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a b s t r a c t

Molecularly imprinted polymers (MIPs) were computationally designed and synthesized for the selec-
tive extraction of a carbonic anhydrase inhibitor, i.e. acetazolamide (ACZ), from human plasma. Density
functional theory (DFT) calculations were performed to study the intermolecular interactions in the pre-
polymerization mixture and to find a suitable functional monomer in MIP preparation. The interaction
energies were corrected for the basis set superposition error (BSSE) using the counterpoise (CP) cor-
eywords:
olecularly imprinted polymer (MIP)
ensity functional theory (DFT)
cetazolamide
olid-phase extraction (SPE)
ifferential pulse voltammetry (DPV)

rection. The polymerization solvent was simulated by means of polarizable continuum model (PCM). It
was found that acrylamide (AAM) is the best candidate to prepare MIPs. To confirm the results of the-
oretical calculations, three MIPs were synthesized with different functional monomers and evaluated
using Langmuir–Freundlich (LF) isotherm. The results indicated that the most homogeneous MIP with
the highest number of binding sites is the MIP prepared by AAM. This polymer was then used as a selective
adsorbent to develop a molecularly imprinted solid-phase extraction procedure followed by differential

E-DP
pulse voltammetry (MISP

. Introduction

Acetazolamide, N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)
cetamide (Scheme 1), is a carbonic anhydrase inhibitor (CAI)
sed clinically in the management of glaucoma [1]. It is also used,
ither alone or in association with other antiepileptics, for the
reatment of various forms of epilepsy, and is the most frequently
sed drug for the prophylaxis of high-altitude disorders [2]. The
harmacokinetics of ACZ is well documented in healthy subjects.
bsorption is fast, reaching peak plasma concentrations approx-

mately 1–3 h after oral administration. About 80% of the drug is
xcreted by tubular secretion of the anionic species, and 70–90%
f the administered dose is recovered unchanged within 24 h [3].

The determination of ACZ in biological fluids is usually carried
ut by chromatographic techniques [4–10]. Compared to chro-
atography, voltammetric techniques have several advantages

uch as their low cost, sensitivity and short analysis time. However,

ne of the drawbacks of conventional voltammetric techniques is
heir low selectivity for target molecules in more complex matrices
uch as biological samples. To overcome this problem, a clean-
p procedure such as liquid–liquid extraction (LLE) or solid-phase

∗ Corresponding author. Tel.: +98 831 4249651; fax: +98 831 4274559.
E-mail address: mehdi.khodadadian@gmail.com (M. Khodadadian).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.02.049
V) for clean-up and determination of ACZ in human plasma.
© 2010 Elsevier B.V. All rights reserved.

extraction (SPE) should be applied to reduce matrix complexity
prior to quantitative analysis. In the past, LLE has played a major
role in sample clean-up and concentration of the sample compo-
nents to be measured. However, recovery of sample components
by liquid extraction is seldom complete. Liquid extraction tends to
be slow and labor-intensive. Additionally, more stringent environ-
mental concerns are making the use and disposal of large amounts
of organic solvents more difficult. On the other hand, the popularity
and use of SPE are growing at a fast rate. SPE is easily automated,
faster, and in general more efficient than LLE. The particles used in
SPE are non-polluting and the amount of liquid solvents is tremen-
dously lower than in LLE. Beside these advantages, however, the
selectivity of commercial SPE sorbents is low and this makes a prob-
lem when a selective extraction from a complex matrix has to be
performed.

To enhance the molecular selectivity in SPE, molecularly
imprinted polymers (MIPs) [11] have been developed. MIPs are
cross-linked macromolecules bearing “tailor-made” binding sites
for target molecules. They are prepared by the complexation,
in solution, of a target compound (template) with functional

monomers, through either covalent or non-covalent bonds, fol-
lowed by polymerization with an excess of cross-linker to form a
highly cross-linked polymer network. Upon removal of the tem-
plate molecule from the polymer network, specific recognition
sites that are complementary to the template in terms of their
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Scheme 1. Chemical structure of acetazolamide (ACZ).

ize, shape, and functionality are exposed [12,13]. As a result of
heir chemical and physical robustness, in combination with the
olymer’s selectivity, MIPs have proven to be good adsorbents for
olecularly imprinted solid-phase extraction (MISPE) applications

14,15]. Nevertheless, general molecular imprinting protocols are
edious and time-consuming because they are based on trial and
rror method to find the best conditions for imprinting process.

