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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
monomer directly onto one of the gold electrodes of a 9 MHz AT-cut quartz crystal in the presence of caffeine. The optimum conditions for the
electrosynthesis of the reagent phase were established. Caffeine molecules were entrapped in the matrix of polymer film, and were removed
by 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 comes in contact
with the caffeine solution was carried out in a stopped flow mode. A steady-state response was achieved in about 10 min. The sensor exhibited
a linear relationship between the frequency shift and the In of caffeine concentration in the range of 0.1-10 mg/mL (correlation coefficient,

r =0.9882). The sensitivity of the sensor was about 255 Hz/In concentration (mg/mL). A good repeatability, R.S.B6F (9.5 mg/mL
caffeine 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 performed
on the polymer coating in order to elucidate the imprinting process and rebinding of caffeine to the polymer matrix during the sensing process.
The SEM micrographs and XPS spectra revealed features and structures that could support the imprinting and recognition of caffeine molecule
by the imprinted polymer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction target molecule. The difficulties encountered in handling bi-

ological materials (e.g. complications in its preparation with
The molecular recognition capability of molecularly im- the desired properties and instability in high temperature and

printed polymers (MIPs) has been described in a wide rangesolvents) are avoided when MIPs are employed.

of applicationg1-8]including chemical sensors, immunoas- Recently, molecular imprinting has been approached us-

say, directed synthesis and enzyme and receptor binding.ing the electrosynthesis of conducting polymers through gal-

MIPs are smart synthetic materials that are utilized instead vanostatic, potentiostatic and cyclic voltammetric methods

of natural biomolecules because of their high selectivity to [9-11]. These methods provide a simple and rapid technique
of controlling the thickness of the conductive polymer film

. _ grown adherent to a transducer of any size and shape. The
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Insensor applications, polypyrrole (PPy) is one of the most taining 5 mL of a buffered solution containing the monomer
explored conducting polymét2—-17]. It has been employed (200 mM) and the caffeine template (20 mM) for about 5 min.
in the reagent phase of a number of potentiometric, am- Atthe end of the polymerization period, the template caffeine
perometric, conductimetric and optical sensors for chemical molecule was removed from the polymer matrix deposited on
species. Inthis work, the feasibility of integrating molecularly the surface of the quartz crystal by extraction through wash-
imprinted electrosynthesized polypyrrole and the piezoelec- ing with water.
tric quartz crystal transducer is presented as an attractive A non-imprinted polymer was synthesized using the same
strategy for the development of a chemical sensor for caf- procedure but without the incorporation of the caffeine tem-
feine. The analytical performances of the biomimetic caffeine plate.
sensor based on PPy were characterized, together with the
surface morphology and elemental composition of the molec- 2.3. Sensor instrumentation
ularly imprinted PPy. Quantitation of caffeine was achieved
through the change in the resonant frequency of the piezo- The oscillation frequency of the piezoelectric quartz crys-
electric quartz crystal. This shift in frequency is correlated tal was determined by means of an instrumentation system
with the change in mass of the surface of the sensing layer[19] that consisted of a dc power source (Loadstar P50303)
upon contact with the target analyte. connected to a digital frequency counter (Leader LDC-824),

The use of the designed sensor could present one possiblan assembled Pierce oscillator circuit based on CMOS device
alternate course for detecting caffeine in food, beverages and[CD74HCTO04E), and a Teflon flow cell. Only the coated elec-
pharmaceutical products. It could also find important appli- trode of the quartz crystal inside the flow cell is exposed to
cation in the assessment of environmental water quality, sincethe analyte solution. Sample solutions were introduced to the
caffeine has been recognized as a marker for the fecal conflow cell using a peristaltic pump (Ismatec IPC).
tamination of watef18]. It offers a simple and inexpensive
option for the measurement of caffeine, which is often ana- 2.4. Caffeine measurement
lyzed using tedious procedures and costly bulky instruments,
such as tandem chromatographs. The measurement procedure was done using a stopped-

flow mode. The buffer solution was initially allowed to pass
through the flow cell at a constant flow rate of 1.2 mL miin

2. Experimental The resonant frequency was monitored until it reached a
steady-state reading4{JF- Then, solutions of different concen-
2.1. Reagents and chemicals trations of caffeine were successively passed through the cell.

