dissociation constant and with higher maxi-
mum apparent binding capacity (Table 1).

Adsorption experiments of MIPs of MAA/EDGMA prepared with
different porogenic solvents displayed similar behavior when MeOH or
EtOH were used (Fig. 2A2). The use of THF originated smaller binding
capacities, showing a tendency for saturation at lower CPZ concentra-
tions. With regard to binding places, only polymers produced with EtOH
showed a Scatchard plot with a single straight line (Fig. 2B2), however,
the dissociation constant for this MIP was very high. Overall, MeOH
improved the binding parameters of the MIP particles for producing
small Ky and high Q ;.4 values.

In general, the observed binding capacities for EDGMA cross-linker
are much higher than those using TRIM (Fig. 2A). Their chemical
structures are shown in Fig. 1. EDGMA seemed to be associated to
the existence of a single kind of binding site for interaction to the
template molecule, because only polymers using this cross-linker
displayed a linear Scatchard plot.

From the above results, it seemed clear that the use of MeOH
associated to EDGMA cross-linker could improve the binding prop-
erties of CPZ MIPs. Therefore, potentiometric sensors were prepared
with these reagents and using MAA, AAMPSO or VPY as monomer.
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Fig. 2. Binding isotherm (A) and Scatchard plot (B) for CPZ imprinted polymer, with different monomers (1), cross-linkers (2) and solvents (3). Q is the amount of CPZ bound to

20.0 mg of the respective polymer; t=25 °C; V=10.0 mL and binding time: 20 h.

3.2. Selection of the electroactive material

CPZ sensors contained MIP or NIP particles of MAA, VPY or
AAMPSE as electroactive materials dispersed in oNPOE plasticizing
solvent plus PVC. Their main analytical features were evaluated in
steady state conditions and followed IUPAC recommendations [66].
The average results of four determinations are shown in Table 2.

In general terms, all sensors displayed near-Nerstnian behavior,
with slopes ranging from 52.8 to 47.8 mV/decade. MIP based sensors
had, in general, more reproducible responses with lower limits of
detection than NIP sensing devices. The quite similar behavior

between NIP and MIP based sensors (see Fig. 1) suggest that elec-
trostatic interactions between CPZ and the sensing system were being
established with the corresponding functional groups and were
mostly independent from their special arrangement.

3.3. Effect of additive

To improve the operating features of the previous membranes, the
MIP-based sensors were added of an anionic lipophilic compound.
Typically, the addition of an anionic compound of lipophilic nature to
potentiometric sensors reduces the anionic interference and lowers



Table 2
Membrane composition of PVC CPZ sensors and their average potentiometric features (n=

5) in 5.0 x 10~2 mol/L phosphate buffer, pH 4.5.

ISE Membrane composition Slope R squared LLLR LOD pH range Oy Cvy
Active ingredient Plasticizer Additive Weight (mg) (mV/decade) (mol/L) (mol/L) (mV) *)
1 MIP/MAA oNFOE - 15:350 514+£28 0.995 1.6x107° 1.1x107° 2-55 1.6 0.5
Il NIP/MAA oNFOE - 15:350 52.8+2.1 0.996 3.0x107° 22x107° 2-5.5 29 1.5
111 MIP/VPY oNFOE - 15:350 522415 0.996 3.0x107° 1.1x107° 2-55 24 3.8
v NIP/VPY oNFOE - 15:350 478415 0.996 3.0x107° 1.5x107° 2-55 2.1 6.0
\% MIP/AAMPSO oNFOE — 15:350 480414 0.996 3.0x107° 1.1x107° 2-5.5 1.1 0.5
VI NIP/AAMPSO oNFOE - 15:350 49.0+3.1 0.996 3.0x107° 1.4x107° 2-5.5 0.3 1.2
VI MIP/MAA oNFOE TpCIPB 15:350:7 546+12 0.997 1.6x107° 13x107° 2-5.5 0.9 12
VIII MIP/VPY oNFOE TpCIPB 15:350:7 674409 0.995 1.6x107° 89x107° 2-55 42 2.7
IX MIP/AAMPSO oNFOE TpCIPB 15:350:7 55.7+3.9 0.994 41x107° 13x10°° 2-5.5 0.3 0.1

LLLR: Lower limit of linear range; LOD: Limit of detection; Cv,,: coefficient variation in weekly calibration for 2.72 x 10~* mol/L.

the electrical resistance of the membranes [67]. In this work, TpCIPB
was selected as additive (Table 2). Sensors based in MIP/MAA, MIP/VP
and MIP/AAMPSO showed linear response ranges after 1.6x 107,
1.6x107> and 4.1x 10~ ® mol/L, 4.6, 3.2 and 0.46 pug/mL detection
limits, and near-Nernstian responses of 54.6, 67.4 and 55.7 mV/
decade, respectively. When compared to the corresponding sensors
without additive, a significant improvement in slope was observed
for VP sensors and in lower limit of linear range for MAA sensors
(see Fig. 3). AAMPSO base sensors displayed the wider concentration
range of linear response.