Recently the combinatorial and computational methods have
een considered as alternative approaches for the rational design of
IPs [16–18]. The characterization of molecular complexes formed

etween templates and monomers, with the aim of achieving a
learer picture of the interactions that are the basis of MIP technol-
gy, has been the goal of numerous theoretical studies [19]. Over
he past few years, a number of studies have been reported describ-
ng the application of ab initio and DFT computational methods to
he rational design of molecularly imprinted polymers [17,20]. The
ame ab initio is given to computations that are derived directly

rom theoretical principles with no inclusion of experimental data
ab initio is from the Latin: “from first principles”). The ab initio

ethod solves the Schrödinger equation for a molecule and gives us
he molecule’s energy and wavefunction. DFT calculations are, like
b initio calculations, based on the Schrödinger equation. However,
nlike the ab initio method, DFT does not calculate a wavefunc-
ion, but rather derives the electron distribution (electron density
unction) directly. DFT, which has become very popular in recent
ears, enables novel molecules of theoretical interest to be accu-
ately studied at a lower computational cost as compared to ab
nitio methods [21].

In this work, a DFT-based computational approach was used to
he rational design of MIPs for ACZ as template molecule. The MIPs
ere then synthesized as selective adsorbents to develop a molec-
larly imprinted solid-phase extraction procedure for efficient
lean-up of plasma samples containing ACZ prior to quantitative
nalysis by differential pulse voltammetry (MISPE-DPV).

. Experimental

.1. Materials

Acetazolamide powder (≥99%) was purchased from Sigma
Madrid, Spain). A standard solution of 100 �g mL−1 was prepared
y dissolving an appropriate amount of ACZ in methanol. This solu-
ion was stored at dark and 4 ◦C. Other diluted solutions were
repared by dilution from the standard solution. Methazolamide
nd 4-vinylpyridine (4-VP) were purchased from Sigma (Madrid,
pain). Acrylonitrile (ACN), acrylamide (AAM), ethylene glycol
imethacrylate (EGDMA), 2,2′-azobis(isobutyronitrile) (AIBN), tri-
uoroacetic acid (TFA) and HPLC grade solvents such as methanol
MeOH) and acetonitrile (MeCN) were purchased from Merck

Darmstadt, Germany). ACN, 4-VP and EGDMA were distilled under
educed pressure to remove their stabilizer before use. Human
lasma samples were obtained from healthy volunteers and stored
t −20 ◦C until use. All other chemical used were of analytical
eagent grade and used without further purification.
nta 81 (2010) 1446–1453 1447

2.2. Instrumentation

All voltammograms were recorded using a Metrohm multifunc-
tion instrument model 797 VA Computrace. Measurements were
carried out with a hanging mercury drop electrode (HMDE) (size:
5), in a three-electrode arrangement. The auxiliary electrode was a
wire of platinum with a considerably larger surface area than that
of HMDE. An Ag/AgCl electrode was used as reference electrode.
Solutions were deoxygenated with high purity nitrogen for 5 min
prior to each experiment. All measurements were carried out at
room temperature under the nitrogen atmosphere. A Metrohm-780
pH-meter (Switzerland) was used for pH measurements. A Win-
daus two-channel peristaltic pump model D-38678 was used to
pump solvents during MISPE experiments. High performance liq-
uid chromatography (HPLC) was performed on a KNAUER liquid
chromatograph system employing EZ-Chrome Elite software. The
variable wavelength UV–vis detector was operated at 254 nm for
ACZ determination. A 20 �l injection loop and a reversed phase
C18 column (250 mm × 4.0 mm i.d., Eurospher 100-5) were used.
The mobile phase was 95/3/2 (v/v/v) mixture of 0.4 mol L−1 sodium
acetate buffer/acetonitrile/methanol adjusted to pH 5.1 at a flow
rate of 2 mL min−1.

