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Abstract A piezoelectric quartz sensor coated with mo-
lecularly imprinted polymer (MIP) for caffeine was devel-
oped. The MIP was prepared by co-polymerizing meth-
acrylic acid (MAA) and ethylene glycol dimethacrylate
(EDMA) in the presence of azobis(isobutyronitrile) as ini-
tiator, caffeine as template molecule, and chloroform as
solvent. The MIP suspension in polyvinyl chloride/tetra-
hydrofuran (6:2:1 w/w/v) solution was spin coated onto the
surface of the electrode of a 10 MHz AT-cut quartz crys-
tal. The sensor exhibited a linear relationship between the
frequency shift and caffeine concentration in the range of
11077 mg mL"up to 1x10-3 mgmL~! [correlation coeffi-
cient (r)=0.9935] in a stopped flow measurement mode. It
has a sensitivity of about 24 Hz/In(concentration, mg mL").
A steady-state response was achieved in less than 10 min.
The performance characteristic of the sensor shows a
promising and inexpensive alternative method of detect-
ing caffeine. Surface studies were carried out for the reagent
phase of the sensor using SEM, AFM, and XPS analysis
in order to elucidate the imprinting of the caffeine mole-
cule. The SEM micrograph, AFM image, and XPS spectra
confirmed the removal of caffeine by Soxhlet extraction
in the imprinting process and the rebinding of caffeine to
the MIP sensing layer during measurement.
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Introduction

Molecularly imprinted polymers (MIPs) have been recog-
nized as a valuable recognition element in chemical sen-
sors. These materials provide an alternative to the expen-
sive and fragile antibodies and enzymes presently em-
ployed in chemical sensors. MIPs are synthetic materials
that possess tailor-made microcavities with molecular
recognition capability for the target molecule. These ma-
terials mimic the recognition properties of the biomole-
cules by using the so-called lock and key combinations.

The formation of MIPs is based on the initial arrange-
ment of monomer units around a template molecule, facil-
itated by covalent or non-covalent interactions. The mono-
mer units are frozen into these positions through a poly-
merization reaction involving cross-linking reagents that
promote the formation of a rigid macroporous matrix. The
template molecule is then extracted from the polymeric
matrix, leaving behind a cavity bearing the shape of the
template. A schematic representation of the imprinting pro-
cess is shown in Fig. 1.

The molecular recognition capability of the MIPs has
been exploited in a number of chemical sensors [1, 2, 3, 4,
5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,23, 24, 25, 26, 27, 28, 29, 30, 31]. It has been applied
in field effect devices, electrochemical sensors, and fluo-
rOSensors.

The combination of a piezoelectric quartz crystal trans-
ducer and a molecularly imprinted polymer reagent phase
was explored in this study for the measurement of caf-
feine. Quantitation was based on the change in mass of
the reagent phase as indicated by the change of the reso-
nant frequency of the piezoelectric quartz crystal. Micro-
scopic and spectroscopic techniques for surface studies
were also performed for the MIP materials in order to elu-
cidate the imprinting and rebinding of the caffeine mole-
cule in the polymer matrix.

The measurement and monitoring of caffeine is impor-
tant in food, beverages, and pharmaceutical industries. In
environmental assessment, caffeine has also been used as
a marker of fecal contamination source in surface waters,
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Fig.1 Schematic representation of the imprinting process

thus providing an indication of its sanitary quality. As one
of the natural by-products of human metabolism and ac-
tivity, caffeine may indicate contamination in water of hu-
man origin and from septic tanks [32, 33]. The detection
of caffeine usually involves large and costly instrumenta-
tion, for example, HPLC, GC-MS, SEC-FTIR, and ELISA
[34], and includes tedious steps.

Experimental

Materials

All reagents were prepared from analytical reagent grade chemi-
cals. Methacrylic acid (MAA), ethylene glycol dimethacrylate
(EDMA), azobis(isobutyronitrile) (AIBN), caffeine, theophylline,
and xanthine were purchased from Sigma Chemicals Co. (St.
Louis, MO, USA). Low molecular weight poly(vinyl chloride)
(PVC) was purchased from BDH Limited (Poole England). Tetra-
hydrofuran (THF) was used as received to dissolve PVC.

The buffer solution (pH 8) used for caffeine measurement was
prepared from a mixture of 0.2M boric acid (250mL), 0.2M
potassium chloride (250 mL), and enough 0.2 M sodium hydroxide
to bring the pH of the mixture to the proper value. The mixture was
then diluted to 0.80L.

