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a b s t r a c t

Molecularly imprinted polymers (MIPs) with high selectivity toward methocarbamol have been compu-
tationally designed and synthesized based on the general non-covalent molecular imprinting approach.
A virtual library consisting of 18 functional monomers was built and possible interactions between the
template and functional monomers were investigated using a semiempirical approach. The monomers
with the highest binding scores were then considered for additional calculations using a more accurate
quantum mechanical (QM) calculation exploiting the density functional theory (DFT) at B3LYP/6-31G(d,p)
level. The cosmo polarizable continuum model (CPCM) was also used to simulate the polymerization sol-
vent. On the basis of computational results, acrylic acid (AA) and tetrahydrofuran (THF) were found to
be the best choices of functional monomer and polymerization solvent, respectively. MIPs were then
synthesized by the precipitation polymerization method and used as selective adsorbents to develop
ifferential pulse voltammetry (DPV) a molecularly imprinted solid-phase extraction (MISPE) procedure before quantitative analysis. After
MISPE the drug could be determined either by differential pulse voltammetry (DPV), on a glassy carbon
electrode modified with multiwalled-carbon nanotubes (GC/MWNT), or high performance chromatog-
raphy (HPLC) with UV detection. A comparative study between MISPE-DPV and MISPE-HPLC-UV was
performed. The MISPE-DPV was more sensitive but both techniques showed similar accuracy and preci-

sion.

. Introduction

Methocarbamol (Scheme 1), a carbamate structural analogue of
he aryl glycerol ethers, is a centrally active muscle relaxant and
idely used for the treatment of skeletal muscle conditions of pain

nd discomfort [1,2]. Methocarbamol is easily absorbed from the
ntestine and widely distributed in all body tissues [3]. Because of
otential for severe side effects, this drug is on the list for high risk
edications in the elderly [4].
The sensitive and fast monitoring of methocarbamol in body

uids is of great interest from both pharmacokinetic and forensic
spects [4–6]. The determination of methocarbamol in biological
uids is usually carried out by chromatographic techniques [6–9].
ompared to chromatography, voltammetric techniques have sev-
ral advantages such as their low cost, sensitivity and short analysis
ime. However, one of the drawbacks of conventional voltammetric
echniques is their low selectivity for target molecules in complex
atrices such as biological samples [10]. To overcome this prob-
em, a clean-up procedure such as liquid–liquid extraction (LLE)
r solid-phase extraction (SPE) should be applied to reduce matrix
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E-mail address: mbgholivand@yahoo.com (M.B. Gholivand).
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© 2011 Elsevier B.V. All rights reserved.

complexity prior to quantitative analysis. In the past, LLE has played
a major role in sample clean-up and preconcentration of the sample
components to be measured. However, recovery of sample compo-
nents by liquid extraction is seldom complete. Liquid extraction
tends to be slow and labor-intensive. Additionally, more stringent
environmental 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. However,
the selectivity of commercial SPE sorbents is low and this makes a
problem when a selective extraction from a complex matrix has to
be performed.

To enhance the molecular selectivity in SPE, molecularly
imprinted polymers have been developed [11–15]. 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
size, shape, and functionality are exposed [16,17]. As a result of
their chemical and physical robustness, in combination with the



M.B. Gholivand, M. Khodadadian / Talanta 85 (2011) 1680–1688 1681

esin,

p
f
i
a
i

b
M
b
c
n
O
d
o
c
t
t
s
w
t
m
t
o
m

i
c
c
a
e

Scheme 1. Chemical structures of: (a) methocarbamol, (b) guaifenesin, (c) mephen

olymer’s selectivity, MIPs have proven to be good adsorbents
or MISPE applications [18,19]. Nevertheless, general molecular
mprinting protocols are tedious and time-consuming because they
re based on trial and error method to find the best conditions for
mprinting process.