2.3. General procedure for recording voltammograms

The general procedure for obtaining voltammetric curves was
as follows: 10.0 mL of supporting electrolyte (0.1 mol L−1 HCl) was
transferred into the voltammetric cell and deaerated with high
purity nitrogen (99.999%) for 5 min. The voltammetric curve was
recorded as background voltammogram over the potential range
from −0.2 to −0.8 V using the DPV mode on a HMDE. The required
aliquot of the standard solution of ACZ was added by means of a
micropipette and its voltammogram was recorded with a new mer-
cury drop as before. The pulse amplitude of 50 mV, pulse width of
40 ms and a scan rate of 40 mV s−1 were used for differential pulse
voltammetry. All of the electrochemical experiments were carried
out at ambient laboratory temperature (25 ◦C). Between experi-
ments, the cell was treated with concentrated nitric acid and then
washed with water.

2.4. Synthesis of polymers

General procedure to prepare imprinted polymers was as fol-
lows: the template molecule (0.4 mmol) was mixed with the
selected functional monomer (1.6 mmol) in a 10.0 mL screw-
capped glass vial followed by the addition of 3.0 mL of acetone
as polymerization solvent. The cross-linker EGDMA (6 mmol) and
the initiator AIBN (0.12 mmol) were then added to the above solu-
tion. To remove dissolved oxygen, the solution was purged with
high purity nitrogen (99.999%) for 5 min. Finally, the test tube
was sealed under the nitrogen atmosphere and was then placed
in a water batch at 50 ◦C for 12 h. The resultant polymer mono-
lith was crushed, ground mechanically, and sieved. The particle
size fraction of 32–63 �m was collected. The template molecule
was extracted from the polymers with 90/10 (v/v) MeOH/acetic
acid mixture in a Soxhlet extraction system during 24 h. The refer-
ence non-imprinted polymers (NIPs) were prepared using the same
procedure in the absence of template molecule.

2.5. Binding experiments
Polymer particles (25 mg) were added to 1.0 mL of polymer-
ization solvent, i.e. acetone, containing different concentrations of
ACZ and incubated for 12 h at room temperature. After the bind-
ing process was completed, the mixture was centrifuged and the
concentration of free analyte was determined by DPV. The amount
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f ACZ bound to the polymer (B) was calculated by subtracting the
mount of free drug (F) from its initial value.

.6. Molecularly imprinted solid-phase extraction (MISPE)

A 30 mg amount of each dry polymer was packed into empty
mL SPE-cartridges between two polyethylene frits. Prior to each
xtraction, cartridges were conditioned with 2.0 mL of phosphate
uffer (1.0 × 10−3 mol L−1, pH 4.0). A 1.0 mL volume of human
lasma, spiked with a known concentration of ACZ, was diluted to
.0 mL with phosphate buffer (pH 4.0) and then percolated through
he MIP or NIP cartridge. The cartridge was washed with 1.0 mL of
8/2 (v/v) phosphate buffer (pH 4.0)/MeOH. The drug was eluted
rom the cartridge by using 2× 0.5 mL of 95/5 (v/v) acetone/TFA.
his fraction was then collected and concentrated up to dryness
nder a nitrogen stream. The sample was then reconstituted with
00 �l of methanol and diluted to 10 mL with supporting elec-
rolyte (0.1 mol L−1 HCl), and transferred to the voltammetric cell.
he voltammogram was recorded as described in Section 2.3.

.7. Computational approach

All calculations have been carried out using Gaussian 03 [22]
rogram. The computational method developed was based on den-
ity functional theory to locate the most stable template–monomer
omplexes and the calculation of their electronic stabilization
nergy relative to isolated fragments, �E, through Eq. (1):

E = E(template–monomer complex) − E(template)

−
∑

E(monomer) (1)

A well-known problem in the theory of intermolecular interac-
ions is the occurrence of the so-called basis set superposition error
BSSE) [23]. As two molecules approach each other, the energy of
he system falls not only because of the favorable intermolecular
nteractions but also because the basis functions on each molecule
rovide a better description of the electronic structure around the
ther molecule. Despite the well-known existence of BSSE and the
eans to correct it, only few reports of computationally assisted

esign of MIPs refer the correction of this error [18,24]. An approx-
mate way of assessing BSSE is the counterpoise (CP) correction
25], which is widely used for the accurate computation of molecu-
ar interaction energies by ab initio and DFT methods [26,27]. In this

ethod the BSSE is estimated as the difference between monomer
nergies with the regular basis and the energies calculated with
he full set of basis functions for the whole complex. Consider two

olecules A and B, each having regular nuclear-centered basis sets
enoted with subscripts a and b, and the complex AB having the
ombined basis set ab. The geometries of the two isolated molecules
nd of the complex are first optimized or otherwise assigned. The
eometries of the A and B molecules in the complex will usually
e slightly different than for the isolated species, and the complex
eometry will be denoted with an *. The dimer energy minus the
onomer energies is the directly calculated complexation energy.

