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Abstract

An approach for preparing a chemical sensor for caffeine through the combination of molecularly imprinted polypyrrole and a piezoelec-
tric quartz transducer was proposed. The caffeine-imprinted polymer was synthesized using galvanostatic electropolymerization of pyrrole
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onomer directly onto one of the gold electrodes of a 9 MHz AT-cut quartz crystal in the presence of caffeine. The optimum conditio
lectrosynthesis of the reagent phase were established. Caffeine molecules were entrapped in the matrix of polymer film, and we
y subsequent washing with water, leaving behind pores capable of recognizing the target analyte molecule.
The caffeine sensor was fixed in a measuring cell and measurement of the resonant frequency of the quartz crystal as it come
ith the caffeine solution was carried out in a stopped flow mode. A steady-state response was achieved in about 10 min. The sens
linear relationship between the frequency shift and the ln of caffeine concentration in the range of 0.1–10 mg/mL (correlation c

= 0.9882). The sensitivity of the sensor was about 255 Hz/ln concentration (mg/mL). A good repeatability, R.S.D. = 9 (n= 6) for 0.5 mg/mL
affeine solution was also observed. The use of the sensor can present a potential low-cost option for determining caffeine.
Surface analytical techniques such as scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were

n the polymer coating in order to elucidate the imprinting process and rebinding of caffeine to the polymer matrix during the sensin
he SEM micrographs and XPS spectra revealed features and structures that could support the imprinting and recognition of caffei
y the imprinted polymer.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The molecular recognition capability of molecularly im-
rinted polymers (MIPs) has been described in a wide range
f applications[1–8] including chemical sensors, immunoas-
ay, directed synthesis and enzyme and receptor binding.
IPs are smart synthetic materials that are utilized instead
f natural biomolecules because of their high selectivity to
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target molecule. The difficulties encountered in handling
ological materials (e.g. complications in its preparation w
the desired properties and instability in high temperature
solvents) are avoided when MIPs are employed.

Recently, molecular imprinting has been approache
ing the electrosynthesis of conducting polymers through
vanostatic, potentiostatic and cyclic voltammetric meth
[9–11]. These methods provide a simple and rapid techn
of controlling the thickness of the conductive polymer fi
grown adherent to a transducer of any size and shape
monomers that have been used in the design of molecu
imprinted conducting polymers include pyrrole, aniline
o-phenylenediamine.
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In sensor applications, polypyrrole (PPy) is one of the most
explored conducting polymer[12–17]. It has been employed
in the reagent phase of a number of potentiometric, am-
perometric, conductimetric and optical sensors for chemical
species. In this work, the feasibility of integrating molecularly
imprinted electrosynthesized polypyrrole and the piezoelec-
tric quartz crystal transducer is presented as an attractive
strategy for the development of a chemical sensor for caf-
feine. The analytical performances of the biomimetic caffeine
sensor based on PPy were characterized, together with the
surface morphology and elemental composition of the molec-
ularly imprinted PPy. Quantitation of caffeine was achieved
through the change in the resonant frequency of the piezo-
electric quartz crystal. This shift in frequency is correlated
with the change in mass of the surface of the sensing layer
upon contact with the target analyte.

The use of the designed sensor could present one possible
alternate course for detecting caffeine in food, beverages and
pharmaceutical products. It could also find important appli-
cation in the assessment of environmental water quality, since
caffeine has been recognized as a marker for the fecal con-
tamination of water[18]. It offers a simple and inexpensive
option for the measurement of caffeine, which is often ana-
lyzed using tedious procedures and costly bulky instruments,
such as tandem chromatographs.
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taining 5 mL of a buffered solution containing the monomer
(200 mM) and the caffeine template (20 mM) for about 5 min.
At the end of the polymerization period, the template caffeine
molecule was removed from the polymer matrix deposited on
the surface of the quartz crystal by extraction through wash-
ing with water.

A non-imprinted polymer was synthesized using the same
procedure but without the incorporation of the caffeine tem-
plate.