Recently the combinatorial and computational methods have
een considered as alternative approaches for the rational design of
IPs [20–22]. 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 tech-
ology, has been the goal of numerous theoretical studies [23].
ver the past few years, a number of studies have been reported
escribing the application of ab initio and DFT computational meth-
ds in the rational design of MIPs [21,24,25]. However, the long
omputation times required for geometry optimization is one of
he drawbacks of such calculations. One way of reducing computa-
ion time, however, is to combine the fast computational methods
uch as molecular mechanics (MM) or semiempirical calculations
ith ab initio or DFT methods. For example, a large library of func-

ional monomers can be screened fast by applying a semiempirical
ethod followed by a DFT optimization on the most stable struc-

ures. This will reduce the computation time by the fast rejection
f functional monomers which do not interact with the template
olecule intensively.
Electroanalytical techniques have some important advantages

ncluding speed, high sensitivity, relative simplicity and low costs

ompared to other techniques. In recent years, the application of
arbon nanotubes in electrode modification has received remark-
ble attention in electrochemistry [26–32]. The modification of
lectrode substrates with MWNTs would result in low detection

Scheme 2. Possible electrode re
(d) acetazolamide, (e) zonisamide, (f) hydrochlorothiazide and (g) metronidazole.

limits, reduced overpotentials and resistance to surface foul-
ing and therefore MWNTs have been claimed as electrocatalysts
[26,28,29,32].

Herein, the semiempirical and DFT-quantum mechanical
calculations were used for the rational design of methocarbamol-
imprinted polymers. The MIPs were then synthesized to develop
a MISPE procedure for the selective extraction of methocarbamol
from human plasma before quantitative analysis by DPV or
HPLC-UV.

2. Experimental

2.1. Materials

Methocarbamol (99.8%), mephenesin, guaifenesin, zonisamide,
hydrochlorothiazide, metronidazole, acetazolamide and 4-
vinylpyridine (4-VP) all were purchased from Sigma (Madrid,
Spain). A standard solution of 100 �g mL−1 of methocarbamol
was prepared by dissolving an appropriate amount of the drug in
methanol. This solution was stored at dark and 4 ◦C. Other diluted
solutions were prepared by dilution from the standard solu-
tion. Acrylic acid (AA), ethylene glycol dimethacrylate (EGDMA),
2,2′-azobis(isobutyronitrile) (AIBN), triethylamine (TEA), triflu-
oroacetic acid (TFA) and HPLC grade solvents such as methanol
(MeOH) and acetonitrile (MeCN) were purchased from Merck
(Darmstadt, Germany). All monomers were distilled under the

reduced pressure to remove their stabilizers before use. Human
plasma samples were obtained from healthy volunteers and stored
at −20 ◦C until use. All other chemical were of analytical reagent
grade and used without further purification.

action of methocarbamol.
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.2. Instrumentation

All voltammograms were recorded using an AUTOLAB instru-
ent with GPES 4.9 software. Measurements were carried out

n a GC or GC/MWNT electrode in a three-electrode arrange-
ent. The auxiliary electrode was a wire of platinum; and an
g/AgCl electrode was used as reference electrode. All measure-
ents were carried out at room temperature. A Metrohm-780

H-meter (Switzerland) was used for pH adjustments.
High performance liquid chromatography (HPLC) was per-

ormed on a CECIL liquid chromatograph instrument. The variable
avelength UV–visible detector was operated at 275 nm for
ethocarbamol determination. A 20 �L injection loop and a

eversed phase C18 column (250 × 4.0 mm i.d., HICHROM, H50DS-
3272) were used. The mobile phase was 50/50 (v/v) mixture of
.02 mol L−1 phosphate buffer/acetonitrile adjusted to pH 3.0 at a
ow rate of 1 mL min−1. A Windaus two-channel peristaltic pump
odel D-38678 was used to pump solvents during MISPE experi-
ents.

.3. General procedure for recording voltammograms

The general procedure for obtaining voltammetric curves was as
ollows: 10.0 mL of 0.1 M phosphate buffer pH 3.0 was transferred
nto the voltammetric cell. After purging the solution with high
urity nitrogen, the voltammogram was recorded as background
urve over the potential range from 0.7 to 1.5 V using the DPV mode
n a GC/MWNT electrode. The required aliquot of the standard solu-
ion of methocarbamol was added by means of a micropipette and
ts voltammogram was recorded as before. The pulse amplitude of
00 mV, pulse width of 250 ms and a scan rate of 100 mV s−1 were
sed for differential pulse voltammetry. All of the electrochemical
xperiments were carried out at ambient laboratory temperature
25 ◦C). Between experiments, the cell was treated with concen-
rated nitric acid and then washed with double distilled water.

