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a b s t r a c t

We describe the use of Raman spectroscopy to detect and quantify, for the first time, the presence of
the imprinting template in single molecularly imprinted polymer microspheres. The polymers were
imprinted with the �-blocking drugs propranolol and atenolol, and precipitation polymerization was
used to obtain spherical particles of diameters of 200 nm and 1.5 �m. The size of the Raman laser
eywords:
olecular imprinting

onfocal Raman spectroscopy
icrosphere
olecular recognition

spot being between 1 �m and a few �m, the nanoparticles were used for bulk detection whereas with
micrometer-sized particles, quantitative measurements on single particles were possible. The laser power,
and consequently the acquisition times, needed to be adapted as a function of the polymer and template
used in order to avoid burning. Analyte quantification from Raman spectra is straightforward by deter-
mining the peak height of a typical Raman band of the analyte, and by using a typical polymer peak
for normalization. Relatively low detection limits down to 1 �M have been reached for the detection of

lk me
ynthetic receptor S-propranolol through bu

. Introduction

Micro-biochips are an area drawing considerable recent interest
or their possible use in clinical testing, environmental and food

onitoring, security, etc. The target analyte is bound by recognition
lements present in the form of a pattern at the chip surface. The
ecognition elements are in most cases biomacromolecules such
s enzymes, antibodies or DNA. The specific molecular recognition
henomenon generates a change in one or more physicochemical
arameters of the system, which is then translated by a transducer

nto an easily quantifiable output signal. For some application areas,
iomacromolecules are not perfectly suited since they tend to be
nstable out of their native environment. For certain target analytes
natural receptor may not exist or may be difficult to obtain in pure

orm. Thus, a main trend in research has long been the creation of
ynthetic receptors for a desired molecular target.

A simple way of generating synthetic macromolecular recep-
ors is through the molecular imprinting of polymers (Arshady and

osbach, 1981; Wulff and Sarhan, 1972; Zimmerman and Lemcoff,

004). Here, the target analyte or a derivative thereof acts as a
emplate around which functional and cross-linking monomers
re co-polymerized to form a molecular mould. When the tem-
late is subsequently removed, binding sites are revealed that are

∗ Corresponding author. Tel.: +33 3 44234455; fax: +33 3 44203910.
E-mail address: karsten.haupt@utc.fr (K. Haupt).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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asurements on MIP nanoparticles.
© 2009 Elsevier B.V. All rights reserved.

complementary to the template in size, shape, and chemical func-
tionality. Their conformation is preserved by the polymer matrix
that is highly cross-linked. Thus, the polymer is now capable of
selectively recognizing and binding the target.

For use in biochips, these molecularly imprinted polymers
(MIPs) have to be patterned on surfaces and interfaced with a
transducer. Patterning methods that are commonly used are stan-
dard microspotting techniques such as ink-jetting (Blanchard et al.,
1996), mechanical microspotting (Schena et al., 1995), or micro-
contact printing (Quist et al., 2005). For example, arrays of silicon
microcantilevers have been used to deposit biomolecules onto glass
slides (Belaubre et al., 2003). The diameter of the dots can vary
but is normally between a few micrometers and a few hundreds of
micrometers. For smaller dots, it is possible to use scanning probe
microscopy techniques like dip-pen nanolithography (DPN), or the
nanofountain pen (NFP) (Lewis et al., 1999; Taha et al., 2003). Some
of these techniques have already been used with MIPs (Belmont et
al., 2007; Lin et al., 2006; Vandevelde et al., 2007).

However, working with very small single structures of MIPs
presents critical challenges as far as detection of binding and
releasing of target molecules are concerned. Commonly employed
transduction methods, such as surface plasmon resonance, quartz

crystal microbalance, interferometric or reflectometric techniques
are often not sensitive enough to detect such minute amounts of
analyte. In addition, these label-free techniques are non-specific
and report merely on accumulation of any material on the sur-
face of the sensor. Sometimes, the analyte might be fluorescent