2.3. Sensor instrumentation

The oscillation frequency of the piezoelectric quartz crys-
tal was determined by means of an instrumentation system
[19] that consisted of a dc power source (Loadstar P50303)
connected to a digital frequency counter (Leader LDC–824),
an assembled Pierce oscillator circuit based on CMOS device
(CD74HCT04E), and a Teflon flow cell. Only the coated elec-
trode of the quartz crystal inside the flow cell is exposed to
the analyte solution. Sample solutions were introduced to the
flow cell using a peristaltic pump (Ismatec IPC).

2.4. Caffeine measurement

The measurement procedure was done using a stopped-
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.1. Reagents and chemicals

All chemicals used were of analytical reagent grade,
ll solutions were prepared with distilled water as the solv
yrrole monomer was obtained from Sigma Chemicals

St. Louis, MO, USA) and was distilled at 124◦C, flushed
ith nitrogen, and stored in amber bottles to prevent a
pheric oxidation. Caffeine, xanthine and theophylline w
lso purchased from Sigma Chemicals Co. and used
eived. Phosphate buffer solution (0.1 M, pH 7) was use
ll measurements and stored in the dark at 4◦C.

.2. Sensor preparation

The piezoelectric caffeine sensor was prepared by d
eposition of PPy onto one side of a 5 mm diameter
lectrode of a 9 MHz AT-cut quartz crystal (8 mm diam

er) through a galvanostatic electropolymerization of pyr
onomer in a buffered solution containing caffeine at ro

emperature (27◦C).
The electrochemical polymerization set-up was comp

f the gold electrode of a quartz crystal as anode and a
on rod as cathode. Only one of the gold electrodes in
uartz was involved in the cell circuit. A current limiting d
ice (National Semiconductor IC LM 334) was connec
n series with the cell and with a voltage source (<30 V
urrent density of 4 mA/cm2 was passed through the cell co
ow mode. The buffer solution was initially allowed to p
hrough the flow cell at a constant flow rate of 1.2 mL min−1.
he resonant frequency was monitored until it reach
teady-state reading (Fa). Then, solutions of different conce
rations of caffeine were successively passed through the
or each solution, the flow was stopped and the frequenc
ecorded till it displayed a constant value (Fb). The sensor re
ponse was obtained from the frequency shift (Fa−Fb) for
ach concentration. The same measurement procedur
arried out using same condition without the template.

.5. Surface analysis of the imprinted PPy film

The imprinted PPy films were characterized using
roscopy and spectroscopic surface analysis technique
lectro-deposited polymer films on the gold electrodes
sed as samples for scanning electron microscopy (SEM
-ray photoelectron spectroscopy (XPS) analyses.
The surface morphology of the coated quartz was ch

erized using a JEOL JSM-5200 Scanning Microscope
rated at a voltage of 15 kV, a current of 10−12 to 10−9 A and
magnification of 3500×. The samples were gold sputt
t 15 kV for 200 s using JEOL JFC-1100E ion sputter (
oat) operated under vacuum (∼10−3 Torr).

A Kratos AXIS HSI in an ultra high vacuu
9× 10−9 Torr) with an Al K� X-ray source (1486.6 eV o
hotons) was employed for the XPS analysis of the su

or both the molecularly imprinted polypyrrole (MIPPy) a
on-molecularly imprinted PPy coating. To compensate

he surface charging effects, all binding energies were
renced to the C 1s neutral carbon peak at 284.6 eV
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software package XPS PEAK 4.1 was used to fit the XPS
spectra peaks.

3. Results and discussion

3.1. Electrodeposition of molecularly imprinted
polypyrrole

Electrooxidation of the pyrrole monomer occurs at the an-
ode, and the resulting polymer deposits onto the surface of the
gold electrode in the quartz crystal. During the electrodeposi-
tion of the conductive polymer, caffeine template molecules
are trapped in the polymer matrix as a result of the ability of
these molecules to interact with the pyrrole units.