3.4. Effect of pH

CPZ has three pKa values: 9.3, 9.4 and 8.1. Thus, its acid/base
properties affect its protonation in aqueous media, thus conditioning
the electrode response. This effect was investigated by following the
variation in potential with change in pH by addition of very small
amounts of concentrated hydrochloric acid or saturated sodium hy-
droxide solution. The emf of a standard solution of 5.0 x 10~* mol/L
CPZ was plotted against pH (Fig. 4).

The results indicated that the electrode did not respond to pH
changes within 2.0 to 5.5, range where emf variations were below +
10 mV. Generally, above pH 5.5 potentials started decreasing. This
behavior was attributed to the formation of the free CPZ base in the
solution, leading to a decrease in the concentration of chlorpromazi-
nium ion. This was confirmed by a perceptible precipitation occurring

Facing the wide operational pH range, a pH of 4.5 was selected
because solubility and ionization of CPZ were favored in acidic
medium.

3.5. Sensor selectivity

Selectivity of the chemical sensor is one of the most important
potentiometric features regarding its analytical application. One
component of the selective membrane that exerts great influence
upon this property is the electroactive material, as the mechanism of
selectivity is mainly governed by stereospecific and electrostatic
aspects. The selectivity profile of each sensor was evaluated by means
of potentiometric selectivity coefficients (K297 ), assessed by the
separate solution method (SSM) and mixed solution method (MSM)
[66]. They indicated the degree of preferential interaction for CPZ
over foreign species that are common in biological and food samples,
such as other fluoroquinolones used in aquaculture, namely cipro-
floxacin (CF), enrofloxacin (ENR) and nalidixic acid (Nalid), or other
antibiotics namely oxytetracycline (Oxy) and doxytetracycline (Doxy),
sulfadiazine (SDZ), and trimethoprim (TMP). Glycine (Gly), hydroxyl-
amine (HDXL), cysteine (Cys) and creatinine (Crea™) were also included
as possible interfering species.

The selectivity coefficients for SSM and MSM were plotted in
Fig. 5 (expressed in log KPGL+ y+) and calculated after the following
equations:

at higher pH values. KPS, = GS);] 12) o(E~Ecez) /5 3)
NIP electrodes seemed more affected by pH because they drifted
slightly along the acidic region while the others displayed an abrupt KO g / (a )Z,;,,Z/Z] )
potential decay outside the operational pH range (Fig. 4). z] — "z /"]
= NIP/ MAA A MIP/ MAA+pCITPB e MIP/ MAA
= NIP/ VPY « MIP/ VPY+pCITPB « MIP/ VPY
NIP /AAMPSA MIP/ AAMPSA+pCITPB MIP AAMPSA
r /" 50 mV k
58 53 -48 -43 -38 -33 -28 -23 -58 -53 -48 -43 -38 -33 -28 -23 58 -53 48 -43 -38 -33 -28 -23
log [CPZ], mol/L. log [CPZ], mol/L log [CPZ], mol/L

Fig. 3. Potentiometric response of NIP, MIP plus additive, and MIP sensors prepared with different monomers.
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Fig. 4. Influence of the pH on the potential of NIP, MIP plus additive and MIP sensors prepared with different monomers.

In Eq. 3, Ecpy is the electrode potential in a 1.0x 10~> mol/L CPZ
solution, E; the potential of the electrode facing a 1.0x107> mol/L
concentration in interfering species F of charge Z, and S the practical
slope calculated after the calibration experiments. In Eq. 4, g; is
1.0x 103 mol/L of interfering species, Z the ionic charges of main and
interfering ions and acp; the intersection of the extrapolated linear
portions of the plot emf vs. the logarithm of CPZ concentration.

In general, MSM and SSM displayed quite different behaviors in
terms of relative order of selectivity and the log K¢p7 ; absolute values
of each interfering species, but all electrodes showed good selectivity
for CPZ. Sensors with additive displayed higher log K™T than the
corresponding ones without additive, meaning that this membrane
component decreased the selectivity of the electrodes. In terms of

MAA/pCITPB MAA VPY/pCLTPB VPY AAMPSO/pCLTPB

relative degree of selectivity, MAA and AAMPSO sensing devices
showed a similar behavior, having better selectivity than VPY based
sensors. The exception to this general behavior was observed for
AAMPSO based electrodes evaluated by the SSM; the MIP particles
provided the higher interference and the additive improved the
selectivity of the sensing unit.

In general, interfering species were selected according to the
intended application. If parent compounds, such as phenothyazine
derivatives, are tested, the potentiometric response may be affected.
This effect was not considered relevant because these compounds are
not used concomitantly. Furthermore, if CPZ metabolic derivates are
present, an alteration in the potentiometric response is also expected.
In this case, this alterations favors the analytical screening of the drug,

MAA/pCITPB MAA VPY/pCLTPB VPY AAMPSO/pCLTPB
5 T T T T
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Fig. 5. Potentiometric selectivity coefficients (log K"°T) with SSM (left) and MSM (right) of CPZ membrane based sensors, in 0.05 mol/L phosphate buffer of pH 4.5.



since it is correlated to its unwanted administration. Combining the
selectivity behavior and the main analytical features of the electrodes,
sensors of MIP/MAA were selected for further studies.