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:karsten.haupt@utc.fr
dx.doi.org/10.1016/j.bios.2009.01.020
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nd can be detected directly by fluorescence microscopy techniques
Vandevelde et al., 2007), or a competitive assay or sensor format
ith a fluorescent molecular probe can be used. The latter may

ven be incorporated into the polymer if the form of a “signaling
onomer” (Matsui et al., 1998; Turkewitsch et al., 1998). Anyhow,

t least during the development phase of such microarrays there is
strong need of a general technique that can detect, identify and

f possible quantify the imprinting template in a microdot or other
icrostructure. Possible general analytical techniques that could be

sed are infrared microscopy or micro-Raman spectroscopy. Both
TIR and Raman measurements have already been demonstrated
o be useful for the analysis of MIPs (Jakusch et al., 1999; Kostrewa
t al., 2003; Uibel and Harris, 2005), and sometimes quantitative
easurements were reported (Jakusch et al., 1999; McStay et al.,

005). An additional advantage of these techniques is the higher
nformation content of the spectra that in some cases allows not
nly to quantify but also to identify an analyte.

In the present work we describe the use of micro-Raman spec-
roscopy to detect the presence of the imprinting template in
anobeads and in single microbeads of MIP. As model templates,
e chose the �-blocking drugs S-propranolol and S-atenolol.

. Experimental

.1. Materials

Ethylene glycol dimethacrylate (EGDMA), divinylbenzene (DVB),
ethacrylic acid (MAA), (S)-propranolol hydrochloride, S-atenolol

nd 3H-RS-propranolol were from Sigma–Aldrich. 2,2′-Azobis-
2,4-dimethylvaleronitrile) (Vazo-52) was from DuPont Chemicals.
ll solvents were of HPLC grade. The polymerization inhibitor
as removed from DVB by treatment with basic alumina. (S)-
ropranolol hydrochloride was converted into the free base by
xtraction from a sodium carbonate solution at pH 9 into chloro-
orm.

.2. Synthesis of MIP particles

MIP particles were synthesized by precipitation polymeriza-
ion. The template molecule S-propranolol or S-atenolol (1 mmol),
he polymerization initiator Vazo-52 (0.89 mmol), the cross-linking

onomer EGDMA or DVB (40 mmol), and the functional monomer
AA (8 mmol) were dissolved in the appropriate solvent (toluene

r acetonitrile, 5% monomer concentration in the case of DVB and
% in the case of EGDMA) in a round bottom flask equipped with
magnetic stirring bar and sealed with a Suba-SealTM silicon rub-
er septa. Solutions were placed on ice and purged with nitrogen.
olymerization was carried out in an oil bath at 60 ◦C for 12 h.
he particles were collected by centrifugation at 18,000 rpm for
0 min, and the template was extracted by three incubations in
ethanol:acetic acid 9/1 for 1 h, followed by three incubations in
ethanol. The particles were then dried under vacuum and stored

t ambient temperature until use. Non-imprinted polymers (NIP)
ere synthesized under identical conditions in the absence of the

emplate molecule.

.3. Radioligand binding experiments

The MIP particles were suspended in acetonitrile containing
.5% (v/v) acetic acid and kept under agitation. From this stock sus-
ension, a series of suspensions ranging in concentration from 0.01

o 1.8 mg/mL were prepared in Eppendorf tubes, and 0.4 pmol of
H-labeled propranolol was added to each tube, which contained a
nal volume of 1 mL. The tubes were incubated overnight on a rock-

ng table. The tubes were then centrifuged, and a 500 mL aliquot of
he supernatant was pipetted from each tube into scintillation vials
electronics 25 (2009) 568–571 569

that contained 4 mL of scintillation fluid (Beckman Coulter). The
concentration of free radioligand was measured with a scintillation
counter (Beckman LS-6000 IC).

2.4. Binding assays and Raman spectroscopy

Polymer particles were dispersed in acetonitrile containing 0.5%
(v/v) acetic acid and kept under agitation, and from this stock
suspension, equal volumes containing 2 mg/mL of polymer were
distributed to Eppendorf test tubes. (S)-propranolol or S-atenolol
were added at final concentrations from 1 �M to 2 mM. The total
volume was adjusted to 1 mL. The samples were placed on a rocking
table for 1 h. After incubation, an appropriate volume of the particle
suspension was deposited on a porous alumina membrane coated
with 50 nm of gold, and the incubation solvent was removed using
a home-made vacuum system.

Raman experiments were performed with a Horiba Jobin Yvon
LabRAM HR High Resolution Raman Microscope equipped with
Labspec 4.02 software, in a backscattering configuration. An argon-
ion laser operated at 514 nm illuminating the sample through the
microscope objective under normal incidence was used for exci-
tation. Raman spectra were obtained with an appropriate power
output at the sample using a 100× objective (NA = 0.8) with an
acquisition time of 10 s to 20 min. The laser spot was about 1 �m
in diameter. All spectra were baseline corrected, averaged and
smoothed.