For each solution, the flow was stopped and the frequency was
All chemicals used were of analytical reagent grade, and recorded till it displayed a constant valugFThe sensor re-
all solutions were prepared with distilled water as the solvent. sponse was obtained from the frequency shift-(H) for
Pyrrole monomer was obtained from Sigma Chemicals Co. each concentration. The same measurement procedure was
(St. Louis, MO, USA) and was distilled at 12€, flushed carried out using same condition without the template.
with nitrogen, and stored in amber bottles to prevent atmo-
spheric oxidation. Caffeine, xanthine and theophylline were 2.5. Surface analysis of the imprinted PPy film
also purchased from Sigma Chemicals Co. and used as re-
ceived. Phosphate buffer solution (0.1 M, pH 7) was used for ~ The imprinted PPy films were characterized using mi-

all measurements and stored in the darkat 4 croscopy and spectroscopic surface analysis techniques. The
electro-deposited polymer films on the gold electrodes were
2.2. Sensor preparation used as samples for scanning electron microscopy (SEM) and

X-ray photoelectron spectroscopy (XPS) analyses.

The piezoelectric caffeine sensor was prepared by direct The surface morphology of the coated quartz was charac-
deposition of PPy onto one side of a 5mm diameter gold terized using a JEOL JSM-5200 Scanning Microscope, op-
electrode of a 9 MHz AT-cut quartz crystal (8 mm diame- erated at a voltage of 15kV, a current of #8to 102 A and
ter) through a galvanostatic electropolymerization of pyrrole a magnification of 3500 x. The samples were gold sputtered
monomer in a buffered solution containing caffeine at room at 15kV for 200 s using JEOL JFC-1100E ion sputter (fine
temperature (27C). coat) operated under vacuum (~F0rorr).

The electrochemical polymerization set-upwas composed A Kratos AXIS HSI in an ultra high vacuum
of the gold electrode of a quartz crystal as anode and a car-(9 x 10~° Torr) with an Al Ka X-ray source (1486.6 eV of
bon rod as cathode. Only one of the gold electrodes in the photons) was employed for the XPS analysis of the surface
guartz was involved in the cell circuit. A current limiting de-  for both the molecularly imprinted polypyrrole (MIPPy) and
vice (National Semiconductor IC LM 334) was connected non-molecularly imprinted PPy coating. To compensate for
in series with the cell and with a voltage source (<30V). A the surface charging effects, all binding energies were ref-
current density of 4 mA/cAwas passed through the cellcon- erenced to the C 1s neutral carbon peak at 284.6eV. The
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software package XPS PEAK 4.1 was used to fit the XPS  The sensor behavior was influenced by the conditions em-
spectra peaks. ployed in the electrodeposition process. The polymerization
parameters such as current density, polymerization time and
monomer concentration, determine the thickness and physi-

3. Results and discussion cal stability of the polymer film produced on the sensing sur-
face of the piezoelectric quartz transducer and are expected