.4. Preparation of the GC/MWNT electrode

The bare GC electrode was polished successively with 1 and
.05 �m alumina slurries to a mirror surface, and cleaned in ethanol
nd water under ultrasonication. A droplet (5 �L) DMF suspension
f the MWNTs (0.5 mg mL−1) was spread on the disk surface of the
C electrode using a micro-syringe. Than the electrode was dried

n the air forming the MWNT modified GC electrode, denoted as the
C/MWNT.

.5. Synthesis of polymers

General procedure to prepare imprinted microspheres was
s follows: the template molecule (0.4 mmol) was mixed with
he selected functional monomer (1.6 mmol) in a 15.0 mL screw-
apped glass vial followed by addition of 10.0 mL THF as
olymerization solvent. The cross-linker EGDMA (6 mmol) and the

nitiator AIBN (0.12 mmol) were then added to the above solution.
o remove dissolved oxygen, the solution was purged with high
urity nitrogen (99.999%) for 5 min. Finally, the test tube was sealed
nder the nitrogen atmosphere and was then placed in a water
ath at 50 ◦C for 12 h with occasionally stirring. The resultant poly-
eric particles (1–3 �m) were collected and the template molecule

as extracted from the polymers with 90/10 (v/v) MeOH/acetic

cid mixture in a Soxhlet extraction system during 24 h. The refer-
nce non-imprinted polymers (NIPs) were prepared using the same
rocedure in the absence of template molecule.
alanta 85 (2011) 1680–1688

2.6. Binding experiments

Polymer particles (100 mg) were added to 5.0 mL of polymer-
ization solvent, i.e. THF, containing different concentrations of the
drug and incubated for 12 h at room temperature. After the binding
process was completed, the mixture was centrifuged and the con-
centration of free analyte was determined by HPLC. The amount
of methocarbamol bound to the polymer (B) was calculated by
subtracting the amount of free drug (F) from its initial value.

2.7. Molecularly imprinted solid phase extraction (MISPE)

2.7.1. MISPE-DPV
A 50 mg amount of each dry polymer was packed into empty

5 mL SPE-cartridges between two polyethylene frits. Prior to each
extraction, cartridges were conditioned with 2.0 mL of phosphate
buffer (1.0 × 10−3 mol L−1, pH 7.0). To exactly 1.0 mL of human
plasma, spiked with a known concentration of the drug, 0.6 g of
ammonium sulfate was added and centrifuged at 7000 rpm for
15 min (4 ◦C) to precipitate proteins. The protein-free supernatant
was diluted to 2.0 mL with phosphate buffer (pH 7.0) and then
passed through the MIP or NIP cartridge. The cartridge was washed
with 2× 0.5 mL of 95/5 (v/v) water/MeOH. The drug was eluted
from the cartridge by using 2× 0.5 mL of 95/5 (v/v) MeOH/TFA. This
fraction was then collected and concentrated up to dryness under a
nitrogen stream. The sample was then reconstituted with 200 �L of
methanol and diluted to 10 mL with 0.1 M phosphate buffer pH 3,
and transferred to the voltammetric cell. The voltammogram was
recorded as described in general procedure section.

2.7.2. MISPE-HPLC-UV
The procedure for MISPE-HPLC-UV was the same as MISPE-DPV

except for the last step: after drying the sample, it was reconsti-
tuted with 200 �L of mobile phase of HPLC. A 20 �L volume of this
solution was analyzed by HPLC.

2.8. Recovery experiments

A 50 mg amount of each dry polymer was packed into empty
5.0 mL SPE cartridges between two polyethylene frits. Prior to each
extraction cartridges were conditioned with 2.0 mL of phosphate
buffer (1.0 × 10−3 M, pH 7.0). A 1.0 mL solution of phosphate buffer
(pH 7.0) spiked with a known concentration of methocarbamol was
percolated through the MIP or NIP cartridge. The cartridges were
then washed and eluted with corresponding washing or elution sol-
vents. The elution fractions were then collected and peak area of
methocarbamol was determined by HPLC. The extraction recover-
ies of methocarbamol during MISPE experiments were calculated
using the formula:

Recovery (MISPE) =
(

AExtracted

AStandard

)
× 100% (1)

where AExtracted is the peak area of methocarbamol in eluted frac-
tion obtained by HPLC analysis after MISPE, and AStandard is the
peak area of methocarbamol standard in phosphate buffer without
MISPE pretreating. A similar procedure was used to evaluate the
recovery of analyte from a plasma sample after pretreating either
by MISPE or C18-SPE cartridges.