Preparation of molecularly imprinted polymer

The MIP was prepared according to the method of Lai et al. [35]
but with some modifications. MAA monomer (0.54 g), EDMA
(5.64 g), and caffeine (0.0282 g) were dissolved in 15 mL of chlo-
roform in a 250-mL flat-bottomed round flask to allow the mole-
cules to interact and form complexes. The initiator AIBN (0.072 g)
was then added. The mixture was degassed for 15 min in a soni-
cating bath under vacuum and subsequently flushed with N, gas
for 5min. It was then placed in a thermostated water bath kept at
60°C for 24 h during which polymerization occurred. At the end of
this period, the resulting polymer was pulverized with a mortar and
a pestle and then passed through a 38-pum-mesh sieve. A portion
(0.5 g) of the powdered polymer was extracted for 24 h in a Soxhlet
apparatus using 150mL of a 9:1 (v/v) mixture of methanol and
acetic acid. The remaining solid was dried at 60°C over a water
bath.

A non-imprinted polymer (NIP) was prepared using the same
procedure but omitting the addition of caffeine.
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Fig.2 Instrumentation system of the caffeine sensor

Sensor fabrication

A 6:2:1 (w/w/v) mixture of the MIP, polyvinyl chloride, and
tetrahydrofuran was prepared. A small amount (10 uL) of this mix-
ture was dropped onto the center of the electrode on one side of a
quartz crystal (10 MHz, 8-mm diameter), and spread over the
whole surface using a home-made spin coater. The resulting film
was allowed to dry at room temperature.

A reference sensor was also prepared by coating one electrode
of a quartz crystal with the NIP, using a similar method as in the
MIP sensor.

Instrumentation

The instrumentation system consisted of an assembled Pierce oscil-
lator based on CMOS device (CD74HCTO4E), a DC power source
(Loadstar P50303), and a digital frequency counter (Leader
LDC-824). The quartz was encased in a Teflon flow cell such that
only the coated electrode is exposed to the measurand solution. A
peristaltic pump (Ismatec IPC) was used to deliver the solution to the
flow cell. Figure 2 shows a diagram of the instrumentation system.

Measurement procedure

A stopped-flow technique was adopted in the measurements. The
sensor was first stabilized by running the buffer solution through
the flow cell at a constant flow rate of 1.2mL min~! for 1-2 min.
The flow was stopped, and the oscillation frequency of the quartz
crystal was monitored until a steady frequency reading (F,) was
achieved. The caffeine solution was then allowed to flow through
the cell for about 1-2 min. After the flow was stopped, the fre-
quency was read until it remained constant and this value (F) was
recorded. The frequency shift for each concentration was calcu-
lated as the sensor response:

AF=F,-F,

Surface studies

Surface analysis was carried out on the MIP and NIP using scan-
ning electron microscopy (SEM), atomic force microscopy (AFM),
and X-ray photoelectron spectroscopy (XPS). The polymers were
analyzed as pellets formed from the powdered material and as a
film cast from a suspension in a mixture of polyvinyl chloride and
tetrahydrofuran.

SEM was performed with a JEOL JSM-5200 Scanning Micro-
scope, operated at a voltage of 15kV, a current of 1012 to 102 A,
and a magnification of 750-3,500x. The samples were gold sput-
tered at 15kV for 200 s using a JEOL JFC-1100E ion sputter (Fine
Coat) operated under vacuum (=10-3 Torr).



The surface topography of the MIP-PVC cast acetate film was ob-
served in a Digital Instruments Nanoscope IIla atomic force micros-
copy using the tapping mode (scan size 10 um, scan rate 1.197 Hz).
The image roughness, R,, was evaluated directly from the AFM
image.

XPS studies were conducted in an ultra-high vacuum (10-1° mbar)
using a Kratos AXIS surface analysis system.

Results and discussion
Molecular imprinting of caffeine

The molecular imprinting of caffeine is facilitated by the
interaction of several sites in its structure with molecules
of the methacrylic acid monomer, particularly through hy-
drogen bonding and electrostatic attraction (Fig.3). The
hydrogen atom of the carboxyl group of MAA can form a
hydrogen bond with the oxygen atom of the carbonyl
group of caffeine. In the presence of the initiator and at a
temperature of 60°C, the caffeine—monomer complex un-
dergoes polymerization and forms a rigid matrix wherein
caffeine is entrapped.