3.1. Electrodeposition of molecularly imprinted to have an effect on the sensor response.

polypyrrole The current density applied to the cell during polymeriza-

tion was found to affect the sensitivity and linearity of the
Electrooxidation of the pyrrole monomer occurs at the an- sensor. Sensors produced at lower current densities exhib-
ode, and the resulting polymer deposits onto the surface of theited favorable analytical performance, whereas the sensors
gold electrode in the quartz crystal. During the electrodeposi- formed at a high current density (e.g. 6 mA&nshowed
tion of the conductive polymer, caffeine template molecules very low linearity and sensitivity (Table 1). Higher current
are trapped in the polymer matrix as a result of the ability of densities lead to a more extensive electropolymerization, and
these molecules to interact with the pyrrole units. therefore to the formation of thicker sensing membranes with
The oxygen atom in the €0 group of the caffeine  lessaccessibleimprinted sites. A currentdensity of 4 mA/cm
molecule forms a hydrogen bond with the hydrogen atom in produced a sensor with a high sensitivity (255 Hz/In con-
the N-H group of the pyrrole units (Fig. 1). Hydrogen bond- centration) and good linear behavior=0.9882), and was
ing could also occur between the imine nitrogen atom in the therefore used in the subsequent electro-polymerization pro-
caffeine structure and the hydrogen atom of theHN\yroup cesses.
of pyrrole. Chain branching and crosslinking in HB9] gen- The length of the polymerization time was observed to
erate a three-dimensional matrix with niches containing the have an influence on the performance of the sensor. A short
template caffeine. Subsequent washing with water extractsreaction period (e.g. 1 min) yielded a sensor with small re-
the entrapped caffeine that leaves behind vacant imprint sitessponses, very low sensitivity and poor linearity. Under this
bearing its shape. This imprinting process creates a microen-condition, not enough electropolymerization must have oc-
vironment for the recognition of caffeine molecule based on curred, producing a thin sensing membrane with only a small
shape selection and positioning of the functional groups. = number of recognition sites. However, increasing the poly-
merization time up to 10 min led to an improvement of sensor
3.2. Effect of electro-polymerization parameters on behavior, possibly due to the formation of more recognition
sensor behavior sites. The optimum polymerization time was found to be
5 min, wherein the resulting sensor possessed a high sensitiv-
The piezoelectric quartz crystal containing the molecu- ity (320 Hz/In concentration) and very good linear behavior
larly imprinted polyprrole film constitutes a chemical sensor (r =0.993).
for caffeine. When the sensor was placed in a solution of The monomer concentration during polymerization also
caffeine, the oscillation frequency of the quartz crystal de- determined the analytical behavior of the sensor. Elec-
creased significantly, reaching a steady state in about 10 mintropolymerization using low monomer concentrations (up
The remarkable decrease in frequency indicates an increas¢o 200 mM) produced sensors with good analytical behav-
in mass on the surface of the quartz crystal, and can be asior. Increasing the monomer concentration to 300 mM led to
cribed to the recognition and rebinding of caffeine to the higher sensor responses and increased sensor sensitivity, but
imprinted polymer coating. The lowering in oscillation fre- caused a highly significant narrowing of the dynamic range.
guency upon exposure to a solution of caffeine is taken as This effect could be attributed the production of a membrane
the sensor response. This behavior was not exhibited bywith too many recognition sites that causes overloading of
a gquartz crystal containing the non-molecularly imprinted the quartz resonator crystal even at a low analyte concen-
polypyrrole, wherein a minimal and erratic response was tration (i.e. ca. 0.8 mg/mL). The optimum behavior was ob-
obtained. served ata monomer concentration of 200 mMin the presence
of 20 mM caffeine and polymerization time of 5min using
4mA/cn?.

Table 1
Analytical performance characteristics of caffeine sensors produced at dif-
ferent current densities

Current density Correlation Sensitivity (Hz/In
(mA/cr?) coeffient,r concentration)
2.0 0.9953 213

4.0 0.9882 255

6.0 0.6625 32

Fig. 1. Interaction between the caffeine molecule with polypyrrole.



148 B.S. Ebarvia et al. / Talanta 66 (2005) 145-152

3.3. Sensor performance characteristics 1000

The sensor response was very reproducible, exhibiting a
relative standard deviation of 9% £®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 inFig. 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/In mg/mL) was

600+
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-600
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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-
observed for the caffeine sensor. The linearity of the re- Centration these compounds (0.1 mg/mL), the sensitivity of
sponse was good, as indicated by the correlation coeffi-the sensor to caffeine decreased by about 47% for theo-
cient (r=0.9882). The detection limit was determined to be PhYlline and about 68% for xanthine (s&able 2). These

4.66x 106 mg/mL (0.024.M) based on three standard de- results imply that these molecules compete with the caf-
viations. feine molecule in binding with the MIP. These molecules