The recovery of methocarbamol in spiked plasma samples using
MISPE-HPLC-UV or MISPE-DPV methods was calculated using the
formula: (

C
)

Recovery (method) = Found

CSpiked
× 100% (2)

where CFound is the concentration of extracted methocarbamol by
MISPE which obtained by HPLC or DPV techniques using calibration
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urve, and CSpiked is the concentration of initial methocarbamol in
piked plasma sample.

.9. Clean-up procedure using C18-SPE cartridges

In order to compare MIP with classical reversed-phase SPE sor-
ents, a 5 mL-volume C18-SPE cartridge (Restek U.S., Bellefonte, PA)
as used to extract the drug from a plasma sample. The SPE con-
itions were optimized and general procedure was as follows: the
artridge was preconditioned with 2.0 mL of methanol, followed by
.0 mL of distilled water. To exactly 1.0 mL of human plasma, spiked
ith a known concentration of the drug, 0.6 g of ammonium sul-

ate was added and centrifuged at 5000 rpm for 15 min (4 ◦C) to
recipitate proteins. The protein-free supernatant was diluted to
.0 mL with phosphate buffer (pH 7.0) and then passed through the
artridge. The cartridge was washed with 2× 0.5 mL of 9/1 (v/v)
ater/MeCN and the drug was eluted with 2× 0.5 mL of 98/2 (v/v)

f methanol/TFA solution. Elution fractions were collected in a test
ube and evaporated to dryness under a nitrogen stream and dis-
olved in 200 �L of mobile phase of HPLC. A 20 �L volume of this
olution was analyzed by HPLC.

.10. Computational approach

All calculations have been carried out using Gaussian 03 [33]
rogram. The computational method developed was based on the
M3 semiempirical method and density functional theory (DFT) to
ocate the most stable template–monomer complexes. The inter-
ction energies, �E, were calculated through Eq. (3):

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

−
∑

E(mononer) (3)

A well-known problem in the theory of intermolecular interac-
ions is the occurrence of the so-called basis set superposition error
BSSE) [34]. 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 [24,35]. An approxi-
ate way of assessing BSSE is the counterpoise (CP) correction [36],
hich is widely used for the accurate computation of molecular

nteraction energies by ab initio and DFT methods [37,38].
Because polymerization is occurred in solution, we must take

nto account the effect of solvent, or solvation, in energy calcu-
ations because it leads to changes in energy and stability of the
emplate–monomer complexes. Methods for evaluating the sol-
ent effect may broadly be divided into two types: those describing
he individual solvent molecules and those that treat the solvent
s a continuous medium [39–41]. Continuum models [42], which
re more popular, consider the solvent as a uniform polarizable
edium with a dielectric constant of ε, while the solute is placed

n a suitably shaped cavity in the medium [43]. In this section, the
olarizable continuum model, developed by Tomasi and co workers
44–46], was used to study the effect of solvent in energy calcula-
ions.

In this study, electronic energies were first calculated using PM3
ethod. The most stable structures from this step were further
ptimized through the DFT method at B3LYP/6-31G(d,p) level. The
SSE error was corrected using the counterpoise (CP) correction. In
rder to introduce the effect of solvent in energy calculations, the
olarizable continuum model was used.
Fig. 1. Cyclic voltammograms of 1.0 × 10−5 mol L−1 methocarbamol in 0.1 mol L−1

phosphate buffer (pH 3) on: (a) GC and (b) GC/MWNT electrodes.

3. Results and discussion

3.1. Voltammetric study

Methocarbamol shows an irreversible oxidation wave in phos-
phate buffer solutions in the pH range 1.0–12.0. Fig. 1 shows the
cyclic voltammetric response of the drug on a bare GC electrode
(curve a) in phosphate buffer (pH = 3) within the potential window
of 0.8–1.40 V. The anodic wave of methocarbamol is observed at
the peak potential of 1.22 V. Curve b in Fig. 1 displays the cyclic
voltammogram of the drug on a GC/MWNT electrode under the
same experimental conditions. As can be seen, the Faradic response
of methocarbamol at the GC/MWNT electrode is much higher than
that observed at the bare GC electrode. The current enhancement
for methocarbamol on modified GC electrode might be attributed
to the large surface area of MWNT [47,48].