The oxygen atom in the CO group of the caffeine
molecule forms a hydrogen bond with the hydrogen atom in
the N H group of the pyrrole units (Fig. 1). Hydrogen bond-
ing could also occur between the imine nitrogen atom in the
caffeine structure and the hydrogen atom of the NH group
of pyrrole. Chain branching and crosslinking in PPy[20] gen-
erate a three-dimensional matrix with niches containing the
template caffeine. Subsequent washing with water extracts
the entrapped caffeine that leaves behind vacant imprint sites
bearing its shape. This imprinting process creates a microen-
v d on
s .
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The sensor behavior was influenced by the conditions em-
ployed in the electrodeposition process. The polymerization
parameters such as current density, polymerization time and
monomer concentration, determine the thickness and physi-
cal stability of the polymer film produced on the sensing sur-
face of the piezoelectric quartz transducer and are expected
to have an effect on the sensor response.

The current density applied to the cell during polymeriza-
tion was found to affect the sensitivity and linearity of the
sensor. Sensors produced at lower current densities exhib-
ited favorable analytical performance, whereas the sensors
formed at a high current density (e.g. 6 mA/cm2) showed
very low linearity and sensitivity (Table 1). Higher current
densities lead to a more extensive electropolymerization, and
therefore to the formation of thicker sensing membranes with
less accessible imprinted sites. A current density of 4 mA/cm2

produced a sensor with a high sensitivity (255 Hz/ln con-
centration) and good linear behavior (r= 0.9882), and was
therefore used in the subsequent electro-polymerization pro-
cesses.

The length of the polymerization time was observed to
have an influence on the performance of the sensor. A short
reaction period (e.g. 1 min) yielded a sensor with small re-
sponses, very low sensitivity and poor linearity. Under this
condition, not enough electropolymerization must have oc-
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ironment for the recognition of caffeine molecule base
hape selection and positioning of the functional groups

.2. Effect of electro-polymerization parameters on
ensor behavior

The piezoelectric quartz crystal containing the mole
arly imprinted polyprrole film constitutes a chemical sen
or caffeine. When the sensor was placed in a solutio
affeine, the oscillation frequency of the quartz crystal
reased significantly, reaching a steady state in about 10
he remarkable decrease in frequency indicates an inc

n mass on the surface of the quartz crystal, and can b
ribed to the recognition and rebinding of caffeine to
mprinted polymer coating. The lowering in oscillation f
uency upon exposure to a solution of caffeine is take

he sensor response. This behavior was not exhibite
quartz crystal containing the non-molecularly imprin

olypyrrole, wherein a minimal and erratic response
btained.

Fig. 1. Interaction between the caffeine molecule with polypyrrole
urred, producing a thin sensing membrane with only a s
umber of recognition sites. However, increasing the p
erization time up to 10 min led to an improvement of se
ehavior, possibly due to the formation of more recogn
ites. The optimum polymerization time was found to
min, wherein the resulting sensor possessed a high se

ty (320 Hz/ln concentration) and very good linear beha
r = 0.993).

The monomer concentration during polymerization
etermined the analytical behavior of the sensor. E

ropolymerization using low monomer concentrations
o 200 mM) produced sensors with good analytical be
or. Increasing the monomer concentration to 300 mM le
igher sensor responses and increased sensor sensitiv
aused a highly significant narrowing of the dynamic ra
his effect could be attributed the production of a memb
ith too many recognition sites that causes overloadin

he quartz resonator crystal even at a low analyte con
ration (i.e. ca. 0.8 mg/mL). The optimum behavior was
erved at a monomer concentration of 200 mM in the pres
f 20 mM caffeine and polymerization time of 5 min us
mA/cm2.

able 1
nalytical performance characteristics of caffeine sensors produced

erent current densities

urrent density
mA/cm2)

Correlation
coeffient,r

Sensitivity (Hz/ln
concentration)

.0 0.9953 213

.0 0.9882 255

.0 0.6625 32
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3.3. Sensor performance characteristics

The sensor response was very reproducible, exhibiting a
relative standard deviation of 9% (n= 6) for a solution con-
taining 0.5 mg/mL caffeine. Regeneration of the sensor was
done by allowing a water–acetic acid (1:10) mixture to flow
in the sensor system for about 2–10 min in order to extract
the bound caffeine. Measurement of the buffer solution was
done after each regeneration until the frequency reading ap-
proaches the initial reading of the buffer solution.