Ecomplexation = E(AB)∗
ab − E(A)a − E(B)b (2)

To estimate how much of this complexation energy is due to
SSE, four additional energy calculations are needed. Using the a
asis set for A, and the b basis set for B, the energies of each of the
wo fragments are calculated with the geometry they have in the

omplex. Two additional energy calculations of the fragments at
he complex geometry are then carried out with the full ab basis
et. This means that the energy of A is calculated in the presence
f both the normal a basis functions and with the b basis func-
ions of fragment B located at the corresponding nuclear positions,
nta 81 (2010) 1446–1453

but without the B nuclei present, and vice versa. Such basis func-
tions located at fixed points in space are often referred to as ghost
orbitals. The fragment energy for A will be lowered due to these
ghost functions, since the a basis becomes more complete. The CP
correction is defined in Eq. (3) [27].

�ECP = E(A)∗
ab + E(B)∗

ab − E(A)∗
a − E(B)∗

b (3)

The counterpoise-corrected complexation energy is then given
as �Ecomplexation–�ECP.

Because polymerization is occurred in solution, we must take
into account the effect of solvent, or solvation, in energy calcu-
lations because it leads to changes in energy and stability of the
template–monomer complexes. Methods for evaluating the sol-
vent effect may broadly be divided into two types: those describing
the individual solvent molecules and those that treat the solvent
as a continuous medium [28–30]. Continuum models [31], which
are more popular, consider the solvent as a uniform polarizable
medium with a dielectric constant of ε, while the solute is placed
in a suitably shaped cavity in the medium [32]. In this section, the
polarizable continuum model (PCM), developed by Tomasi and co-
workers [33–35], was used to study the effect of solvent in energy
calculations.

In this study, electronic energies were calculated through DFT
method at B3LYP/6-31G(d) level. The optimized geometries were
further optimized by application of the CP method at B3LYP/6-
31G(d) level for the correction of BSSE error. In order to introduce
the effect of solvent in energy calculations, the polarizable contin-
uum model (PCM) was used.

3. Results and discussion

3.1. Theoretical study of template–monomer interactions

The selection of suitable functional monomers for imprinting
process may be aided by molecular modeling and computa-
tional methods [36]. In a typical computational approach, a
virtual library of functional monomers is created and screened
for all possible interactions between monomers and the template
molecule. Monomers with the highest binding scores are subse-
quently selected to produce full scale MIPs with hopefully superior
recognition properties. In this work, eight functional monomers,
i.e. acrylamide (AAM), 4-vinylpyridine (4-VP), methacrylic acid
(MAA), acrylic acid (AA), 2-(trifluoromethyl)-acrylic acid (TFMAA),
acrylonitrile (ACN), methyl methacrylate (MMA), and methacry-
lamide (MAAM) were theoretically selected as possible functional
monomers. The conformation of template, functional monomers
and template–monomer complexes was optimized to the lowest
energy using DFT method at B3LYP/6-31G(d) level. As an exam-
ple, Fig. 1 shows the optimized geometries of 1:1, 1:2 and 1:3
template–monomer complexes between ACZ and AAM. Table 1
summarizes the calculated interaction energies for all complexes
formed between ACZ and functional monomers before and after
BSSE correction in the gas-phase. As can be seen, the values of bind-
ing energy are influenced by BSSE with a slight variation in stability
order. It is also observed that the 1:3 complexes are the most stable
structures. In solution, however, the stability and order of binding
energy are quite different. Table 2 lists the data for 1:3 complexes.
The interaction energies obtained with different implicit solvents
correspond in every case to a significant decrease as compared to
the gas-phase interaction. This makes sense since solvation of a

species involves also intermolecular interactions of the same nature
as monomer–template and so the solvent acts as a competitor. From
the data listed in Table 2, it is concluded that the combination of
AAM and acetone leads to the most stable complexes. To exam-
ine the accuracy of the theoretical calculations, several polymers
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Fig. 1. Computationally derived structures of 1:1, 1:2 and 1:3 complex

Table 1
Calculated interaction energies (�E, kJ mol−1) for 1:1, 1:2 and 1:3
template–monomer complexes with and without BSSE correction in the gas-phase.

