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‘Molecular-imprinting’ of AMP utilising the polyion complex
formation process as detected by a QCM system
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The formation of a polyion complex was applied for molecular imprinting of AMP on a QCM resonator surface.
The gold electrode on the resonator surface was modified with anionic thiols. Subsequently, layers of polycations and
boronic acid-containing polyanions were adsorbed onto the QCM anionic surface utilising an alternating adsorption
process. When the polymer adsorption was conducted in the presence of AMP, the anionic charges of the phosphate
group introduced into polyanion by a boronate–cis-diol interaction altered the film growth behaviour: viz., excess
polycationic units were adsorbed onto the polyanionic surface. After removal of the AMP from the surface polyion
complex, a swollen gel layer with excess cationic charge is created. It was proven that this QCM system sensitively
responds to AMP. The responsiveness is derived from the mass decrease in relation to the shrinking of the surface
gel layer.

Introduction
‘Foot-printing’ is a convenient technique to protect a specific
segment of DNA (or RNA) from scission by complexation with
its complementary oligonucleotide, intercalators or proteins. It
occurred to us that this technique would also be applicable to
molecular imprinting (MI) in order to retain the memory of
specific guest molecules. The conventional MI comprises a vinyl
polymerisation process and consists of three steps: (i) synthesis
of functional vinyl monomers that can interact with a target
template, (ii) radical polymerisation of the vinyl monomers
with cross-linking reagents in the presence of the template and
(iii) removal of the template from the cross-linked copolymer
resin.1–10 Actually, this technique has already achieved success
to some extent.1,2 More recently, our group exploited a new MI
method utilising the mechanism of the polyion complex form-
ation: viz., (i) the polyion complex formation between boronic
acid-containing polyanion and polycation in the presence of an
anionic template which is bound to the boronic acid group and
(ii) removal of the anionic template by extensive extraction of
the precipitate. The ‘cleft’ thus created in the polyion complex
should show a ‘memory’ for the original anionic template
molecule.

To test this working hypothesis we previously attempted
‘molecular imprinting’ of AMP utilising a polyion complex
formation process.11 The ribose moiety in AMP has a cis-diol
function which can be bound to the phenylboronic acid group
at basic pH, where the boronic acid groups exist as anionic
boronate groups.12–18 Hence, this boronate anionic site and the
pendant phosphate anion site, in addition to the carboxylate
anion site in polyanion 1, are responsible for the formation
of a polyion complex with polycation 2. As expected, a ‘cleft’
created after removal of AMP showed high affinity for AMP.11

In addition, we noticed that the removal and re-binding
processes for AMP coincide with swelling and shrinking
phenomena of this polyion complex.11 The present paper
reports an extension of this novel AMP imprinting method to
an AMP sensing system using a QCM (Quartz Crystal
Microbalance).19–21 The basic concept for the present method-
ology is illustrated in Fig. 1. Since the re-binding of AMP

induces the shrinking of the AMP-imprinted polyion complex,
this change should be conveniently read out with a frequency
change in the QCM system.22 We have found that the multi-
layers deposited by an alternating adsorption method on a gold-
coated QCM resonator only show satisfactory responsiveness
to AMP when it is imprinted during the multi-layer adsorption
process.

Results and discussion
Preparation of a QCM resonator surface depositing multi-
layered polyion complexes

In order to obtain an anionic QCM resonator surface, the
resonator was exposed to 3-mercaptopropionic acid.23,24 Then,
the multi-layered polyion complex consisting of polyanion 1
and polycation 2 was deposited in a sequence of steps onto the
anionic resonator surface. The film growth in the absence of
AMP (see Table 1) is shown in Fig. 2 (plot a). A gradual
decrease in QCM frequency was observed, which supports the
view that the multi-layers were successfully stacked on the sur-
face. When 14 layers had been deposited, a frequency decrease
(�∆F) of 1189 Hz was observed. This change corresponds to
film thickness (d) of 190 Å according to the calculation from
equation (1).25

d(Å) = �0.16 ∆F(Hz) (1)