The responses of the caffeine sensor and of the ref-
erence sensor to different concentrations of caffeine are
shown in Fig. 2. There is a linear relationship between
the response, expressed as frequency shift, and the log-
arithm of the concentration of caffeine in the range of
0.1–10 mg/mL. A good sensitivity (255 Hz/ln mg/mL) was
observed for the caffeine sensor. The linearity of the re-
sponse was good, as indicated by the correlation coeffi-
cient (r= 0.9882). The detection limit was determined to be
4.66× 10−6 mg/mL (0.024�M) based on three standard de-
viations.

The analytical sensitivity of the caffeine sensor was sig-
nificantly greater than that of the reference sensor, which had
a non-imprinted PPy coating on its surface (Fig. 2). The min-
imal response exhibited by the reference sensor could be due
t the
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Fig. 3. Effect of pH of buffer solution on sensor response.

theophylline and xanthine. In the presence of a fixed con-
centration these compounds (0.1 mg/mL), the sensitivity of
the sensor to caffeine decreased by about 47% for theo-
phylline and about 68% for xanthine (seeTable 2). These
results imply that these molecules compete with the caf-
feine molecule in binding with the MIP. These molecules
are also capable of binding with the MIP, since they possess
the same functional groups as those that are involved in the
interaction between caffeine and the MIP. These molecules
differ from the caffeine molecule in having less number of
methyl groups and therefore occupy a smaller volume, en-
abling them to fit into the pores of the MIP. Furthermore,
the mass of these molecules are lower than that of caf-
feine and will therefore bring about a lowering in the sensor
response.

3.4. Surface characteristics of the PPy films

Scanning electron microscopy conducted at high (3500×)
magnification revealed clusters of spherical particles of vary-
ing sizes (<5�m, diameter) on the sensing surface of the MIP
sensor. Upon exposure to a solution containing caffeine, the
surface appeared to have become slightly thicker, probably
due to the incorporation of caffeine molecules in the pores of
the polymer matrix (Fig. 4). The surface of the MIP sensor
s non-
i solu-
t

MIP
s ogen
a ld be
a e-
s the
e

T
S

A

C
C 7
C 7
o the random arrangement of the functional groups in
on-imprinted polymer, resulting in weak and non-spe
dsorption.

The response of the sensor varied with the pH of the
yte solution (Fig. 3). The maximum response was obta
t pH 7. This behavior would imply that molecular inter

ion of caffeine was optimum at this pH, which was a
he pH used during the imprinting electro-polymeriza
rocess. When basic buffer solutions were used, th
ponse was observed to decrease drastically, indicatin
he MIP did not recognize the analyte molecule. Under
ondition, the MIP could exist in a highly deprotona
orm that is not capable of interacting with the caffe
olecule.
The sensor response was affected by the presen

olecules with structures related to caffeine, particu

ig. 2. Response curves obtained using the caffeine (MIP) sensor a
rence (non-MIP) sensor.
howed more rugged features when compared to the
mprinted PPy sensor even when exposed to caffeine
ion.

The wide-scan X-ray photoelectron spectra of the
urface (Fig. 5) indicated the presence of carbon, nitr
nd oxygen. The unexpected presence of oxygen cou
ttributed to the CO and C O groups that could have r
ulted from the oxidation of some pyrrole rings during
lectro-polymerization process[21].

able 2
ensor response to various analytes

nalyte Sensitivity r

affeine 255 0.9882
affeine with theophylline 140 0.932
affeine with xanthine 84 0.974



B.S. Ebarvia et al. / Talanta 66 (2005) 145–152 149

Fig. 4. SEM micrographs of the molecularly imprinted PPy coating at
3500×magnification (a) before and (b) after exposure to a caffeine solution
(0.10 mg/mL).