Complexes �Enon-corr �Ecorr

ACZ–(TFMAA) −87.051 −73.027
ACZ–(AA) −85.999 −71.041
ACZ–(MAA) −84.754 −34.406
ACZ–(AAM) −83.573 −68.496
ACZ–(MAAM) −82.645 −41.029
ACZ–(4-VP) −53.591 −40.387
ACZ–(MMA) −49.068 −34.234
ACZ–(ACN) −42.130 −29.679
ACZ–(TFMAA)2 −151.722 −124.230
ACZ–(AA)2 −149.645 −121.552
ACZ–(MAA)2 −148.162 −119.652
ACZ–(AAM)2 −146.622 −118.462
ACZ–(MAAM)2 −144.424 −117.001
ACZ–(4-VP)2 −95.618 −75.705
ACZ–(MMA)2 −92.286 −76.589
ACZ–(ACN)2 −88.231 −72.121
ACZ–(TFMAA)3 −210.486 −171.220
ACZ–(AA)3 −208.909 −167.924
ACZ–(MAA)3 −206.403 −165.264
ACZ–(AAM)3 −201.467 −160.656
ACZ–(MAAM)3 −200.104 −158.395
ACZ–(4-VP)3 −130.451 −101.829
ACZ–(MMA)3 −110.518 −78.4202
ACZ–(ACN)3 −105.847 −81.4446

Table 2
Calculated interaction energies (�E, kJ mol−1) for1:3 template–monomer com-
plexes in different solvents.

Complexes Acetone MeCN MeOH DMSO Water

ACZ–(AAM)3 −91.498 −87.453 −88.232 −84.442 −84.835
ACZ–(MAAM)3 −88.897 −85.199 −86.367 −83.404 −83.197
ACZ–(AA)3 −71.439 −66.611 −67.497 −64.915 −63.623
ACZ–(MAA)3 −69.177 −64.561 −65.801 −63.411 −62.111
ACZ–(4-VP)3 −64.518 −62.285 −63.007 −61.127 −61.261
ACZ–(TFMAA)3 −63.020 −58.455 −50.165 −55.567 −56.229
ACZ–(MMA)3 −34.463 −32.450 −33.501 −32.854 −31.905
ACZ–(ACN)3 −13.665 −11.753 −12.708 −9.3231 −11.690
es of ACZ with AAM using DFT method at B3LYP/6-31G(d) level.

for ACZ were prepared by bulk polymerization using ACN (MIP1),
4-VP (MIP2) and AAM (MIP3) as functional monomers, EGDMA as
cross-linker and acetone as polymerization solvent.

3.2. Adsorption isotherm

In this section, the heterogeneous Langmuir–Freundlich (LF)
isotherm was considered for the evaluation of binding character-
istics of the synthesized MIPs [37]. The LF isotherm describes a
relationship between the concentration of bound (B) and free (F)
guest in heterogeneous systems with three different coefficients
according to the following equation:

B = NtaFm

1 + aFm
(4)

where Nt is the total number of binding sites, a is related to the
median binding affinity constant (K0) via (K0 = a1/m), and m is the
heterogeneity index, which will be equal to 1 for a homogeneous
material, or will take values within 0 and 1 if the material is het-
erogeneous.

The experimental isotherm data (F and B) were successfully
fitted to the LF isotherm in order to evaluate the Nt, K0, and m
values (Fig. 2 is shown as an example for MIP3). The resulted fit-

ting coefficients at the desired concentration window are listed
in Table 3. As seen, the value of m demonstrates the hetero-
geneity of all MIPs. However, MIP3 shows the highest degree of
binding site homogeneity with the highest heterogeneity index
(m = 0.51). The comparison of other binding parameters reveals

Table 3
Langmuir–Freundlich isotherm fitting coefficients for MIP1, MIP2 and MIP3.

Polymer Isotherm parameters R2

Nt (�mol g−1) a (g �mol−1) m K0
a (g �mol−1)

MIP1 333.4 0.040 0.45 8.0 × 10−4 0.9997
MIP2 445.2 0.041 0.49 1.4 × 10−3 0.9994
MIP3 683.3 0.044 0.51 2.2 × 10−3 0.9997

a The mean association constant which was calculated as K0 = a1/m .
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Fig. 2. Experimental isotherm (circle) and LF fit (line) for MIP3.

hat MIP3 has the highest concentration of binding sites per
ram of polymer (Nt = 683.3 �mol g−1) and median binding affinity
K0 = 2.2 × 10−3 �mol−1). From Table 3 it is also concluded that the
esults of LF isotherm are consistent with the theoretical calcula-
ions.