The analytical sensitivity of the caffeine sensor was sig- are aiso capable of binding with the MIP, since they possess
nificantly greater than that of the reference sensor, which hadth® Same functional groups as those that are involved in the
anon-imprinted PPy coating on its surface (Fig. 2). The min- Intéraction between caffeine and the MIP. These molecules
imal response exhibited by the reference sensor could be dudliffér from the caffeine molecule in having less number of
to the random arrangement of the functional groups in the Methyl groups and therefore occupy a smaller volume, en-

non-imprinted polymer, resulting in weak and non-specific
adsorption.

The response of the sensor varied with the pH of the ana-
lyte solution (Fig. 3). The maximum response was obtained
at pH 7. This behavior would imply that molecular interac-
tion of caffeine was optimum at this pH, which was also
the pH used during the imprinting electro-polymerization
process. When basic buffer solutions were used, the re-

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 x)

sponse was observed to decrease drastically, indicating thafnagnification revealed clusters of spherical particles of vary-
the MIP did not recognize the analyte molecule. Under this ing sizes (<um, diameter) on the sensing surface of the MIP

condition, the MIP could exist in a highly deprotonated Sensor. Upon exposure to a solution containing caffeine, the
form that is not capable of interacting with the caffeine surface appeared to have become slightly thicker, probably

molecule.
The sensor response was affected by the presence o
molecules with structures related to caffeine, particularly

1800
1300

y = 254.71Ln(x) + 561.87
r=0.9882

800
300
-200
-700

-1200

Frequency Shift (Hz)

+ Non-MIP = MIP

-1700 ~
0.1

1
Caffeine Concentration (mg/mL)

10

Fig. 2. Response curves obtained using the caffeine (MIP) sensor and ref-
erence (non-MIP) sensor.

due to the incorporation of caffeine molecules in the pores of
the polymer matrix (Fig. 4). The surface of the MIP sensor
showed more rugged features when compared to the non-
imprinted PPy sensor even when exposed to caffeine solu-
tion.

The wide-scan X-ray photoelectron spectra of the MIP
surface (Fig. 5) indicated the presence of carbon, nitrogen
and oxygen. The unexpected presence of oxygen could be
attributed to the €0 and G=O groups that could have re-
sulted from the oxidation of some pyrrole rings during the
electro-polymerization proce§al].

Table 2

Sensor response to various analytes

Analyte Sensitivity r
Caffeine 255 0.9882
Caffeine with theophylline 140 0.9327
Caffeine with xanthine 84 0.9747
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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- 4000
like nitrogen (BE~ 399.5 eV) and electron deficient nitrogen
(BE~401.5eV). 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. 1000

The deconvoluted O 1s core level spectrum of the PPy ]
film (Fig. 6(c)) was fitted with three peak components as- 04
cribedto G-H (~531.6 eV), GO (~530.5eV)23]and G-O e ——
(~533.4eV) corresponding to the major peak and minor 280 282 284 286 288 200 202 294
peaks, respectively. The occurrences of these groups confirm  (2) Binding Energy, eV
the possibility of over-oxidation of the polypyrrole during
electropolymerizatiof21,22]. ]

Comparison of XPS results for the PPy films before and 2800-
after exposure to caffeine provided evidence for the bind- 2600-]
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
an additional peak that can be attributed to the@-N ]
peak (~287.3eV). The E0)-N component peak is also 14001
observed in the C 1s core level spectrum of pure caffeine. 1200+
Its presence in the XPS spectra of the PPy film exposed to e e o o o
caffeine could indicate that caffeine molecules are present 892 394 396 398 400 402 404 406
and have been recognized by the PPy sensing layer. The in-  (®) Binding Energy, eV
crease in the atomic percentage of the oxygen corresponding
to C=0 peak upon exposure to caffeine could also be an indi-
cation of caffeine recognition on the surface of the polymer
matrix.

