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a b s t r a c t

A voltammetric sensor based on a molecularly imprinted polymer (MIP) brush grafted to sol–gel film on
graphite electrode is reported for the selective and sensitive analysis of barbituric acid (BA) in aqueous,
blood plasma, and urine samples. The modified electrode was preanodised at +1.6 V (vs. saturated calomel
electrode), where encapsulated BA involved hydrophobically induced hydrogen bondings, in MIP cavi-
ties exposed at the film/solution interface, at pH 7.0. Scanning electron microscopy (SEM) was employed
eywords:
arbituric acid sensor
olecularly imprinted polymer

ol–gel
raphite electrode

to characterise the surface morphology of the resultant imprinted film of MIP brush. The differential
pulse, cathodic stripping voltammetry (DPCSV) technique was employed to investigate the binding per-
formance of the sol–gel-modified imprinted polymer brush, which yielded a linear response in the range
of 4.95–100.00 �g mL−1 of BA with a detection limit of 1.6 �g mL−1 (S/N = 3).

© 2008 Elsevier B.V. All rights reserved.

ifferential pulse
athodic stripping voltammetry

. Introduction

The modification and the control of surface properties using tai-
ored macromolecular architectures are essential for the fabrication
f chemical sensors. Such architectures include covalently anchored
olymer brushes which are generally prepared using mainly two
trategies, i.e., “grafting-to” and “grafting-from” (Advincula et al.,
004; Pyun and Matyajaszewski, 2001). Whereas the “grafting-
rom” technique is a widely used approach to obtain polymer
rushes with high grafting densities, a rigorous characterisation of
he brushes after grafting is necessarily required to comprehand
he morphology of polymer brushes grown in the bulk. On the
ther hand, “grafting-to” approach is apparently advantageous of
aving the well-characterised linear brush structure. Several teth-
ring methods are known in the literature to graft polymer brushes
n silicon substrate, e.g., esterification, condensation, or amidation
eactions between �-functionalised polymer and silanols covering
ilicon wafers or functionalised self assembly monolayers (SAMs)

Zdyrko et al., 2006; Walters and Hirt, 2007; Julthongpiput et al.,
003). In all these cases, the polymer adsorption which reduces
rafting density of resulting brushes was found problematic. This
as, however, successively passivated using a vinyl-functionalised

AM and by taking advantage of the grafting of SiH-terminated

∗ Corresponding author. Tel.: +91 9451954449.
E-mail address: prof.bbpd@yahoo.com (B.B. Prasad).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.12.016
polymers using Pt-catalysed hydrosylation (Casoli et al., 2001;
Marzolin et al., 2001).

In the present work, we adapted a simple “grafting-to” proce-
dure by tethering a MIP over a sol–gel-modified graphite surface.
The immobilisation of MIP was carried out after ‘syneresis’ (a
stage between ageing and drying) (Podbielska and Ulatowska-Jarza,
2005) of sol–gel. This was found to be advantageous to expose
microcativities of MIP outwardly at the surface for unhindered
analyte rebinding, shrouding residual silanols (which promote
non-specific binding), and for passivating the surface toward any
adsorption of brush precursors.

The model test analyte (template) selected in the present work
for analysis was BA, a core molecule, which belongs to the most
vulnerable family of medicinal agents used as known sedative
hypnagouge. The BA and its derivatives are also ascribed as poi-
sonous and irritating toxicants after frequent abuse either alone
or in combination with alcohol. Barbiturates overdose is mani-
fested by the oversuppression of the CNS. The manifestations of
CNS suppression are dose dependent. In mild overdose, lethargy,
slurred speech, nystagmus and ataxia are common. In severe acute
overdose, CNS and respiratory depression may progress to Cheyne-
Stokes respiration, areflexia, oliguria, tachycardia, hypotension,
hypothermia and deep coma with slight constriction of the pupils.