Cyclic voltammograms were also recorded at different potential
scan rates from 10 to 500 mV s−1 on a GC/MWNT electrode. The lin-
ear relationship existing between peak current and square root of
the scan rate showed that the oxidation process is predominantly
diffusion-controlled in the whole scan rate range studied. The plots
of logarithm of peak current versus logarithm of scan rate gave a
straight line (R2 > 0.99) with the slope of 0.55. This slope is close to
the theoretically expected value of 0.50 for a diffusive process [49].
On the other hand, as scan rate increased, the potential shifted to
more positive values as expected for an irreversible oxidation pro-
cess [50]. The plot of Ep vs. log � resulted in a straight line (r2 > 0.99)
with a slope of 59.3 mV/decade (30/˛na) [51]. Therefore ˛na value
was found to be 0.5. Since the value of ˛ is normally considered to be
0.5, the number of electrons, na transferred in the rate-determining

step should be one (na = 1).

Similar experiments were carried out by differential pulse
voltammetry. Fig. 2 shows the DPVs of methocarbamol in phos-
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Table 1
Calculated interaction energies (kJ/mol) for the most stable 13 template–monomer
complexes at B3LYP/6-31G(d,p) level in the gas phase with and without BSSE
correction.

Monomer �Enon-corr �Ecorr

AA −167.6925 −121.951
MAA −165.3164 −120.105
ig. 2. Differential pulse voltammograms of 1.0 × 10−7 mol L−1 methocarbamol in
.1 mol L−1 phosphate buffer (pH 3) on: (a) GC and (b) GC/MWNT electrodes.

hate buffer (pH 3) at the bare GC (curve a) and GC/MWNT (curve b)
lectrodes, respectively. The DPV of 1 × 10−7 M of methocarbamol
t GC/MWNT electrode shows an about 6-fold increase in anodic
urrent relative to that obtained by the bare GC electrode. There-
ore, the DPV mode using the GC/MWNT as working electrode was
elected for quantitative analysis of the drug.

The electrochemical oxidation of methocarbamol at the

C/MWNT electrode was investigated in the pH range 1.0–12.0.
he relationship between the peak height and pH for the oxidation
rocess of methocarbamol is shown in Fig. 3. The peak height was

ig. 3. Effect of pH on the peak currents of differential pulse voltammograms of
× 10−7 mol L−1 methocarbamol.
HEMMA −120.1675 −78.5824
ALAM −79.88790 −23.1899

pH dependent and the maximum peak current value was obtained
at pH 3.0, hence this pH was chosen to carry out electroanalytical
determinations.

The electrochemical oxidation of methocarbamol seems to be
a complex process and different reaction pathways are possible.
From the voltammetric behavior of alkoxybenzene derivatives,
which are structurally related to methocarbamol [52,53], the
mechanism of oxidation of methocarbamol may be postulated by
oxidation of the –OMe and/or –OR (R = CH2CH2OHCH2OCONH2)
groups on the aromatic ring (Scheme 2) [54–56].

The influence of electrochemical parameters known to affect
the differential pulse voltammograms viz. pulse amplitude, pulse
width and scan rate were studied. The variables of interest
were studied over the ranges 10–200 mV for pulse amplitude,
100–2000 ms for pulse width and 10–250 mV s−1 for scan rate. To
acquire a well shape voltammogram with high peak current, the
values of 100 mV, 250 ms and 100 mV s−1 were chosen for pulse
amplitude, pulse width and scan rate, respectively.

3.2. Theoretical selection of functional monomer and
polymerization solvent

The selection of suitable functional monomers for imprinting
process may be aided by molecular modeling and computational
methods [57]. In a typical computational approach, a virtual library
of functional monomers is created and screened for all possi-
ble interactions between monomers and the template molecule.
Monomers with the highest binding scores are subsequently
selected to produce full scale MIPs with hopefully superior recog-
nition properties. In this work, eighteen functional monomers
(Scheme 3) were theoretically selected as possible functional
monomers. The conformation of template, functional monomers
and template–monomer complexes were first optimized to the
lowest energy using the fast PM3-semiempirical method. In the cal-
culation of electronic energies, the highest stability was obtained
for the 1:3 mole ratio of template–monomer complexes. Among
the monomers tested, MAA, AA and HEMMA gave the most stable
complexes with the template molecule, while the lowest binding
energy was obtained with ALAM. These structures were further
optimized using a more accurate quantum mechanical calculation.
Fig. 4, as an example, shows the optimized geometries of 1:1, 1:2
and 1:3 methocarbamol–AA complexes predicted by DFT method
at B3LYP/6-31G(d,p) level. Table 1 summarizes the calculated inter-
action energies for 1:3 template–monomer complexes before and
after BSSE correction in the gas-phase. As seen, DFT predicts that the
most stable complex is formed between AA and template molecule.
The CP correction also reveals that the values of binding energies
are influenced by BSSE but the stability order is maintained. The
interaction energies were also calculated in different solvents using
the cosmo polarizable continuum model. The interaction energies
obtained with different implicit solvents corresponds in every case