The showing up of the imine-like nitrogen atom in the
N 1s curve fitted peak was obvious in the PPy film upon
exposure to caffeine (Fig. 7(b)). This response could also
provide an indication of caffeine rebinding to the polymer.
In this core level spectrum, the imine-like nitrogen and the
electron deficient nitrogen constitute about 9 and 11%, re-
spectively.

For the non-imprinted PPy films, the XPS wide scan spec-
tra revealed peaks for carbon, oxygen and nitrogen. The
curve fitted C 1s core level spectra of the non-imprinted im-
printed PPy films before and after exposure to caffeine so- 524 526 528 530 532 534 536 538
lution (Fig. 8(a) and (b)) both contained three component (¢ Binding Energy, eV
peaks. Unlike in the molecularly imprinted PPy, no peak was
found corresponding to the €(O)—N grouping, indicating Fig. 7. Curve-fitted XPS spectra of (a) C 1s (b) N 1s and (c) O 1s components
that caffeine was not incorporated in the NIP after exposure ©f the molecularly imprinted PPy after exposure to caffeine.
to a solution containing caffeine.

The deconvoluted O 1s core level spectrum of the non- come of over-oxidation of polypyrrole during electropoly-
imprinted PPy films before exposure to caffeine (Fig. 8(c) ex- merization. Upon exposure to caffeine (Fig. 8(d)) the O 1s
hibited three component peaks, witkQG (~530.0eV) asthe  spectrum was fitted with two peak components ascribed to
major peak and the-eH (~531.6 eV) and COO (~528.5eV) C=0 (~529.5eV) and ©GH (~531.2eV) as the major and
as minor peaks. As in the MIP, these groups could be the out-minor peaks, respectively.
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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- 3.5. Analytical application of the sensor
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  The suitability of the sensor for analytical applications was
minor component assigned to the amine-like nitrogen atom demonstrated by the recovery efficiency in analyzing cof-
(~399.1 eV). Unlike in the molecularly imprinted PPy film, fee samples. Percent recovery for brewed coffee (4 g/50 mL)
a peak that can be attributed to a protonated nitrogen was notranges from 74 to 93%. The results of the analysis using
found. This could suggest that the presence of the templatethe sensor were compared with those obtained using the
caffeine during the polymer synthesis of the film affected the standard spectrophotometric method, AOAC Method 12.028,
surface structure of the PPy, wherein the PPy film assumed g24] involving chloroform extraction and subsequent ab-
deprotonated forrf22] after its extraction. On the other hand, sorbance measurement on the extract at 276.5nm wave-
PPy synthesis without the caffeine resulted in a protonatedlength (seeTable 3). At-test (95% confidence level) per-
form [22] containing a positively charge nitrogerf ldnd a formed on these data showed that there was no signifi-
neutral nitrogen{NH-). cant difference between the results obtained with the two
Very minimal difference was observed between the non- methods.
imprinted PPy before and after exposure to caffeine solution,  The sensor was found to be useful for only three measure-
suggesting the non-binding of caffeine. After exposure to caf- ments, after which its performance deteriorated. This limited
feine, the curve fitted peak for the N 1s core level spectrum lifetime could be an effect of the acidic nature of the re-
(Fig. 9(b)) revealed a major peak for the amine-like nitrogen
atom (399.4 eV) and minor peaks attributed to the protonatedTable 3
nitrogen atom (N) and the imine-like nitrogen atom. This  Estimated caffeine content of the coffee sample (4g/50mL) using the
behavior was also observed for the N 1s of the molecularly caffeine sensor with molecularly imprinted PPy coating and UV-vis

c : : trophotomet

imprinted PPy after exposure to caffeine. With these observa-PErOPnotometer '

tions, very weak interaction of caffeine on the non-imprinted Method Caffeine (mg/mL) S.D. n
polymer could also be manifested on the non-imprinted PPy MI-PPy sensor 0.988 0.198 3

film. UV-vis 1.103 0.047 3




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

2400 static method. The proposed low cost chemical sensor could
1 find application in the measurement of caffeine level in food
22001 and pharmaceutical industries.
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