The blood pressure will drop secondary to the direct effect of
the drug and hypoxia of the medullary vasomotor centre lead-
ing to arteriolar dilution, depression of cardiac contractility and
vasomotor smooth muscle. Death may occur as a result of typical
shock syndrome indicated by the apnea, circulatory collapse and

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:prof.bbpd@yahoo.com
dx.doi.org/10.1016/j.ijpharm.2008.12.016
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espiratory arrest. EEG examination may show a “flat” tracing indi-
ating the cessation of the electrical discharge from the brain. Acute
verdose of intravenous (IV) barbiturate especially if administered
oo rapidly may lead to severe respiratory depression, apnea, laryn-
ospasm, bronchospasm and hypertension. These symptoms are
eversible with the discontinuation or reduction of the rate of IV
dministration. Barbiturates may also cause necrosis of the sweat
land and bullous cutaneous lesion which is not related to hyper-
ensitivity reaction. The diagnosis of barbiturate poisoning is done
ased on the presence of the above manifestations confirmed by the
levated blood levels of barbiturate. The blood levels of barbiturate
ay not necessarily correlate well with the outcome of the ther-

py especially in those patients who consume barbiturate together
ith other CNS drugs. The potential fatal level of barbiturates is

0 �g mL−1 with the intermediated and short-acting barbiturates
Blanke, 1986) and greater than 200 �g mL−1 with the long-acting
arbiturates (Bailey and Jatlow, 1975). The barbiturate concentra-
ions greater than 200 �g mL−1 in a living patient should warrant
erious consideration of BA ingestion.

The dilution of sample with limited volume of blood plasma (e.g.,
n newborns or if blood is taken by capillary) is essentially required
o mitigate the matrix complications, if preliminary treatment (i.e.,
eproteinisation/ultrafiltration, etc.) of the sample, which oftenly
auses inaccuracies in results, is to be avoided in the case of a
mall content of the blood plasma sample. Under such condi-
ion, microanalysis of barbiturates in diluted body fluids, with a
arrow therapeutic concentration index and variable rates of elim-

nation, requires a sensitive method development for biomedical
clinical) applications. Different methods such as chromatography
Ubbink et al., 1993; Aboul-Enein et al., 1996; Garcia-Borregon
t al., 2000), mass spectrometry (Van Langenhov et al., 1982),
apillary electrophoresis (You et al., 2000), infrared spectropho-
ometry (Pawelczyk et al., 1972), coulometry (Nematollahi and
esari, 2001), spectrophotometry (Medien, 1996; Aman et al.,
997; Medien and Zahran, 2001; Nagaraja et al., 2001), polarogra-
hy (Romer et al., 1977), colorimetry (Bartzatt, 2002) and sensors
Prasad and Lakshmi, 2005) have been reported for the determi-
ation of BA. Some of these methods are time consuming and
uffer from the lack of selectivity and/or short linear dynamic range,
aving higher limit of detection, and reagents used are not com-
ercially available. Till date, no MIP for BA is reported barring our

arlier work of BA sensor based on MIP-modified hanging mercury
rop electrode (HMDE) (Prasad and Lakshmi, 2005). The actual lim-

tation is on-line or in-field detection of BA, which appeared not
o be feasible with MIP-modified HMDE sensor. This inculcated a
enuine surge upon the development of a solid electrode sensor,
hich could serve as a potential device for in-field studies and at

he same time could be cost-effective and disposable, for sensitive
nd selective detection of BA in real samples.

. Experimental

.1. Instruments and chemicals

All the electrochemical experiments were carried out with
model 264A Polarographic Analyser/Stripping voltammometer,

sing a single compartment three electrode cell, in conjunction
ith a X-Y recorder (PAR Model RE 0089). A platinum wire served

s auxiliary electrode, a saturated calomel electrode (SCE) was the
eference electrode, and the MIP-modified sol–gel film graphite
lectrode was used as a working electrode. All potential examined

nd reported are with respect to SCE. The morphological evaluation
f MIP-coated graphite electrode was made by scanning electron
icroscope (SEM, Model-XL20 Philips, The Netherlands). Infrared

pectra of coating material were recorded by FT-IR spectrometer
Jasco, FT/IR 5300). A laser surface profilometer (Perthometer, PGK
Pharmaceutics 371 (2009) 47–55

120, Mahr, Germany) was used to measure the film thickness and
roughness-profile of the coating layer.

Spectroscopic grade graphite rod (3.5 mm diameter) was used
for the modification. Reagents melamine (mel), chloranil (chl),
tetraethoxysilane (TEOS), and BA were purchased from Loba
Chemie India, Otto, Chemie, India, SD Fine, India, and Fluka,
Germany. Other chemicals and interferents used in the present
investigation were of analytical grade. The solvents, dimethylfor-
mamide (DMF) and ethanol, were of HPLC quality. Graphite powder
(1–2 �m) was analytical reagent grade sample and used as received.
Triple distilled water was used throughout for the preparation and
dilution; the pH values of test samples were maintained using aque-
ous solution of sodium hydroxide. The real test samples (human
blood plasma and urine) were obtained from a local patholab.