A molecular modeling (Fig.4) of the polymer back-
bone shows the possibility of a conformation wherein the
caffeine template molecule is enclosed by the polymer
chain and held by molecular interactions. The cross-linker
generates branches and eventually causes the formation of
a rigid three-dimensional network within the polymer bulk.
When the entrapped template molecule is extracted with a
suitable solvent, it leaves behind a cavity bearing an im-
print of the caffeine molecule.
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Fig.3 Schematic diagram of the molecular imprinting for caffeine
using MAA monomer and EDMA cross-linker
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Fig.4 Molecular modeling of caffeine (center) in a polymer back-
bone
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Fig.5 Calibration curve of the caffeine sensor and the reference
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Sensor response

The oscillator circuit in the instrumentation induced the
quartz crystal to oscillate at its characteristic resonant fre-
quency of 10 MHz. When the crystal was coated with the
MIP, its oscillation frequency decreased, indicating an in-
crease in the mass on the surface of the crystal. When the
MIP-coated crystal was placed in a solution of caffeine,
there was a further decrease in the oscillation frequency of
the crystal. This decrease in frequency suggests an intake of
caffeine by the polymer coating. This change in the oscil-
lation frequency took place slowly, requiring about 10 min
to reach a steady-state value. This behavior can be attrib-
uted to the characteristics of the kinetics involved in the
diffusion and subsequent binding of the caffeine mole-
cules in the cavities of the MIP coating. The frequency
shift was reproducible and exhibited a relative standard
deviation of 17% for n=3 replicates.

When the reference (i.e., NIP-coated) crystal was im-
mersed in a solution of caffeine, a decrease in oscillation
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Fig.7 Specific selectivity of the developed sensor for caffeine up
to 1 mgmL-! concentration and its response to analytes with simi-
lar chemical structure to caffeine like xanthine and theophylline

frequency was also observed, but the change was much
smaller than that exhibited by the MIP-coated crystal.
This lowering of oscillation frequency could be attributed
to some changes in the polymer coating (e.g., swelling).

The frequency shift observed with the MIP-coated crys-
tal was very sensitive to the concentration of the caffeine
solution. Figure 5 shows the calibration curve that relates
the sensor response with the concentration of caffeine.
Very good linearity (r=0.9935) was shown in the concen-
tration range of 1xX10mgmL~" up to 1x10-3mgmL-!,
with a sensitivity of 24 Hz/In(concentration of caffeine,
mgmL-"). The detection limit was calculated to be 3.76x
10-""mgmL-! based on three standard deviations. The
NIP-coated sensor exhibited an erratic behavior with the
different standard solutions of caffeine.

The sensor response was affected by the pH of the an-
alyte [31]. Figure 6 shows the variation of the sensor re-
sponse to a I1x10°mgmL-' caffeine standard solution
with pH. An abrupt increase in the response was observed
at pH 6, above which the magnitude of the response im-
proved only slightly. A pH of 8 was chosen as the opti-
mum and was used in all measurements, since the sensor
exhibited the highest sensitivity under this condition. The

MIP COATING

Fig.8a,b SEM micrographs of the particle size of the MIP coat-
ing ranging up to about 50 microns (a) and at higher magnification
(3,500x) showing the distribution of MIP particles on the electrode
and the presence of porous surface of MIP particles (b)

effect of pH on the response can be traced to the molecu-
lar interactions involved in the binding of caffeine to the
MIP. Under slightly basic conditions (e.g., pH8 and 9),
caffeine exists in a molecular form that can form hydro-
gen bonds with the MAA molecule (Fig. 4).

The sensor responded specifically to caffeine. For com-
pounds with structures resembling that of caffeine, such as
xanthine and theophylline, the sensor response was simi-
lar to that of the reference sensor (i.e., with an NIP coat-
ing). Figure 7 shows the selectivity of the developed sensor
for caffeine from 1x10°mgmL~" up to 1x10*mgmL"!
concentration.

Surface studies

SEM micrographs of the ground MIP revealed that the
particles varied in shape and size (Fig. 8). The particle size
ranged up to about 50 microns. At higher magnification
(3,500x), the presence of a porous surface could be seen
from the SEM micrograph. This feature could be associ-
ated with the molecular imprints existing in the polymer.



Fig.9a,b SEM micrographs of the MIP in PVC-THF coating be-
fore (a) and after (b) exposure to caffeine solution
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Fig.10 Three-dimensional AFM image of MIP-PVC coating

A comparison of the surface of the particles before and af-
ter exposure to a solution of caffeine is shown in Fig.9.
The surface of the particles exposed to a caffeine solution
appeared to be thicker than the unexposed surface. This
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Fig.11a,b The XPS wide scan spectra of the MIP particles before
(a) and after (b) extraction MIP with methanol-acetic acid
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Fig.12 The deconvoluted spectra for N 1s includes contribution
from the two types of nitrogen atom from caffeine

could be due to the binding of caffeine molecules to the
polymer, contributing to slight swelling of the polymer.
Figure 10 shows the three-dimensional AFM image of
the MIP-PVC surface. The image roughness, R,, obtained
from a 10umx10um surface region for the MIP-PVC
coating is about 89 nm. The observed rugged features of
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Fig.13a,b XPS wide scan spectra of the MIP in PVC coating be-
fore (a) and after (b) exposure to caffeine solution

the surface topography revealing cavities could be attrib-
uted to the imprinting of caffeine in the MAA-polymer
matrix.