3.6. Optimization of flow injection system

For the routine control of an analyte, the continuous mode of
operation is of regular selection. This may be achieved by means of flow
injection analysis (FIA) systems. These are particularly attractive in view
of their versatility, simplicity and suitability for large-scale analyses. The
flow assembly was double-channel, allowing the on-line adjustment of
pH and ionic strength. A flow cell of tubular configuration was used to
accommodate the potentiometric device [64]. This cell was of simple
fabrication, and allowed full membrane/sample contact, maintaining the
general features of conventional configuration ISEs in terms of homoge-
neity, thickness and fixed area. The sensor of MIP/MAA with additive was
used in this study for showing the best compromise between selectivity
and sensitivity. To take full advantages of this FIA system, flow-rate and
injection volume were optimized in terms of sensitivity, sampling-rate,
reagent consumption and wastewater generation.

The sample loop was varied within 120 and 220 pL. For each
injection volume, a set of CPZ standards ranging 1.0 x 107> to 1.0 x
10> mol/L was injected into the buffer carrier stream. The dis-
persion decreased from 1.9 to 1.1 with increasing injection volumes.
This observation was coupled to decreasing sampling rates because
the sample plug took longer periods of time to cross the detector; for
higher volumes the decay in sampling rate was not perceptible and
the sample consumption increased by 83%. Thus, as a compromise,
the injection was set to 180 pL.

The flow rate was varied between 1.0 and 4.3 mL/min for CPZ
solutions ranging from 1.0x 107> to 1.0x 103 mol/L. No significant
changes in slope were observed, but the peak width and peak height
decreased with increasing flow-rates. As expected, experiments
carried out at higher flow-rates presented higher sampling rates.
Although this observation was coupled to a slight increase of the
dispersion of sample solutions, this was not sufficient for a sensitivity
decrease. For flow rates <2 mL/min the tubular sensor required long
time to recover to base line lowering the number of sample outputs.
Therefore, a 4 mL/min flow rate was chosen.

Under the previously selected conditions, the variation or fluc-
tuation of the base line did not exceed &+ 5% of the peak height. The
MIP/MAA sensor displayed a 46.6 mV/decade average slope, with
detection limit of 7.0 pg/mL and lower limit of linear range of 1.0 x
107> mol/L. The sampling-rate was approximately 35 runs per hour.
The environmental effect of the emitted effluents was considered
of small concern, containing mostly phosphate and CPZ. The total
volume of effluent is also quite low, producing an average of 240 mL
per hour.

3.7. Monitoring CPZ in fish samples

The method was applied to determine CPZ in fish samples that
are typically produced in aquaculture, such as trout and seabass. Fish
meat was grinded and spiked to 5-7 pg/mL CPZ. A good agreement
was found between added and found amounts of CPZ (Table 3).

Table 3
Potentiomeric determination of CPZ in fish using MIP based membrane sensor.

Sample ng CPZ/g fish Found (mg) Recovery (%)

Fish 1 50 51.8+0.6 103.7+1.3
100 1035422 1035422
150 1552433 103.5+2.2

Fish 2 50 51.7+24 103.44+4.8
100 98.7+1.1 98.7+1.1
150 148.14+2.2 988+ 1.4

Results of the potentiometric analysis conducted in steady state
showed recoveries ranging 99-104% with an average relative stan-
dard deviation of 2.2%. The t-student and F tests confirmed that there
were no significant differences between the means and variances
of static and hydrodynamic potentiometric sets of results. The values
of t-student and F tests were 2.63 and 1.04, and 1.14 and 0.21,
respectively, for the two fish samples.

4. Conclusions

Molecular imprinting technique was employed to produce CPZ
host-tailored sensors for potentiometric transduction. MAA, VPY and
AAMPSO were used as monomers to produce different MIP materials.
The effect of monomer, solvent and cross-linker were studied for this
purpose.

All based sensors offered good potentiometric analytical features
capable of discriminating other antibiotics in aqueous medium. Ad-
vantages of these sensors include the simplicity in designing, short
measurement time, good precision, high accuracy, high analytical
throughput, low limit of detection and good selectivity.

The MIP/MAA sensors were successfully applied to the analysis of
food samples, both in steady state and in flowing media. The proposed
method was simple, of low cost, precise, accurate and inexpensive
regarding reagent consumption and equipment involved. Wastewa-
ters discharged were of small concern to environment regarding its
volume and composition.

The tubular devices were particularly suitable for the routine
screening control of CPZ in fish meat. They produce quicker responses
for CPZ than those provided by microbiological methods, and are
much less expensive than the chromatographic methods that are used
for routine purposes.
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