2.2. MIP-coated sol–gel preparation

The MIP [poly (mel-co-chl)] and respective non-imprinted poly-
mer (NIP) were prepared and characterised according to the
procedure described earlier (Prasad and Lakshmi, 2005). In brief,
a reaction mixture of equimolar DMF solutions of mel and chl
was first heated at ca 160 ◦C for an hour and then mixed with
an equimolar DMF solution of BA and refluxed for 4 h with inter-
mittent shaking (notably, there was no effect of DMF solution on
BA for a longer period at ca 160 ◦C). The solvent DMF was almost
evaporated at ca 160 ◦C followed by ethanol washing to remove
unreacted residual monomers if any, from the resulting slurry.
The NIP was prepared following the similar procedure but in the
absence of template. An optimised amount of MIP slurry (0.3 mL,
12 × 103 �g/mL in DMF) was mixed with 1.0 mL sol–gel slurry
(1.0 mL TEOS, 1.0 mL ethanol, 0.5 mL H2O, and 50 �L 0.1 M HCl) at
‘syneresis’ stage obtained by the mechanical stirring at 600 rpm
for ∼80 min. The graphite powder (1–2 �m, 50 mg) was also mixed
during mechanical stirring to obtain a semi-solid viscous liquid of
MIP adduct-sol–gel composite. Similar procedure was followed to
obtain NIP-coated sol–gel, but in the absence of template.

2.3. Electrode preparation and voltammetric procedure

Graphite rod electrodes (6 mm long) were first coated with an
epoxy spray to insulate the rods, and then each one was inserted
into a glass sleeve; the protruding end of the graphite (1.5 mm) was
exposed by polishing on emery papers (No. 100, 400) while the
opposite end was made available for the electrical contact with
the help of a copper wire through the glass tube. The polished
end of each graphite rod was coated with one drop (20 �L) of MIP
adduct–sol–gel viscous solution at the spin rate of 2600 rpm for
90 s and dried in a desiccator for ∼24 h. For the complete extrac-
tion of BA template from the MIP film, hot water (∼75 ◦C) was
used (two extractions, equilibration time 10 s, 5 mL portions) until
no DPCSV peak corresponding to trace BA was obtained. During
solidification of the film and template removal steps, chloride ions
from MIP network were also washed away but its cavity confor-
mation remained intact and stable (Lakshmi et al., 2006). All the
MIP- and NIP–sol–gel electrodes were left to dry under room con-
ditions. These electrodes were preconditioned by soaking in water
for atleast 1 h before use.

The cell container containing 10 mL aqueous solution (pH 7.0)
of BA (in absence of any supporting electrolyte) was brought under
the modified electrode for an optimised accumulation time 90 s
at +1.6 V (vs. SEC) and both cyclic voltammetry (CV) and DPCSV

runs were recorded under cathodic stripping mode from +0.6 V and
+0.5 V and terminated at −0.1 and −0.3 V, respectively (scan rate
10 mVs−1, pulse amplitude 25 mV, equilibration time 15 s, temper-
ature 25 ± 1 ◦C). The method of standard addition was followed for
the quantification of DPCSV peaks.
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The electrode regeneration in the present instance was easier
imply using hot water washings (2 × 5 mL, equilibration time 10 s
or each washing); no DPCSV peaks of BA was observed in the third
ashing.

. Results and discussion

.1. Characterisation of sol–gel-immobilised MIP

Structural characterisations of sol–gel, sol–gel–MIP adduct and
ol–gel–MIP using FTIR were same as those described in an earlier
ork (Patel et al., 2008) because polymer networks were struc-

urally identical. The multiple hydrogen bonding interactions in

queous environment between MIP and BA have already been
stablished as ‘hydrophobically driven hydrogen bondings’ (Fig. 1)
Prasad and Lakshmi, 2005).