Addition of AMP into both the polycation and polyanion
solutions (see Table 2) significantly changed the film growth

Table 1 Composition of the polyelectrolyte solutions for the non-
imprinting system

Polycation solution Polyanion solution

[cation unit]: 2 mmol dm�3

Na2CO3: 5 mmol dm�3

NaHCO3: 5 mmol dm�3

[carboxylate unit] = [boronate unit]:
1 mmol dm�3

Na2CO3: 5 mmol dm�3

NaHCO3: 5 mmol dm�3



2720 J. Chem. Soc., Perkin Trans. 2, 1999,  2719–2722

Fig. 1 Alternating adsorption of polyanion 1 and polycation 2 on a gold-coated QCM resonator.
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behaviour (Fig. 2, plot b). The magnitude of frequency decrease
for the polyanion adsorption steps was comparable with those
for plot a (adsorption in the absence of AMP), but a much
larger frequency decrease was observed for the polycation
adsorption steps. When AMP was added only into the poly-
anion solution, the film growth curve was basically the same as
that in plot a. These results suggest the following film growth
mechanism: i) the complexation between the boronate group
and AMP does not occur in the polyanion adsorption step
owing to the electrostatic repulsion between the phosphate
group in AMP and the carboxylate and boronate groups in the
polyanion and ii) in the polycation adsorption step, AMP
is adsorbed into the film layer by both the diol–boronate
complexation and the electrostatic interaction between the
polycation and the phosphate anionic charge. The difference
between plot a and plot b clearly shows that a polycation-rich
surface had been constructed by this ‘AMP-imprinting’
method. After 10 layers had been deposited, the frequency
decrease of 2001 Hz was observed which corresponds to 320 Å
in film thickness.

AMP imprinted in the multi-layer was removed by immersing
the resonator into an acetate buffer solution (pH 5.5). An
increase in resonance frequency (119 Hz) was observed after
this treatment.

Frequency change in the AMP-imprinted and non-imprinted
QCM systems

Fig. 3 shows the resonance frequency changes induced by the
addition of AMP and its adenine analogues in the AMP-
imprinted QCM system. The resonance frequency decreased in
response to Ad addition (Fig. 3b). This change is attributed to
the weight increase caused by the binding of Ad by the diol–
boronate interaction. On the contrary, the resonance frequency
was increased in AMP solution (Fig. 3a). Previously, we found
that the polyion complex prepared in solution from polyanion 1
and polycation 2 in the presence of AMP shows swelling-
shrinking phenomena which coincide with removal and re-
binding of AMP.11 In solution, we obtained a gel which is the

Fig. 2 In air frequency decrease in QCM induced by alternating
adsorption of polycation 2 (odd layers) and polyanion 1 (even layers).
Plot a: in the absence of AMP, plot b: in the presence of AMP.

Table 2 Composition of the polyelectrolyte solutions for the AMP-
imprinting system