3. Results and discussions

3.1. Polymer synthesis

We have synthesized molecularly imprinted polymer beads of
two different sizes, around 200 nm for bulk measurements, and
above 1 �m for measurements on single beads. MIPs in the form of
bulk monoliths, selective for S-propranolol were originally reported
by Andersson (1996). For the present work we have adapted the
initial recipe to the precipitation polymerization technique, which
allows to obtain spherical particles (Ye et al., 2002). With EGDMA
as the cross-linker we obtained homodisperse spherical particles
with a diameter of 200 nm (Fig. 1A). In order to verify that the
particles were indeed molecularly imprinted, we first performed
radioligand binding experiments with tritium-labeled propranolol.
Fig. 1B shows the binding of 3H-propranolol by the MIPs and
the corresponding control polymers to an increasing amount of
polymer. As can be seen, the MIPs adsorbed the radioligand and
shows saturation-type behavior, whereas the non-imprinted con-
trol polymer shows nearly no binding even at higher polymer
concentrations. This confirms that molecular imprinting has indeed
taken place in the MIP.

3.2. Raman spectroscopy of MIPs

Raman measurements were first done on layers of 200 nm-sized
MIP particles imprinted with propranolol. Since the laser spot is
approximately 1 �m in diameter, the spectra represent an aver-
age of a number of particles. We were interested in quantitative
measurements and in recording binding isotherms. Therefore, MIPs
were incubated with a series of analyte concentrations and the mea-
surements of bound propranolol were done at equilibrium. In order
to remove the solvent containing the free fraction of the analyte, an
appropriate volume of the particle suspension was pipetted on a

nanoporous alumina membrane covered with 50 nm of gold. The
solvent was removed by applying vacuum through the membrane.

The particle layer was then measured in the Raman microscope
with a 514 nm Ar-ion laser. Fig. 2 shows the spectrum obtained, and
for comparison the spectrum of pure propranolol. As can be seen,
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ig. 1. (A) SEM image of S-propranolol-imprinted MIP nanoparticles based on
GDMA as the cross-linker and (B) binding of 3H-RS-propranolol to a MIP and a
IP as a function of polymer concentration.

he characteristic peaks of the propranolol spectrum are present
n the spectrum of the MIP incubated with propranolol. In order
o confirm the specificity of the MIP, we incubated propranolol
t concentrations between 1 �M and 500 �M with S-propranolol-
mprinted nanoparticles, and with non-imprinted control particles
f similar size. In addition, we used as a second control MIP
anoparticles of similar size imprinted with the structurally related
eta-blocker atenolol. Fig. 3 shows the change of the propranolol

eak at 1385 cm−1 as a function of propranolol concentration. As
he intensity of the Raman signal depends on several factors, such as
aser power, spot size and focus, direct quantification of a molecule
s not practicable (Sackmann and Materny, 2006). For normaliza-

ig. 2. Raman spectra of a MIP-nanoparticle layer after adsorption of S-propranolol
top spectrum) and the spectrum of pure S-propranolol (bottom spectrum). Ar-
on laser 514 nm, objective: 100×, NA = 0.8, laser power: 600 �W, acquisition time:
0 min, n = 5.
Fig. 3. Normalized Raman spectra of MIP nanoparticle layers incubated with S-
propranolol concentrations ranging from 1 to 500 �M.

tion of the spectra, we therefore used, as an internal reference,
the peak at 1450 cm−1 that belongs to the spectrum of the poly-
mer. The results are shown in Fig. 4. The best binding is observed
with the propranolol-MIP, whereas the atenolol-MIP binds less pro-
pranolol. In both cases, typical Langmuir-type hyperbolic binding
isotherms with saturation behavior are obtained, which is expected
since the number of imprinted sites in the polymer is limited. For
the propranolol-MIP binding S-propranolol, a one-site Langmuir
isotherm equation was used to fit the data. A dissociation con-
stant of 59 ± 7.7 �M was obtained. Much less propranolol is bound
by the non-imprinted control polymer. This demonstrates that the
propranolol-MIP indeed contains specific binding sites, and that
binding of propranolol can be detected by Raman spectroscopy.
We have also measured the binding of atenolol to the atenolol-MIP
(Fig. 5). Here, a typical peak from the Raman spectrum of atenolol
at 1620 cm−1 was used for quantification, and the polymer peak
at 1645 cm−1 as an internal reference. Again, a hyperbolic binding
isotherm with saturation was obtained with the MIP, whereas the
non-imprinted control polymer showed no binding. It should be
noted that the reproducibility of these measurements is relatively
good (small error bars).