From the theoretical molecular modeling studies and binding
xperiments, the MIP3 which is manufactured by AAM was iden-
ified as the favored imprinted material for use in the subsequent

ISPE experiments.

.3. Voltammetric behavior of ACZ

To elucidate the electrode reaction of ACZ, cyclic voltam-
ograms of the drug were recorded at HMDE and at different

can rates. Fig. 3 shows the cyclic voltammograms of the drug
1.0 × 10−5 mol L−1) in 0.1 mol L−1 HCl solution. The voltammo-
rams exhibit one well-defined cathodic peak at about −480 mV,
ith no peak on the reverse scan, suggesting the irreversible nature
f the electrode reaction. The effect of potential scan rate, �, on the
eak current of ACZ was evaluated and is shown in the inset of
ig. 3. A linear relationship was observed between log ip and log �
ver the scan range 10–550 mVs−1 (r2 = 0.9993) and corresponds to

ig. 3. Cyclic voltammograms of 1.0 × 10−5 mol L−1 ACZ in 0.1 mol L−1 HCl recorded
t different scan rates (a–j: 10–550 mVs−1), and corresponding log ip vs. log � plot.
Fig. 4. Effect of pH on the differential pulse voltammograms of 1 × 10−7 mol L−1 ACZ.
Instrumental parameters were: pulse amplitude 50 mV, pulse with 40 ms, scan rate
40 mV s−1.

the equation log ip = 0.544 log � + 0.329 (ip in nA and � in Vs−1). The
slope of 0.544 is close to the theoretically expected value of 0.50 for
a diffusive process [38]. On the other hand, as scan rate increased,
the potential shifted to more negative values as expected for an
irreversible reduction process [39]. In a study of the peak potentials
shift as a function of scan rate, the peak potential (Ep) of the cathodic
wave was observed to move cathodically by increasing sweep rates.
The plot of Ep = f (log �) resulted in a straight line (r2 > 0.998) with
a slope of 30.3 mV/decade (30/˛na) [40]. So the ˛na value is 0.97.
Since the value of ˛ is normally considered to be 0.5, the number
of electrons, na, transferred in the rate-determining step should be
two (na = 2). The presence of azometine reducible group (–C N–)
in the structure of ACZ is probably responsible for the observed
reduction wave.

In order to develop a voltammetric method for determining
the drug, we selected the DPV mode, since the peak was sharper
and better defined than that obtained by cyclic voltammetry, with
lower background current. The DPVs of 1.0 × 10−6 mol L−1 ACZ
were obtained at different pHs (HCl and phosphate buffers were
used for adjusting the test solution pHs) (Fig. 4). The wave was well
developed at pH < 4. The potential of the cathodic peak of ACZ was
shifted linearly towards more negative potentials by increasing the
pH between 0.6 and 4.0. The slope 62 mV/pH confirms the partic-
ipation of equal number of electrons and protons in the reduction
process. As can be seen from Fig. 4, at pH 1.0 the maximum signal is
obtained. Thus, 0.1 mol L−1 HCl was used as background electrolyte
throughout the present study.

The influence of electrochemical parameters known to affect
the differential pulse voltammograms, viz. pulse amplitude, pulse
width and scan rate were studied. During the study, each variable
was changed while the other two were kept constant. The variables
of interest were studied over the ranges 25–100 mV for pulse ampli-
tude, 30–100 ms for pulse width and 10–60 mV s−1 for scan rate. It
was found that the peak height increased by increasing scan rate,
however, the peak current decreased as the pulse width increased.
To acquire voltammograms of relatively high sensitivity and well-
shaped waves with relatively a narrow peak width, values of 50 mV,
40 ms and 40 mV s−1 were chosen for pulse amplitude, pulse width
and scan rate, respectively.
3.4. Optimization of MISPE procedure

3.4.1. Effect of pH
To have better interaction between MIP and target molecule in

aqueous media, the effect of sample pH should be studied. The effect
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Table 4
Typical recovery of acetazolamide from MIP3 cartridge using different elution sol-
vents. The volume of solvent in each step was 0.5 mL.