to a significant decrease as compared to the gas-phase interaction.
This makes sense since solvation of a species involves also inter-
molecular interactions of the same nature as monomer–template
and so the solvent acts as a competitor. From the data listed in
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Scheme 3. The virtual library of functional monomers: acrylamide (AAM), methacrylic acid (MAA), 1-vinylimidazole (1-VIm), 2-aminoethylmethacrylate (2-AMEMA), 2-
v A), al
v rylate
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inylpyridine (2-VP), 4-vinilpyridine (4-VP), 1-vinylimidazole (1-Vim), acrylic acid (A
inylglycine (VG), acrylonitrile (ACN), p-vinylbenzoic acid (p-VBA), methyl methac

able 2, it is concluded that THF is the most favorable solvent for
reparation of MIP.

.3. Adsorption isotherm

Three molecularly imprinted polymers were prepared with AA
MIP1), HEMMA (MIP2) and ALAM (MIP3) for adsorption studies.
he heterogeneous Langmuir–Freundlich (LF) isotherm was con-

idered for evaluation of binding characteristics of the synthesized
IPs [58]. The LF isotherm describes a relationship between the

oncentration of bound (B) and free (F) guest in heterogeneous sys-

able 2
alculated interaction energies (kJ/mol) for the most stable 13 template–monomer
omplexes at B3LYP/6-31G(d,p) level different solvents using CPCM model.

Monomer Solvent

Water DMSO Acetonitrile Acetone THF

AA −63.684 −62.523 −64.025 −69.084 −79.505
MAA −62.833 −61.150 −62.589 −64.373 −73.322
HEMMA −39.884 −34.121 −37.840 −38.890 −40.340
ALAM 7.6747 16.336 13.259 12.335 7.2932
lyl alcohol (ALAL), hydroxyethyl methacrylate (HEMMA), methacrylamide (MAAM),
(MMA), N-vinylpyrroline (N-Vpy), p-aminostyrene (p-AS) and allylamine (ALAM).

tems 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 heterogeneous. The experimental isotherm data (F and
B) were successfully fitted to the LF isotherm in order to evalu-
ate the Nt, K0, and m values. The resulted fitting coefficients at
the desired concentration window are listed in Table 3. As seen,

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

Polymer Isotherm parameters R2

Nt

(�mol g−1)
a
(g �mol−1)

m K0
a

(g �mol−1)

MIP1 478.6 0.031 0.58 0.0025 0.997
MIP2 355.5 0.016 0.53 0.0004 0.998
MIP3 98.60 0.019 0.50 0.0004 0.993

a The mean association constant which was calculated as K0 = a1/m .
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Fig. 4. Computationally derived structures of 1:1, 1:2 and 1:3 complex

he value of m demonstrates the heterogeneity of all MIPs. How-
ver, MIP1 shows a better degree of binding site homogeneity
m = 0.58), a higher concentration of binding sites per gram of
olymer (Nt = 478.6 �mol g−1) and a grater median binding affinity
K0 = 2.5 × 10−3 �mol−1).

.4. Optimization of MISPE procedure

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

queous media, the effect of sample pH should be studied. The effect
f buffer pH on methocarbamol binding was investigated over the
H range 2.0–12.0 (Fig. 5). Clearly, the binding of methocarbamol
as not greatly affected at pHs < 8.0. However, at more alkaline
Hs the recovery of the drug was decreased as pH increased. It

s reported that methocarbamol is unstable at alkaline media [59]
hich may be the main reason of decreasing recovery at higher
Hs. The pH 7.0 was selected for 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 nonspecific
dsorption is the selection of a proper washing solvent prior to elu-
ion [60]. Thus, in this section several washing solvents/solutions
ere tested to develop a proper washing step (Table 4). Solvents

Fig. 5. Effect of pH on the adsorption of methocarbamol onto MIP1.
methocarbamol with AA using DFT method at B3LYP/6-31G(d,p) level.