The curve fitted C 1s core level spectrum of the unexposed
molecularly imprinted PPy film exhibited three component
peaks (Fig. 6(a)). The main peak component is due to a CC
group, which could be a contribution from the aromatic car-
bons of the PPy. The minor components could be attributed
to C N (286.3 eV) and CO (288.0 eV) groupings occurring

Fig. 5. XPS wide scan spectra of molecularly imprinted PPy coating.

Fig. 6. Curve-fitted XPS spectra of (a) C 1s, (b) N 1s and (c) O 1s components
of the molecularly imprinted PPy.

in the polymer film. The possibility of oxidation of the car-
bons of polypyrrole during the electro-polymerization pro-
cess could produce a COH group in the first step and a CO
grouping in the next step[22]. The high potential (3.7–4.0 V)
observed during galvanostatic electropolymerization could
facilitate this oxidation.
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In the PPy complex, the N atoms may exist as imine
( N ), amine ( NH ) and/or electron deficient nitrogen
(N+) [11]. The curve fitted spectrum of N 1s (Fig. 6(b))
showed the presence of two types of nitrogen: an amine-
like nitrogen (BE∼ 399.5 eV) and electron deficient nitrogen
(BE∼ 401.5 eV). The proportion of the positively charged ni-
trogen atoms in the PPy film was found to be 12% in terms of
N+/N. The absence of imine-like nitrogen atom is apparent
since no peak with binding energy lower than 399.5 eV was
observed.

The deconvoluted O 1s core level spectrum of the PPy
film (Fig. 6(c)) was fitted with three peak components as-
cribed to O H (∼531.6 eV), C O (∼530.5 eV)[23] and C O
(∼533.4 eV) corresponding to the major peak and minor
peaks, respectively. The occurrences of these groups confirm
the possibility of over-oxidation of the polypyrrole during
electropolymerization[21,22].

Comparison of XPS results for the PPy films before and
after exposure to caffeine provided evidence for the bind-
ing of caffeine to the polymer. The curve fitted C 1s, N 1s
and O 1s core level spectra after exposure of the molec-
ularly imprinted PPy film to caffeine solution are shown
in Fig. 7(a)–(c). The component peaks fitted in the C 1s
core level spectrum (Fig. 7(a)) agree with those obtained
for the unexposed PPy film except for the appearance of
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Fig. 7. Curve-fitted XPS spectra of (a) C 1s (b) N 1s and (c) O 1s components
of the molecularly imprinted PPy after exposure to caffeine.

come of over-oxidation of polypyrrole during electropoly-
merization. Upon exposure to caffeine (Fig. 8(d)) the O 1s
spectrum was fitted with two peak components ascribed to
C O (∼529.5 eV) and OH (∼531.2 eV) as the major and
minor peaks, respectively.
n additional peak that can be attributed to the C(O) N
eak (∼287.3 eV). The C(O) N component peak is als
bserved in the C 1s core level spectrum of pure caff

ts presence in the XPS spectra of the PPy film expos
affeine could indicate that caffeine molecules are pre
nd have been recognized by the PPy sensing layer. T
rease in the atomic percentage of the oxygen correspo
o C O peak upon exposure to caffeine could also be an
ation of caffeine recognition on the surface of the poly
atrix.
The showing up of the imine-like nitrogen atom in
1s curve fitted peak was obvious in the PPy film u

xposure to caffeine (Fig. 7(b)). This response could
rovide an indication of caffeine rebinding to the polym

n this core level spectrum, the imine-like nitrogen and
lectron deficient nitrogen constitute about 9 and 11%
pectively.

For the non-imprinted PPy films, the XPS wide scan s
ra revealed peaks for carbon, oxygen and nitrogen.
urve fitted C 1s core level spectra of the non-imprinted
rinted PPy films before and after exposure to caffeine

ution (Fig. 8(a) and (b)) both contained three compo
eaks. Unlike in the molecularly imprinted PPy, no peak

ound corresponding to the C(O) N grouping, indicating
hat caffeine was not incorporated in the NIP after expo
o a solution containing caffeine.