Insofar as the surface morphology of MIP coating is concerned,
he SEM image (Fig. 2a) of MIP adduct immobilised onto sol–gel-

Fig. 1. Schematic representation of the preparation
Pharmaceutics 371 (2009) 47–55 49

modified surface, under the magnification of 7398×, revealed a
dense film layer amidst carbon representing a clear visualisation
of MIP brush semi-pattern (overlapped) on the electrode surface.
The total average thickness (h) all along the coated surface was
measured for every batch of the prepared electrodes (10 elec-
trodes per batch) as 19.07 ± 1.69 �m. This measurement is based
on the film “grafted-to” graphite rod obtained by cutting its pro-
truded surface as a disc. The straight tethering of the polymer chain
did not occur in the present instance because of massive overlap-
ping of polymer brush, notwithstanding the fact that the brush
height (19.07 �m) is significantly higher than the end-to-end dis-
tance (〈r2〉1/2 = 0.011 �m) of the polymer chain. The reason being
an assumption of a hydrophobically collapsed state (MIP and BA

are hydrophobic in nature) while grafting in DMF medium. Inter-
estingly, after the template removal from the MIP-BA adduct in
the film, the MIP brush still maintained the hydrophobically col-
lapsed status but with a high degree of porosity (Fig. 2b). The
force minimum for collapse arises from attractive polymer segment

of MIP–sol–gel-modified graphite electrode.
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ig. 2. (a) SEM image of sol–gel–MIP–BA adduct composite on graphite electrode
bsence of template, and (c) roughness profile of MIP–BA adduct on sol–gel-modifi

nteractions (mel-chl BA adduct, Fig. 1), whose number increases
ith increasing compression of the brush surfaces until, with
urther compression the restriction in conformational degree of
reedom finally dominates and gives rise to strong, steric repul-
ion. The roughness profiles of a cross-section of immobilised
IP-BA adduct onto sol–gel-modified graphite electrode (z-axis

n �m) are shown in Fig. 2c, where Ra is the arithmetic aver-
98X, (b) SEM image of sol–gel–MIP composite on graphite electrode at 3698X in
phite surface within sampling length at top, centre and bottom.

age of absolute value of the roughness profile ordinate and Rz
is arithmetic mean of vertical distances between highest peak

and deepest valleys within a sampling length at top, centre and
bottom.

The grafting process in the present case led a chemically homo-
geneous MIP fully covering the sol–gel surface as evident from SEM
images (Fig. 2a and b). The nanometer-scale morphology observed
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a sluggish quasi-reversible electron-transfer behaviour. This could
be attributed to the difficult stripping as a consequence of strong
sorption of BA, into intra-molecular polymer brush cavities, trans-
ported through the channelised pores. The charge transports from

Fig. 3. DPCSV runs of BA (concentration 45.45 �g mL−1) with (a) sol–gel-modified
graphite elctrode; (b) MIP-modified graphite electrode; (c) BA imprinted sol–gel-
modified graphite electrode; (d) NIP–sol–gel-modified graphite electrode; and (e)
MIP–sol–gel-modified graphite electrode. Multiple DPCSV runs of BA [concentra-
tion 83.33 �g mL−1 in the presence of mixture of interferents (UA, Tph, Ura, phBA,
A.K. Patel et al. / International Jour

ere most probably results from the heterogeneity of the brush
ayer in the terms of grafting density (� = 5.4 chains/nm2) as cal-
ulated using relation (1)

= h�Na
Mn

(1)

here h is the thickness of the dry polymer brushes, Na is Avo-
adro’s number, Mn (5098.81 g mol−1) is the MIP-BA adduct
umber average molecular weight, and � (2.47 × 103 g/m3) is the
ensity of the anchored polymer. The average distance between
rafting point (D = 2(��)−1/2 = 0.48 nm) is lower than the end-to-
nd distance of the polymer (11.6 nm), confirming that the MIP
rafted layer is in the brush regime (Luzinov et al., 2000; De
ennes, 1980; Zhulina et al., 1990; Netz and Schick, 1998). How-
ver, the grafting density (5.4 chains/nm2) of polymer brushes is
ignificantly higher than the maximum grafting density (�max)
chievable via a “grafting-to” approach. As per Auroy et al. (1991),
he grafting density of polymer brush is generally governed by
he brush polymerisation degree (N) and the polymer weight
raction in the grafting solution (�), as given by the relation
2)

∼ N−1/2�7/8

˛2
(2)

here ˛ represents the segmental length of monomer (˛ ∼1.16 nm
or MIP). Thus, for MIP brush formed for a weight fraction of
00 wt% (i.e., � = 1), �max = 0.23 chains/nm2. However, the experi-
ental grafting density (5.4 chains/nm2) in the present instance

ppeared to be of a collapse state of an optimised highly dense
rush pattern on sol–gel surface, in the DMF medium of coating
olution.