XPS studies were carried out on the polymer to con-
firm the imprinting process and the rebinding of caffeine
to the polymer. The XPS wide scan spectra of the MIP be-
fore and after extraction of the caffeine template are shown
in Fig. 11. The characteristic XPS wide scan spectra of the
polymer before and after extraction featured elemental
peaks for C 15,0 1s,N 1s,and Cl 1s. The elemental sur-
face composition of both particles includes three types of
oxygen atom (O—C=0, C-0, and C=0) and three types of
carbon atom (aliphatic carbon, C with N, and carbon with
0O). The C1 1's comes for the PVC used as plasticizer in the
polymer mixture. The insignificant difference in chemical
composition could support the idea that molecular im-
printing affects mainly the three-dimensional arrangement
of the polymer which retains its chemical composition
[36]. This similarity is also shown in the XPS spectra of
the MIP and NIP particles after extraction of the template
compound.

A peak for N 1s in the unextracted MIP could corre-
spond to the nitrogen in caffeine and the initiator. The de-
convoluted spectra for N 1s (Fig. 12) includes contribu-
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Fig. 14a,b Deconvoluted spectra of N 1 s in pure caffeine powder
(a) and deconvoluted spectra of N 1s in MIP exposed to caffeine

(b)

Table1 Atomic concentration (%) of XPS elemental surface
composition of MIP and non-MIP particles before and after ex-
traction

Component  MIP particle Non-MIP particle
Unextracted Extracted Unextracted Extracted
[AT]% [AT]% [AT]% [AT]%

1s

1. 0-C=0 5.744 3.364 9.633 8.100

2.C-0 10.481 13.151 9.128 11.614

3.C=0 11.534 10.895 9.470 8.089

Nls

1. N-C 0.302 - — —

2. N=C 0.246 0.131 0.578 -

Cls

1.C=0 14.550 14.482 13.925 14.366

2.Cwith N 17.406 17.654 17.972 18.228

3.C 39.736 40.324 39.295 39.602

tions from two types of nitrogen atom (i.e., a single-
bonded N and a triple-bonded N). The decrease in inten-
sity of the N 1s peak in the extracted MIP could confirm
the removal of caffeine after extraction with methanol—
acetic acid. Similarly, the minimal amount of nitrogen
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Table2 Comparison of the

proposed sensor with other Method Calibration range Recovery Detection Limit Ref.

methods for the determination (%)

of caffeine Voltammetry 5-200 uM 98-104 2uM (37]
Flow injection 10-80 uM 98-103  0.20uM [38]
SFC-FTIR 600 pg—90 ng - 60pg [39]
MIP-PMAA/PVC sensor  1x10°-1x103mgmL-! 52-122  3.76x10"''mgmL-! This work
UV-VIS (AOAC 12.028)  0.001-2.0 mg mL! 98-101  4x10°mgmL-! This work

present in the unextracted non-MIP particles disappears
after extraction (Table 1).

The changes in the XPS wide scan spectra of the MIP
brought about by exposure to a solution of caffeine
(1x103* mg mL-") are revealed in Fig. 13. The appearance
of an N 1s peak in the wide scan spectra of the polymer
after being exposed to caffeine could be traced to the
binding of caffeine to the MIP. The deconvoluted spec-
trum for the N 1s peak is shown in Fig. 14a. This is nar-
rower than the N 1s peak of the pure caffeine powder
(Fig. 14b) and could be fitted to only one type of nitrogen.
Only one type of environment for N is detected after re-
binding. This observation could indicate that in the bound
caffeine molecule the double-bonded nitrogen atom is
transformed into a single-bonded atom. For the NIP, the
XPS spectra before and after exposure to caffeine showed
no detectable difference, indicated no change in chemical
structure, and confirmed no rebinding of caffeine.

Conclusion

A promising biomimetic sensor for caffeine was devel-
oped through the incorporation of a film of a molecularly
imprinted polymer on the electrode surface of a piezo-
electric quartz crystal. The sensor exhibited very good lin-
earity, high sensitivity, and high selectivity. Compared to
the other methods that have been employed for the mea-
surement of caffeine, the detection limit of the sensor is
lower (Table 2). This sensor presents an inexpensive alter-
native method for caffeine measurement. Surface charac-
terization using SEM and XPS techniques provided data
that elucidated the imprinting and rebinding of caffeine in
the MIP sensing layer of the caffeine sensor.
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