Elution solvent First (%) Second (%) Third (%) Total (%)

Acetone 68.3 13.9 9.7 91.9

As defined by European Pharmacopoeia [44], the LOQ and LOD are
the concentrations at which the signal-to-noise ratio is 3 and 10,
Fig. 5. Effect of pH on the recovery of ACZ from MIP3 cartridge.

f buffer pH on ACZ binding was investigated over the pH range
.0–9.0 for MIP3 (Fig. 5). Clearly, the binding behavior of ACZ was
ot greatly affected at pH < 6.0. However, at more alkaline pHs the
ecovery of the drug was considerably decreased as pH increased.
t has been reported that ACZ has two pKa values [41]. The pK1
orresponds to the dissociation of carbonamido group (pK1 ≈ 7.2)
nd pK2 arises from the dissociation of sulfonamido group under
lkaline conditions (pK2 ≈ 9.0) [42]. At pH < 6.0 ACZ is fully proto-
ated and therefore the selective binding to the MIP is mainly due
o hydrogen bonds. At more alkaline solutions ACZ is deprotonated
nd the hydrogen bonds between the drug and MIP failed, therefore
he selective binding interaction reduced. The pH 4.0 was selected
or subsequent MISPE experiments.

.4.2. Selection of washing solvent
Washing MIP is a crucial step in developing a MISPE procedure

ecause the general procedure for reducing problems of non-
pecific adsorption is the selection of a proper washing solvent prior
o elution [43]. Thus, in this section we test several washing sol-

ents to develop an efficient washing step. The results are shown
n Fig. 6. As can be seen, when cartridges were washed with 1.0 mL
f acetone or MeOH the recovery of the drug decreased consider-
bly. Nevertheless, when 1.0 mL of 98:2 (v/v) phosphate buffer (pH

ig. 6. ACZ recoveries (%) from MIP3 and NIP3 cartridges after washing the car-
ridges with 1.0 mL of: (A) MeOH, (B) acetone, (C) 50:50, (D) 90:10, (E) 98:2, and
F) 98:1 (v/v) phosphate buffer (pH 4.0)/MeOH. 2× 0.5 mL of 95/5 (v/v) acetone/TFA
as used for the elution step.
MeOH 67.1 13.0 8.6 88.7
MeCN 42.5 11.8 7.7 62.0
Acetone + 2% TFA 82.6 14.9 1.8 99.3
Acetone + 5% TFA 83.9 15.7 <0.1 99.7

4.0)/MeOH was used as washing solvent, the recovery of the drug
from MIP and NIP was 98.3% and 6.3%, respectively. From Fig. 6 it
is also concluded that a 98/2 (v/v) mixture of phosphate buffer (pH
4.0) and MeOH leads to the maximum difference between MIP’s
and NIP’s recovery. Therefore, this mixture was selected as wash-
ing solution as it combines a good recovery and a high degree of
specific retention on MIP.

3.4.3. Selection of elution solvent
The specific interactions between MIP and template molecule

are non-covalent, e.g. hydrogen bonds, and can be destroyed by the
polar solvents, such as MeOH, MeCN, acetone, and binary mixtures
of acetone and TFA. The best recoveries were obtained using ace-
tone containing 5% TFA (Table 4). Therefore, 2× 0.5 mL of 95/5 (v/v)
acetone/TFA was used as elution solution throughout the present
study.

3.5. Validation of the method

The MISPE-DPV method for the determination of ACZ was val-
idated by determining its performance characteristics regarding
linearity, repeatability, and precision. To test the DPV response lin-
earity, a series of standard solutions of ACZ in the concentration
range 0.20–18.0 �g mL−1 were analyzed (at least ten samples cov-
ering the whole range were used). The relationship between peak
height (y, nA) and concentration (x, �g mL−1) was linear for ACZ
according to the equation y = 41.967x + 0.338; (R2 = 0.9982) (n = 15).
respectively. The limit of detection (LOD) and the limit of quantifi-
cation (LOQ) were 0.06 and 0.20 �g mL−1, respectively. The RSD

Table 5
Distribution ratio (Kd) and selectivity coefficient (˛) values for imprinted and non-
imprinted polymers.