.2. Sensor development

An interpenetrating network (IPN) (Fig. 1) of graphite–sol–gel–
IP hybrid material produced under two-steps coating proto-

ol resulted in two microphases. The first microphase between
raphite and sol–gel occurred via physical sorption, while the
econd microphase involved covalently bonded tethering of MIP
olecules as polymer brushes. The sol–gel must be homogeneous

nd crack-free at syneresis stage so that polymer brushes may
rotrude outwardly to recapture template, without any steric hin-
rance, at the film/solution interface. Almost every silanol groups
ere used up in polymer tetherings and residual silanols, if any,
hich contribute non-specific bindings, were actually covered by
IP film layer. In the present investigation, we have concentrated

n tethering polymer brush particularly on the sol–gel for several
easons. The sol–gel/graphite surface is stronger owing to in-depth
oating in graphite pores, than sol–gel/gold interface. However,
he film usually flakes off the Au-electrode surface (Zhang et al.,
006). The second interface involved a caged Si–OC bond struc-
ure (Xu et al., 2004) where the Si–O bond dissociation energy is
6–133 kcal mol−1 (Dyer, 2003; Walsh and Becerra, 1998). Sol–gel
nd graphite substrate are low in cost, stable, smooth, and easy to
repare, whereas gold films are prone to delamination, or some
imes rough, and require more effort to prepare and handle (Love
t al., 2002). A pool of electrostatic interactions between electron-

ich chl-mel functionalities of MIP and positively charged +1.6 V (vs.
CE) graphite surface rendered additional stability to IPN hybrid.
he incorporation of carbon powder as much as 50 mg in the ini-
ial mixture of sol–gel and MIP-adduct solution enabled a higher
lm conductivity and less shrinkage; any amount higher than this
aused a restriction in the film permeability and thereby decreased
PCSV response.
Pharmaceutics 371 (2009) 47–55 51

3.3. Voltammetric behaviour

In the present work, the use of any supporting electrolyte was
avoided so as to remove unnecessary complication of anionic oxida-
tion at positively charged electrode. As a matter of fact, in stripping
voltammetry ions consumed or produced during electrode pro-
cess are actually transported across the polymer film rather than
the bulk solution (Kaaret and Evans, 1988). Furthermore, the dis-
solved oxygen of the cell content is consumed in the generation
of electron-transfer mediating groups such as C O and C OH
on the graphite surface at the preanodised condition, and there-
fore, deaeration was not required. At +1.6 V (vs. SCE), the entrapped
BA molecules in MIP cavities were instantly reoxidised as BA radi-
cals and then stripped off from progressively increasing negatively
charged electrode surface under electrostatic repulsion (Prasad and
Lakshmi, 2005). However, both cathodic and anodic stripping CV
peaks (Fig. 3 inset) were found to be broader in shape reflecting
Cre, TBA, Caff; 50.00 �g mL−1 each)] with (f) MIP–sol–gel-modified graphite elec-
trode. DPCSV of BA (concentration 23.80 �g mL−1) in human blood plasma with
(g) NIP–sol–gel-modified graphite electrode and (h) MIP–sol–gel-modified graphite
electrode. DPCSV of BA (concentration 37.03 �g mL−1) in human urine with (i)
NIP–sol–gel-modified graphite electrode and (j) MIP–sol–gel-modified graphite
electrode. Inset figure shows a typical cyclic voltammogram of BA (28.30 �g mL−1)
aqueous solution in stripping mode with MIP–sol–gel-modified graphite electrode.
Other operational conditions for all DPCSV runs were: preanodisation potential
+1.6 V (vs. SCE), preanodisation time 90 s, pH 7.0, scan rate 10.0 mV s−1.
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Table 1
Analytical results of DPCSV measurements of BA in different samples at MIP–sol–gel-modified graphite electrode.

aAverage of three replicate determinations (S/N = 3) with MIP−sol-gel modified graphite electrode.
bAmount of analyte determined/ amount of analyte taken; values in parenthesis indicate recoveries after (i) 18, (ii) 19, (iii) 20, (iv) 21 consecutive runs recorded by same
electrode regenerated at every alternate day.
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cRelative standard deviation.
dImprinting factor.
eStudent’s t-test for comparison of two methods at confidence level of 95%.
fValues in parentheses indicate concentration (�g mL−1) determined by the standa

ulk to the film (homogeneous electron-transfer) and from film
o the electrode surface (heterogeneous electron-transfer) might
ccur via electron-hopping mechanism, which appeared to be slug-
ish across both microphases amidst carbon powder dispersion in
he present case. Because of the broadness of the CV peaks, quan-
ification was apparently difficult. However, DPCSV peaks (Fig. 3f)
ith sol–gel-modified graphite electrode are symmetrical within