The deconvoluted O 1s core level spectrum of the
mprinted PPy films before exposure to caffeine (Fig. 8(c
ibited three component peaks, with CO (∼530.0 eV) as th
ajor peak and the OH (∼531.6 eV) and COO (∼528.5 eV
s minor peaks. As in the MIP, these groups could be the
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Fig. 8. Deconvoluted spectra of the elemental compositon of C 1s and O 1s of the non-imprinted PPY coating: (a) and (c) unexposed; (b) and (d) exposed to
caffeine solution.

The N 1s core level spectrum of the unexposed non-
imprinted PPy (Fig. 9(a)) was fitted with a low BE shoul-
der at 397.6 eV (imine-like nitrogen) as the main peak and a
minor component assigned to the amine-like nitrogen atom
(∼399.1 eV). Unlike in the molecularly imprinted PPy film,
a peak that can be attributed to a protonated nitrogen was not
found. This could suggest that the presence of the template
caffeine during the polymer synthesis of the film affected the
surface structure of the PPy, wherein the PPy film assumed a
deprotonated form[22] after its extraction. On the other hand,
PPy synthesis without the caffeine resulted in a protonated
form [22] containing a positively charge nitrogen N+ and a
neutral nitrogen (NH ).

Very minimal difference was observed between the non-
imprinted PPy before and after exposure to caffeine solution,
suggesting the non-binding of caffeine. After exposure to caf-
feine, the curve fitted peak for the N 1s core level spectrum
(Fig. 9(b)) revealed a major peak for the amine-like nitrogen
atom (399.4 eV) and minor peaks attributed to the protonated
nitrogen atom (N+) and the imine-like nitrogen atom. This
behavior was also observed for the N 1s of the molecularly
imprinted PPy after exposure to caffeine. With these observa-
tions, very weak interaction of caffeine on the non-imprinted
polymer could also be manifested on the non-imprinted PPy
film.

3.5. Analytical application of the sensor

The suitability of the sensor for analytical applications was
demonstrated by the recovery efficiency in analyzing cof-
fee samples. Percent recovery for brewed coffee (4 g/50 mL)
ranges from 74 to 93%. The results of the analysis using
the sensor were compared with those obtained using the
standard spectrophotometric method, AOAC Method 12.028,
[24] involving chloroform extraction and subsequent ab-
sorbance measurement on the extract at 276.5 nm wave-
length (seeTable 3). A t-test (95% confidence level) per-
formed on these data showed that there was no signifi-
cant difference between the results obtained with the two
methods.

The sensor was found to be useful for only three measure-
ments, after which its performance deteriorated. This limited
lifetime could be an effect of the acidic nature of the re-

Table 3
Estimated caffeine content of the coffee sample (4 g/50 mL) using the
caffeine sensor with molecularly imprinted PPy coating and UV–vis
spectrophotometer

Method Caffeine (mg/mL) S.D. n

MI-PPy sensor 0.988 0.198 3
UV–vis 1.103 0.047 3
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Fig. 9. Deconvoluted spectrum of the N 1s elemental compositon of (a)
unexposed non-imprinted PPY coating and (b) non-imprinted PPy coating
exposed to caffeine solution.

generating mixture, which could cause modification in the
recognition site, and even in the polymeric backbone.

4. Conclusion

The approach to preparing a chemical sensor through
the combination of electrosynthesized molecularly imprinted
polypyrrole and the piezoelectric quartz sensor has been suc-
cessfully demonstrated. This promising sensor exhibited a
linear calibration range, a good sensitivity and repeatability.
Molecular imprinting by electropolymerization of PPy was
shown to be an effective way of growing the polymer coating
directly onto an electrode of the quartz crystal using galvano-

static method. The proposed low cost chemical sensor could
find application in the measurement of caffeine level in food
and pharmaceutical industries.
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