Polycation solution Polyanion solution

[cation unit]: 2 mmol dm�3

AMP: 1 mmol dm�3

Na2CO3: 5 mmol dm�3

NaHCO3: 5 mmol dm�3

[carboxylate unit] = [boronate unit]:
1 mmol dm�3

AMP: 1 mmol dm�3

Na2CO3: 5 mmol dm�3

NaHCO3: 5 mmol dm�3

charge-neutralised polyion complex containing AMP. Removal
of anionic AMP from the polyion complex precipitate yielded
the cation-excess polyion complex, which is swollen because of
the enhanced hydrophilicity. It changes to the shrunken gel by
the re-binding of AMP because the excess cationic charge is
neutralised. It is reasonable to consider that the gel layer
deposited onto the QCM resonator surface shows a similar
swelling-shrinking behaviour to the polyion complex gel which
is formed in solution. Therefore, the unique QCM response
observed for AMP addition can be rationalised in terms of
weight loss caused by the shrinking of the surface gel layer that
offsets the weight gain arising from the AMP binding and over-
all induces a frequency increase. It was also confirmed that
DAMP (which does not have the cis-diol moiety but does have
the anionic phosphate group) and DAd (which has neither the
cis-diol moiety nor the anionic phosphate group) hardly
changes the resonance frequency (Fig. 3c and 3d). This sup-
ports the view that both the cis-diol-boronate and phosphate-
polycation interactions are indispensable for the shrinking of
the surface gel layer. We have plotted the frequency change
values against AMP concentration (Fig. 4) and this showed that
the detection limit for AMP is very low (~10 µmol dm�3) and
even more sensitive than a conventional biosensor system (~300
µmol dm�3).26 Our results exhibit a few potential advantages of
the present system over the conventional system: viz., i) the
sensitivity is very high because the binding of a small amount
of AMP is largely amplified into a shrinking phenomenon of
the gel and ii) the selectivity is also very high because it
responds only to targets having both a cis-diol moiety and an
anionic group.

The frequency response of the non-imprinted QCM system is

Fig. 3 In situ QCM frequency change for the AMP-imprinted system
induced by the addition of (a) AMP, (b) Ad, (c) DAMP and (d) DAd.
The final additive concentrations are 100 µmol dm�3: 25 �C, pH 10.2
with 10 mmol dm�3 carbonate buffer.

Fig. 4 Plots of frequency change vs. AMP concentration in the AMP-
imprinted system: 25 �C, pH 10.2 with 10 mmol dm�3 carbonate buffer.
The plots are the average values of three samples. The reproducibility is
shown by the error bars.
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shown in Fig. 5. It responded to neutral Ad but did not to
anionic AMP. In this case, the surface polyion complex layer
should be charge-neutralised and more hydrophobic than that
of the AMP-imprinted system. Probably, the relatively hydro-
phobic Ad can enter into the film layer while the binding of
AMP bearing a hydrophilic phosphate group is thermo-
dynamically unfavourable.

Conclusion
The present study demonstrates that the ‘molecular-imprinting’
technique developed in a polyion complex system is repro-
ducible in multi-layers deposited by an alternating adsorption
sequence on a gold-coated QCM resonator. In addition, the
results imply that QCM is a convenient tool to estimate the
‘molecular-imprinting’ efficiency. We believe that this is a rare
example of a successful combination of the ‘molecular-
imprinting’ technique with a QCM system which renders a
facile and sensitive detection of AMP possible. Undoubtedly,
this methodology has a wide scope of future applications.

Experimental
Synthesis of polymers

Polyanion 1 was synthesised as reported.11 Polycation 2 was
purchased from Aldrich.

Preparation of QCM resonators

An AT-cut 9 MHz quartz crystal (USI system, Japan), each side
of which was coated with a gold electrode of area 16 mm2, was
exposed to a 1 mmol dm�3 3-mercaptopropionic acid–ethanol
solution for 24 h, followed by rinsing with water and drying
with nitrogen. Polyelectrolyte adsorption was then performed
as follows. The quartz crystal was immersed in a polycation
solution for 10 min, followed by washing with water and dry-
ing with nitrogen. This polycation-coated substrate was then
exposed to a polyanion solution for 10 min, followed by wash-
ing with water and drying with nitrogen. This procedure was
repeated until 14 layers for the non-imprinted system and 10
layers for the AMP-imprinted system had been adsorbed. The
in air QCM frequencies were measured at each adsorption step.
All these experiments were conducted at room temperature.

Fig. 5 In situ QCM frequency change for the non-imprinted system
induced by the addition of (a) AMP and (b) Ad. The final additive
concentrations are 100 µmol dm�3: 25 �C, pH 10.2 with 10 mmol dm�3

carbonate buffer.

Removal of AMP from the AMP-imprinted polyion complex
layer

The QCM substrate was immersed into an acetate buffer solu-
tion (pH 5.5 with 90 mmol dm�3 CH3COONa and 10 mmol
dm�3 CH3COOH) at room temperature for 20 min, followed by
washing with water and drying with nitrogen.