he pulse amplitude of 25 mV and hence easily quantifiable. For
comparative study, we have also prepared the different kind of

raphite modified electrodes using various coatings, viz., sol–gel,
IP, BA imprinted sol–gel (BA dopant in sol–gel), NIP–sol–gel and
IP–sol–gel, all with embedded carbon powder. The first two elec-

rodes (sol–gel and MIP) were found to be non-responsive (Fig. 3a
nd b), whereas BA template sol–gel-modified graphite electrode
Fig. 3c) was active to respond BA (≥9.80 �g mL−1). The last three
ol–gel-modified electrodes with surface attached NIP/MIP where
ound responsive for BA detection in aqueous (Fig. 3d–f), human
lood plasma (Fig. 3g and h), and in urine (Fig. 3i and j) sample.
nfortunately, non-specific contributions to the DPSCV current pre-
ailed in aqueous solution (≥28.3 �g mL−1) and in real samples (at
ny concentration level of BA) with NIP–sol–gel-modified graphite
lectrode (Fig. 3d, g, i) despite protein-resistance characteristic of
olymer brush. However, such problem was successfully resolved
ia multiple water-washings of both NIP and MIP–sol–gel-modified
raphite electrodes after BA recapture from the test solutions. This
rocess enabled specific hydrophobic bound BA to be retained in the
IP cavity while other interferents and non-specific BA molecules

ere easily washed away with water. The observed DPCSV cur-

ent with MIP–sol–gel-modified graphite electrode was found to
e reproducible after regeneration of the same electrode, even

n the presence of a mixture of various interferents, as is evi-
ent from the multiple runs shown in Fig. 3f. Insofar as electrode
−sensor method (Prasad and Lakshmi, 2005).

to electrode variation is concerned, all measurements revealed a
high degree of precision (RSD 0.6%, n = 3) with quantitative recov-
ery (83.33 �g mL−1, Table 1) attainable with each electrode in the
present instance. A single electrode could be used for as many
as 17 consecutive experiments with quantitative (100%) recover-
ies (Table 1). The quantitative (100%) recoveries of BA (Table 1) in
dilute biological samples indicate that any minor protein-fouling
on the polymer brush (if any, even after dilution) is not effective.

3.4. Optimisation of analytical parameters

For modification of graphite electrode the optimisation of spin
rate and spin time is necessary to obtain a crack-free monolayer
coating. In the present work, a spin rate of 2600 rpm and a spin
time of 90 s were found to be the most appropriate parameters to
respond maximum DPCSV response. The spin rate and spin time
lesser or higher than the above parameters always revealed a drop
in DPCSV response. Similar is the situation for the accumulation
time of the analyte which revealed an optimised time of 90 s identi-
cal to that for sol–gel–MIP film coating. There are poor partitioning
of analyte across film/solution interface and poor stability of the
MIP–BA adduct, respectively, for lower and higher times given
for the deposition of either of film and analyte. The poor hydro-
gen bonding basicity of the polymer at higher concentration and
restricted diffusion-coefficient of analyte across the dense film of
MIP brush in aqueous environment might be considered crucial
under blocking effect of the binding sites in MIP for BA entrapment.

This could be the reason for a drastic fall in the current response at
higher polymer concentration (≥12 × 103 �g mL−1). The electrode
catalytic action with optimised polymer amount in monolayer film
is effective, where electrogenerated mediators may form stable
carbon–carbon bond with active methylene group of BA at +1.6 V
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vs. SCE), realising a faster response time of 90 s towards forming
stable guest–host complex by hydrophobically driven multiple

ydrogen bondings in aqueous environment. Any potential lesser or
igher than +1.6 V (vs. SCE) revealed a decrease in DPCSV response
resumably because of insufficient electrocatalytic action, resulting

n incomplete BA oxidation, and film unstability as well as difficult
athodic stripping of template. The optimum DPCSV response of BA
ebinding in neutral solution was because of electrostatic attraction
f BA (anionic at pH 7.0) with positively charged modified elec-
rode, besides the prevalent hydrophobicity to promote multiple
ydrogen bonds. The imprinting factors (i.e., the ratio of current
esponse of MIP to the current response of NIP) realised by MIP–
nd NIP-modified sol–gel electrodes (without water-washings) in
eal samples are approximately half to that of BA solution in dis-
illed water (Table 1) (conc. ≥28.3 �g mL−1) and this reflected a
igher magnitude of non-specific bindings in the complex matri-
es of real samples. Since the amount of analyte adsorbed under
on-specific bindings is normally equal on both MIP and NIP, it