such as water, methanol and acetonitrile and their binary mixtures
were tested. It was found that higher ratios of organic solvent in
washing solution yielded chromatograms with less contaminant
peaks and the best results were obtained when methanol was
used. With increasing percentage of methanol, however, analyte
recovery decreased. However, addition of up to 5% methanol to
water could be permitted without considerable loss of recovery.
The final MISPE procedure uses an aqueous wash with 2× 0.5 mL
of water–methanol (95:5, v/v) with loss of analyte being less than
3.5%. This composition of water and methanol also serves the max-
imum difference between MIP and NIP’s recovery. Other washing
solutions such as water/acetic acid, water/TFA and water/TEA gave
poor recovery.

3.4.3. Selection of elution solvent
The strong imprint–analyte interaction must be destroyed to

reach a high extraction recovery; therefore a series of experiments
was performed to study the elution solvent composition. Solvents
such as methanol, acetonitrile and THF were tested as eluents.
Among these solvents the best recoveries were obtained using
MeOH (Table 5). Addition of small amounts of TFA up to 5% in
MeOH also increased elution strength. Higher amounts of TFA in
MeOH, however, had no significant effect on recoveries. Therefore,
2× 0.5 mL of 95/5 (v/v) MeOH/TFA was used as elution solution
throughout the study.

3.5. The selectivity test

To evaluate the selectivity of the synthesized MIP, mephenesin

and guaifenesin two structural analogue of methocarbamol, and
several drugs with different structures were considered in this sec-
tion (Scheme 1). In several batch experiments, the distribution ratio

Table 4
Methocarbamol recoveries (%) from MIP and NIP cartridges after washing with 2×
0.5 mL of different washing solvents/solutions.

Washing solvent MIP NIP Difference

Acetonitrile 25.4 0.0 25.4
MeOH 22.5 0.0 22.5
Water 99.7 46.6 53.1
Water/MeOH (98/2) 97.6 4.1 93.5
Water/MeOH (95/5) 96.5 <0.5 96.0
Water/MeOH (90/10) 93.7 <0.1 93.6
Water/TFA (98/2) 67.5 2.7 64.8
Water/TEA (98/2) 69.8 3.0 66.8
Water/acetic acid (98/2) 72.3 3.6 68.7
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Table 5
Typical recovery of methocarbamol from MIP cartridge using different elution solvents/solutions.a

Eluent First (%) Second (%) Third (%) Fourth (%) Total recovery (%)

Acetonitrile 53.5 30.9 4.6 1.0 90.0
MeOH 55.8 32.3 6.5 1.2 95.8
THF 52.0 31.4 4.4 <0.2 88.0
MeOH/TFA (98/2) 68.5 27.4 0.4 0.0 96.3
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3.7. MISPE versus C18-SPE cartridges

To compare the performance of the proposed MISPE procedure
with commercial SPE sorbents, chromatograms were recorded after
MeOH/TFA (95/5) 70.3 26.5

a The volume of eluent in each step was 0.5 mL.

Kd) and selectivity coefficients (˛) were calculated. The Kd values
ere calculated using the equation:

d = (Ci − Cf)V
Cfm

(5)

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 (Methocarbamol)
Kd (Foreign compound)

(6)

Table 6 summarizes the Kd and ˛ values of tested drugs when
IP and NIP were used. The selectivity coefficient is an indicator

o express an adsorption affinity of recognition sites for each drug.
he ˛ values greater than 2 indicate that the unique shape of the
emplate molecule plays an important role in its selective binding
o the MIP.

.6. Validation of MISPE-DPV and MISPE-HPLC-UV methods

.6.1. MISPE-DPV
The MISPE-DPV method for the determination of methocar-

amol was validated by determining its performance character-
stics regarding linearity, sensitivity and precision. The standard
alibration curve of MISPE-DPV for methocarbamol determination
n human plasma was linear over the range 0.10–15.0 �g mL−1

n = 15). The relationship between peak height (y, �A) and con-
entration (x, �g mL−1) could be expressed by the equation
= 4.611x − 0.455; (R2 = 0.996). As defined by European Pharma-
opoeia [61], the LOQ and LOD are the concentrations at which the
ignal to noise ratio is 3 and 10, respectively. The limit of detec-
ion (LOD) and the limit of quantification (LOQ) were 0.025 and
.05 �g mL−1, respectively. The RSD value of 0.5 �g mL−1 solution
f drug (n = 6) was found to be 1.86% indicating good repeatability
f the method.