Compound MIP NIP

Kd ˛ Kd ˛

Acetazolamide 96.2 16.5
Methazolamide 29.6 3.25 11.3 1.46
Hydrochlorothiazide 17.6 5.46 14.8 1.11
Zonisamide 28.3 3.39 18.5 0.89
Guaifenesin 12.2 7.88 13.7 1.20
Metronidazole 16.1 5.97 11.5 1.43

Table 6
Tolerable concentration ratios with respect to acetazolamide for some interfering
substances using DPV and MISPE-DPV.

Interfering substances DPV MISPE-DPV

Starch 250 2300
Urea, citric acid 200 1700
Uric acid 150 1000
Glucose, sucrose, ascorbic acid 100 850
Creatinine, leucine, glycine 75 800
Histidine, arginine 8 400
Glutathione 1 450
Cysteine 0.02 150
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Scheme 2. Chemical structures of: (A) methazolamide, (B) zonisamide, (C) hydrochlorothiazide, (D) guaifenesin, and (E) metronidazole.

Table 7
Results of determination of ACZ in plasma (n = 5).

Concentration (�g mL−1) MISPE-DPV (�g mL−1) HPLC (�g mL−1) t-Testa F-test

0.5 0.466 ± 0.021 0.479 ± 0.026 0.77 1.53

v
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w
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w
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w
c
t
a

a

o
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w
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1.0 0.965 ± 0.029
5.0 4.820 ± 0.191

a Theoretical values of t and F at P = 0.05 are 2.31 and 6.39, respectively.

alue for intraday assay reproducibility at 0.5 �g mL−1 solution
n = 5) was found to be 2.86% indicating good repeatability of the

ethod.

.6. The selectivity test

In order to evaluate the selectivity of the synthesized MIP, met-
azolamide, which is an analogue of ACZ, and several drugs with
ifferent structures but able to form hydrogen bonds with the MIP
ere considered in this section (Scheme 2). In several batch exper-

ments, the distribution ratios (Kd) and selectivity coefficients (˛)
ere calculated and are listed in Table 5.

The Kd values were calculated using the equation:

d = (Ci − Cf)V
Cfm

here V, Ci, Cf and m represent the volume of the solution (mL), drug
oncentration before and after adsorption (�g mL−1) and mass of
he polymer, respectively. The selectivity coefficient (˛) is defined
s:

= Kd(acetazolamide)
Kd(foreign compound)

The results from Table 5 clearly suggest that the unique shape
f the template molecule plays an important role in its selective
inding to the MIP.

.7. Interference study
Under the selected conditions for determining the drug, the
nterference of some species commonly present in biological media

as examined by analyzing a standard solution of 0.5 �g mL−1 ACZ.
he tolerable limit of foreign species was considered with the rela-
ive error less than 3%. The results are listed in Table 6. These results
0.935 ± 0.018 1.75 2.59
4.906 ± 0.182 0.65 1.10

clearly show that MIP can be used as a good adsorbent for clean-up
of complex samples to improve the selectivity of the DPV method.

3.8. Evaluation of MISPE-DPV for plasma samples

The applicability of the MISPE-DPV method was tested for
human plasma samples. In order to validate the methodology and
confirm its potential in routine monitoring of ACZ, the same sam-
ples were subjected to a previously reported HPLC method [9].
Table 7 compares the results of the analysis of ACZ between the
two methods. As can be seen, the methods show similar accuracy
and precision at the concentrations tested as revealed by the t-test
and F-test, respectively.

4. Conclusion

The results of the present study show that the computer-
assisted design of MIPs based on density functional theory
(DFT) can be used as a powerful tool to screen functional
monomers for a specified template molecule. The DFT calcu-
lations predict that AAM/acetone is the best combination of
functional monomer/solvent which leads to the most stable pre-
polymerization complexes with ACZ as template. Adsorption
isotherm studies also showed that the MIP prepared by AAM is the
most homogeneous MIP with the highest number of binding sites.
This polymer was then used as a selective adsorbent to develop
a molecularly imprinted solid-phase extraction (MISPE) procedure
for selective extraction of ACZ from human plasma before differ-
ential pulse voltammetry (DPV). The combination of MISPE and

differential pulse voltammetry (DPV) considerably enhanced the
selectivity of the voltammetric technique. The developed MISPE-
DPV method exhibited good analytical performance in terms of
selectivity, sensitivity, reproducibility and accuracy for quantifica-
tion of ACZ in complex biological samples such as human plasma.
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