s recommended that both types of modified electrode be prop-
rly washed with water so as to remove the non-specific residues
rom the electrode surface. Fortuitously, in the present instance,
early one washing (1 × 5.0 mL) with water was found sufficient to
liminate any DPCSV current responded by NIP–sol–gel-modified
lectrode. Furthermore in real sample, any preliminary treatment
as deliberately avoided to restrain from errors in trace analysis;

nstead, the dilution of biological fluids blood plasma (100-fold) and
rine (100-fold) actually helped to save the electrode from fouling
nd non-specific sorption as well, by equally diluting both inter-
erents and complex matrices. The reproducibility of BA in dilute
lood plasma (Table 1) was not as good as the one obtained in
rine or in water; however, the recovery was good. This may be
ttributed to the fact that the protein-fouling effect on the poly-
er brush still prevailed to some extent, despite the dilution of

lood plasma sample. Nevertheless, it is clinically suitable to only

ilute the samples, provided the selectivity and sensitivity of the
roposed method, as evident from the quantitative (100%) recov-
ries in the present instance (Table 1), are quite sufficient for the
etection of traces of the analyte in highly diluted biological sam-
les, in which the concentrations of interfering species are diluted

ig. 4. Sensor response for BA (concentration 28.30 �g mL−1) [(I) without water washing an
tudied individually in aqueous solutions. Other conditions as in Fig. 3.
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to negligible concentrations and the problem of matrix interference
could maximally be solved simply by dilution.

The DPCSV response of BA for the test sample was found to
increase continuously with the increase in concentration, indicat-
ing binding isotherm perfectly linear for all the samples studied.
The limit of detection (LOD) is calculated on the basis of distin-
guishable signal Sm and the slope m of linear regression for entire
range of concentration of analyte using following equation (Skoog
et al., 1998)

LOD = Sm − S̄bl

m

where Sm is equivalent to the sum of mean blank signal S̄bl plus a
multiple three of the standard deviation of the blank (Sbl). The fol-
lowing calibration equations were obtained for the aqueous, blood
plasma, and urine samples, with their respective LODs:

• Aqueous medium (concentration range 4.95–100.00 �g mL−1)
IPC = (0.0300 ± 0.0007)c + (0.04 ± 0.02) � = 1.00, n = 8, LOD = 1.6 �g
mL−1 (3�, RSD = 1.25%).

• Blood plasma sample (concentration range 4.95–55.55 �g mL−1):
IPC = (0.0600 ± 0.0001)c + (0.12 ± 0.05) � = 1.00, n = 7, LOD = 1.8 �g
mL−1 (3�, RSD = 1.00%).

• Urine sample (concentration range 9.80–72.64 �g mL−1):
IPC = (0.0500 ± 0.0001)c + (0.08 ± 0.05) � = 1.00, n = 5, LOD = 3.4 �g
mL−1 (3�, RSD = 1.76%).

where IPC is the DPCSV peak current in �A and c is the concen-
tration of BA in �g mL−1. The present method is also compared
with the results obtained by a voltammetric method (Prasad and
Lakshmi, 2005) for human blood plasma sample (Table 1). Although
both methods have similar order of precision within the concentra-

tion range studied [student t-test: tcal < ttab, confidence level 95%,
� = 1.00], the proposed sensor is portable, disposable, and appar-
ently most suitable for in-field sensing of BA, despite being inferior
in terms of the sensitivity vis-a-vis MIP − modified HMDE sensor
(LOD = 0.54 �g mL−1).

d (II) with water washing (1 × 5 mL)] and interferents (concentration 28.30 �g mL−1)
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Table 2
Analytical results of DPCSV measurements of BA in the presence of interferents at MIP − sol–gel-modified graphite electrode.