.6.2. MISPE-HPLC-UV
The analysis of methocarbamol was also carried out by high

erformance liquid chromatography. The peak corresponding to

ethocarbamol has a retention time of 6.0 min in a mobile phase

omposed of acetonitrile and phosphate buffer (pH = 3) (50/50, v/v)
t a flow rate of 1.0 mL min−1. The calibration curve was obtained
y plotting peak area values of methocarbamol standards in plasma

able 6
istribution ratio (Kd) and selectivity coefficient (˛) values for imprinted and non-

mprinted polymers.

Compound MIP NIP

Kd ˛ Kd ˛

Methocarbamol 358.7 37.4
Mephenesin 166.9 2.14 38.9 0.96
Guaifenesin 153.8 2.33 37.7 0.99
Acetazolamide 75.9 2.88 28.0 1.33
Metronidazole 48.8 7.35 22.5 0.49
Zonisamide 45.9 7.81 18.9 1.97
<0.1 0.0 96.9

against the methocarbamol concentrations. Linearity was observed
between 0.5 and 18.0 �g mL−1 of methocarbamol concentrations.
The equation of the calibration line, obtained by the least-square
regression was: y = 132.18x + 4185; (R2 = 0.997), (n = 15) where x is
the methocarbamol concentration, expressed as �g ml−1, and y is
the peak area value of methocarbamol. The LOD and LOQ values
were 0.065 �g mL−1 and 0.125 �g mL−1, respectively, calculated
according to European Pharmacopoeia [57]. The intraday precision
assays gave RSD values of 1.74% for repeatability on 0.5 �g mL−1

methocarbamol standard solution (n = 6).
Fig. 6. HPLC chromatograms of a plasma sample spiked with methocarbamol
(0.5 �g mL−1) after clean-up with (a) MIP and (b) C18-cartridge.
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Table 7
Results of determination of methocarbamol in human plasma (n = 5).

Concentration (�g ml−1) MISPE-DPV (�g ml−1) Recovery (%) MISPE-HPLC-UV (�g ml−1) Recovery (%) t-Testa f-Test

0.5 0.47 ± 0.017 94.0 0.48 ± 0.012 96.0 0.69 2.04
1.0 0.97 ± 0.025 97.0 0.97 ± 0.019 97.0 0.10 1.69
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2.5 2.45 ± 0.064 98.0

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

xtraction of methocarbamol from human plasma using both C18
nd MIP cartridges. Results are shown in Fig. 6. On a C18-cartridge
he recovery of the drug was less than 59.0% compared with 91.8%
or MIP cartridge (Eq. (1)). The enhancement of selectivity brought
y the MIP for the treatment of a complex matrix is clearly demon-
trated. The chromatogram resulting from the MISPE shows a
leaner baseline than the one obtained for the C18-cartridge. Also,
t is worth noting that a cartridge packed with 50 mg of MIP can be
sed for clean-up of at least 15 plasma samples with no noticeable
eterioration in performance while C18-cartridges lose their per-
ormance after one or two extractions. The MISPE cartridge can be
egenerated by washing with 2 mL MeOH/acetic acid (9/1, v/v) and
mL water.

.8. Analysis of human plasma samples

The applicability of both MISPE-DPV and MISPE-HPLC-UV meth-
ds was tested for human plasma samples. Table 7 compares the
esults of the analysis of methocarbamol between the two methods.
he results were compared by Student’s t-test and f (fisher)-test and
here was no significant difference between accuracy and precision
f the proposed methods.

. Conclusion

In conclusion, the results presented here demonstrate the use-
ulness of computational methods for rapid screening of functional

onomers for a specified template molecule in an experiment-free
ay. Rapid selection of functional monomers could be achieved

y combination of semiempirical and quantum mechanical cal-
ulations. According to the theoretical calculations, AA and THF
ere selected as functional monomer and polymerization solvent,

espectively. The MIP with methocarbamol as template was pre-
ared by precipitation polymerization method. The new sorbent
evealed a good selectivity toward the template molecule over
ther structurally related compounds. The high extraction recov-
ry, high selectivity and high physical and chemical robustness of
he synthesized MIP enabled its applicability as a good sorbent for

olecularly imprinted solid-phase extraction applications.
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