3.3. Measurement of binding to a single MIP particle
For Raman measurements on single MIP particles, we have syn-
thesized particles with a diameter of 1–2 �m (Fig. 6), imprinted
with S-atenolol, based on a DVB/MAA copolymer. In fact, due to
steric hindrance and monomer solubility, a larger particle size in

Fig. 4. Binding of S-propranolol to MIP-propranolol (1), MIP-atenolol (2) and NIP
(3) as a function of propranolol concentration. Peak height of the normalized peaks
at 1385 cm−1 (the polymer peak at 1450 cm−1 was used as an internal reference
for normalization). Values are the average of five measurements, and the error bars
indicate the standard variation.
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ig. 5. Binding of S-atenolol to MIP-atenolol (1) and NIP (2) as a function of atenolol
oncentration. Peak height of the normalized peaks at 1620 cm−1 (the polymer peak
t 1645 cm−1 was used as an internal reference for normalization). Values are the
verage of five measurements, and the error bars indicate the standard variation.

he micrometer range can be obtained with DVB as the cross-linker
Sambe et al., 2006) compared to EGDMA-based beads that typi-
ally have diameters of a few hundred nanometers (Ye et al., 2002).
ig. 6 shows binding isotherms for S-atenolol to MIP and NIP micro-
pheres. A hyperbolic function with saturation is again obtained
or the MIP. Binding to the non-imprinted control polymer is also
bserved, although weaker than to the MIP. This indicates that

n principle, specific detection and quantification of S-atenolol is
ossible on single MIP microspheres. Nevertheless, Raman mea-

urements on single particles are a challenge. Each measurement
as been done with a different microsphere. Spheres of similar
iameters have been selected for these measurements, but the use
f a polymer peak for normalization enables one to solve the prob-

em due to the difference in intensity resulting from microspheres

ig. 6. (A) Binding of S-atenolol to single MIP-atenolol microspheres (1) and NIP
icrospheres (2) as a function of atenolol concentration. Peak height of the normal-

zed peaks at 1620 cm−1 (the polymer peak at 1645 cm−1 was used as an internal
eference for normalization). (B) SEM image of the MIP particles (left), and light

icroscopic image of the particles during a measurement, with laser spot (right).
alues are the average of five measurements, and the error bars indicate the standard
ariation.
electronics 25 (2009) 568–571 571

of different sizes. More importantly, the laser tends sometimes to
quickly burn the particle, which is immediately detectable from the
spectral response. In fact, we attribute the relatively large experi-
mental errors in particular with the MIP to the fact that the energy
from the laser may eventually have an impact on the analyte, the
polymer, or both. This can reach from simple desorption of the
analyte from the MIP, to chemical degradation. It is therefore of
importance to reduce the laser power to a minimum, which means
that longer exposure times have to be used to record the spectra
with a reduced level of noise. Therefore, we believe that the compar-
atively higher binding to the control microspheres (when compared
to bulk measurements on nanospheres) can be attributed to the
above-mentioned technical difficulties during the measurements,
rather than to the quality of the MIP itself.

4. Conclusions

We have used Raman spectroscopy to detect and quantify, for
the first time, the presence of the imprinting target in single
molecularly imprinted polymer microspheres. The laser power, and
consequently the acquisition times, need to be adapted as a func-
tion of the polymer and template used in order to avoid burning.
Analyte quantification from Raman spectra is straightforward by
determining the peak height of a typical Raman band of the ana-
lyte, and by using a typical polymer peak as an internal reference for
normalization. Relatively low detection limits down to 1 �M have
been reached for the detection of (S)-propranolol in MIP nanopar-
ticles. We believe that micro-Raman spectroscopy is a valuable tool
during the development phase of MIP micro and nanostructures, as
well as thin MIP films. The possibility of specifically addressing sin-
gle microbeads may also be interesting for the design of MIP-based
biochips.
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