Sample Analyte BA concentration (�g mL−1) Determined valuea (mean ± SD) (�g mL−1)
with MIP − sol–gel-modified graphite electrode

Recoveryb (%) Relative standard deviation (%)
(n = 3)

Interferentsc 41.66 (41.66 UA) 40.54 ± 0.82 97.3 2.0
30.00 (300.00 UA) 29.70 ± 0.70 99.0 2.3
30.00 (300.00 Tph) 30.09 ± 1.42 100.3 4.7
30.00 (300.00 Ura) 30.00 ± 0.72 100.0 2.4
26.78 (26.78 phBA) 26.30 ± 1.50 98.2 5.7
26.78 (26.78 Cre) 26.88 ± 2.15 100.4 8.0
30.00 (300.00 Cre) 30.00 ± 0.97 100.0 3.2
26.78 (26.78 TBA) 28.23 ± 0.30 105.4 1.0
30.00 (300.00 TBA) 29.59 ± 0.31 98.6 1.0
26.78 (26.78 Caff) 26.80 ± 0.79 100.0 2.9
30.00 (300.00 Caff) 29.59 ± 1.52 98.6 5.1
10.00 (50.00 mix)d 10.43 ± 0.73 104.3 7.0
83.33 (50.00 mix)d 82.80 ± 0.50 99.3 0.6

a Average value of three determinations (S/N = 3) with MIP–sol–gel-modified electrode.
b Amount of analyte determined/amount of analyte taken.
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c Values in parentheses indicate concentration (�g mL−1) of various interferent
Tph); Uracil (Ura); Phenobarbitone (phBA); creatinine (Cre); thiobarbituric acid (TB

d Mix denotes mixtures of UA, Tph, Ura, phBA, Cre, TBA, Caff (concentration 50.00

.5. Cross reactivity studies

Modified graphite electrodes prepared with MIP–sol–gel,
IP–sol–gel, and imprinted sol–gel, were subjected to cross-

eactivity with different interferents, viz., uric acid, thiophylene,
racil, phenobarbitone, creatinine, thiobarbituric acid, caffein. As
evealed from Fig. 4, MIP-modified sol–gel electrode (without
ashing treatment) is not responsive for all the interferents (except
henobarbitone, thiobarbituric acid and thiophylene) when stud-

ed individually. As far as BA detection is concerned with this
lectrode, it appeared highly specific, quantitative and unaltered
fter water-washings (c.f. BA (I) and BA (II), Fig. 4). The highest non-
pecific sorption with NIP-modified electrode was found for thio-
arbituric acid and lowest for creatinine; though these non-specific
orptions for all interferents were easily mitigated from MIP-
odified sol–gel surface simply by water-washing. The sol–gel-
odified electrode did not yield quantitative response of BA,

owever this was responsive to the some extent to all interferents.
A parallel cross-reactivity study in the presence of BA (core) is

ecessary since real samples are always prevalent with concomi-
ant interferents. The corresponding results are portrayed in Table 2.
t is interesting to note that the proposed sensor, even without
ater washings after analyte recapture, revealed quantitative sorp-

ion of BA in binary and multiple mixtures (Table 2, Fig. 3f). This
ould be attributed to the film morphology as polymer brush which
nly allowed specific binding of BA in its hydrophobic domain of
inding sites while pushing interferents away beyond brush tips in
ydrophilic domain in aqueous environment. Thus any question of
alse-positive results owing to non-specific contributions is ruled
ut in the present investigation.

. Conclusions

In this paper, a cost-effective, robust, renewable, disposable, and
ighly reproducible MIP-brush sensor invoking sol–gel technol-
gy in “grafting-to” approach is proposed for trace-level analysis
f BA in real samples. The detection limits were found to be as
ow as 1.6 �g mL−1 in aqueous, 1.8 �g mL−1 in blood plasma, and
.4 �g mL−1 in human urine samples. These sensitivity limits are

pparently enough to confirm long-acting possible cases of barbi-
urate poisonings (fatal dose >2 �g mL−1 in 100-fold diluted blood
lasma clinically, without any sample pretreatment and cross-
eactivity. The performance of MIP used in the present study is being
urther improved in our laboratory by interfacing the proposed sen-
n with BA in aqueous mixture solution. Interferents: Uric acid (UA); Theophylene
affein (Caff).
L−1 each).

sor with a suitable solid-phase micro extraction system in order to
monitor intermediate and short-acting barbiturates in clinical sam-
ples. Nevertheless, in contrast to the major limitation of MIP usually
occurred from slow mass-transfer, the MIP–film coating in the pro-
posed IPN between graphite and sol–gel and in between sol–gel and
exterior MIP brush interface actually augmented the mass-transfer
kinetics and thereby response time of 90 s to yield quantitative
results, without any false-positive (non-specific) contributions. The
proposed MIP–sol–gel-modified graphite electrode is better than
MIP-modified HMDE sensor (Prasad and Lakshmi, 2005) in terms
of its practical utility for in-field clinical investigations, without any
environmental hazards.
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