Frequency change in the AMP-imprinted and non-imprinted
QCM systems

The QCM measurements in aqueous solution were possible
only when one side of the crystal was sealed in a Teflon casing.
The resonator was equilibrated with 10 cm3 of 10 mmol dm�3

carbonate buffer solution (pH 10.2) in a glass vessel at 25 �C,
and then a small amount of 100 mmol dm�3 AMP (or its
analogue) was added to the solution.

References
1 G. Wulff, Angew. Chem., Int. Ed. Engl., 1995, 34, 1812 and

references cited therein.
2 G. Vlatakis, L. I. Anderson, R. Muller and K. Mosbach, Nature,

1993, 361, 645 and references cited therein.
3 H. Kido, T. Miyajima, K. Tsukagoshi, M. Maeda and M. Takagi,

Anal. Sci., 1992, 8, 749.
4 D. Spivak, M. A. Gilmore and S. K. Shea, J. Am. Chem. Soc., 1997,

119, 4388 and references cited therein.
5 K. Tanabe, T. Takeuchi, J. Matsui, K. Ikebukuro, K. Yano and

I. Karube, J. Chem. Soc., Chem. Commun., 1995, 2303.
6 J. Matsui, Y. Miyoshi and T. Takeuchi, Chem. Lett., 1995, 1007.
7 S. N. Gupta and D. C. Neckers, J. Polym. Sci., Polym. Chem. Ed.,

1982, 20,1609 and references cited therein.
8 M. J. Whitcombe, M. E. Rodriguez, P. Villar and E. N. Vulfson,

J. Am. Chem. Soc., 1995, 117, 7105.
9 G. Wulff, A. Sarhan and K. Zabrocki, Tetrahedron Lett., 1973, 4329.

10 G. Wulff and A. Sarhan, Angew. Chem., 1972, 8, 364.
11 Y. Kanekiyo, Y. Ono, K. Inoue, M. Sano and S. Shinkai, J. Chem.

Soc., Perkin Trans. 2, 1999, 557.
12 M. Takeuchi, M. Taguchi, H. Shinmori and S. Shinkai, Bull. Chem.

Soc. Jpn., 1996, 69, 2613.
13 S. Patterson, B. D. Smith and R. E. Taylor, Tetrahedron Lett., 1997,

38, 6323.
14 For a comprehensive review for boronic acid–diol interactions see:

T. D. James, K. R. A. S. Sandanayake and S. Shinkai, Angew. Chem.,
Int. Ed. Engl., 1996, 35, 1910.

15 J. Yoon and A. W. Czarnic, J. Am. Chem. Soc., 1992, 114, 5874;
L. K. Mohler and A. W. Czarnik, J. Am. Chem. Soc., 1993, 115,
2998.

16 P. R. Westmark and B. D. Smith, J. Am. Chem. Soc., 1994, 116, 9343
and references therein.

17 Y. Nagai, K. Kobayashi, H. Toi and Y. Aoyama, Bull. Chem. Soc.
Jpn., 1993, 66, 2965.

18 G. Wulff, S. Krieger, B. Kubneweg and A. Steigel, J. Am. Chem.
Soc., 1994, 116, 409.

19 G. Suaerbrey, Z. Phys., 1959, 206
20 T. Nomura and O. Hattori, Anal. Chim. Acta, 1980, 115, 323.
21 M. R. Deakin and D. A. Buttry, Anal. Chem., 1989, 61, 1147A.
22 Y. Okahata and K. Ariga, Thin Solid Films, 1989, 178, 465.
23 J. A. M. Sondag-Huethorst, C. Schönenberger and L. G. J. Fokkink,

J. Phys. Chem., 1994, 98, 6826.
24 F. Caruso, K. Niikura, D. N. Furlong and Y. Okahata, Langmuir,

1997, 13, 3422.
25 K. Ariga, Y. Lovov and T. Kunitake, J. Am. Chem. Soc., 1997, 119,

2224.
26 T. Kawabe, T. Iida, F. Noguchi, T. Mitamura, T. Katsube and

K. Tomita, Denki Kagaku oyobi Kogyo Butsuri Kagaku, 1987, 55(6),
446.

Paper 9/05965B


