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  1.     Introduction 

 Molecularly imprinted polymers (MIPs) 
have been successfully developed for low 
molecular weight substances by polymer-
izing functional monomers in the pres-
ence of a target molecule, the template. [ 1,2 ]  
Upon removal of the template, cavities 
complementary to the template in shape, 
size, and functionality are left behind. 
The application of this simple concept 
for complex macromolecular templates 
such as proteins however is still a chal-
lenge (see the Supporting Information 
for details). [ 3–6 ]  An essential prerequisite 
to generate protein MIPs is to ensure the 
effective exchange of the target molecule 
between the polymer and solution phase. 
Most often this converts in having the pro-
tein binding sites confi ned to the surface 
of the MIPs by using surface imprinting 
techniques. [ 7–13 ]  Uniform orientation of 
the templates during polymerization is 
a second prerequisite to generate homo-
geneous binding sites for proteins and 

reducing the cross-reactivity of the respective MIPs. [ 6,14 ]  For 
this purpose the template should be bound via a site-specifi c 
affi nity ligand to the surface, where, as template either the 
whole protein or a fragment of it (epitope-imprinting) could be 
used. [ 15–19 ]  Both approaches could be successfully demonstrated 
by our group for the imprinting of Cytochrome  c  as well as the 
lectin concanavalin A. [ 20,21 ]  In this respect we have worked out 
electropolymerization strategies for the generation of ultrathin 
MIP fi lms with nanometer precision—based on controlling the 
charge passed for the fi lm formation—to perfectly match the 
dimensions of the harbored template proteins. Such electrosyn-
thesized MIPs are inherently compatible with a wide range of 
transducers. 

 However, in spite of large efforts, the overall analytical 
performance of MIPs still lags behind that of antibodies and 
enzymes, which calls for new strategies and monomers. In this 
respect here we propose the combined use of a hybrid multi-
layered architecture for selective protein recognition that con-
sists of an ultrathin protein-imprinted polymer fi lm deposited 
over a layer of specifi c receptor. This approach may be used 
to modulate the selective access of template proteins to a 
receptor and as such to discriminate between different forms 
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and associations of the target proteins. We show the proof of 
concept by synthesizing a novel hybrid material for the recog-
nition of acetylcholinesterase (AChE) in which electrosynthesis 
is used to generate an ultrathin imprinted cover layer to reg-
ulate the access of proteins to a surface confi ned propidium 
underlayer that is known to bind to the peripheral anionic site 
(PAS) of AChE. [ 22 ]  The application of a weak inhibitor such as 
propidium to orientedly bind AChE via its PAS while the enzy-
matic activity is conserved is a major advantage as compared 
with the state of the art for protein-MIPs. [ 23 ]  Furthermore, a 
novel functional monomer is introduced, i.e., a carboxylate-
modifi ed derivative of 3,4-propylenedioxythiophene (ProDOT-
COOH) (see the Supporting Information for the synthesis). At 
pH = 8, optimal for the activity of AChE, the nonspecifi c inter-
actions with AChE are largely suppressed due to charge repul-
sion between the negatively charged ProDOT-COOH polymer 
and AChE (IEP = 5.35). 

 This hybrid nanofi lm is intended as the fi rst step toward 
a sensor for the indication of different AChE-species as 
potential early diagnostic markers of Alzheimer´s disease 
(AD). [ 24 ]  Progression of AD is accompanied by an alteration 
in AChE activity and a change in the glycosilation-pattern. [ 25 ]  
Therefore, a sensor-system that can effectively detect AChE, 
discriminate between its differently glycated isoforms and 
simultaneously determine the enzymatic activity would be 
of great interest. The homotetrameric AChE from electric 
eel ( Electrophorus electricus , PDB-code: 1C2O) is used in this 
study as a model template since it shares a high sequence 
similarity of 88.5% with the human AChE, which also exist 
mostly as homotetramer in the brain (see the Supporting 
Information).  

  2.     Results and Discussion 

 For the preparation of the hybrid recognition-layer fi rst the self-
assembled monolayer with terminal propidium units (Prop-
SAM) was formed on a gold electrode to which the template 
AChE is docked via its PAS ( Scheme    1  ). Then ProDOT-COOH 
monomer is electropolymerized under charge control to form 
a conformal polymer fi lm around the oriented AChE tem-
plates with precisely defi ned thickness, which is smaller than 
the template diameter to enable its free exchange, but thick 
enough to hold the imprint of AChE. [ 13,26,27 ]  This tailored syn-
thesis of the hybrid recognition layer with nanometer preci-
sion is surprisingly easy to control and more robust than many 
surface imprinting procedures including transfer of ultrathin 
membranes, stamping, and template synthesis of micro- and 
nanostructures. [ 10,12,16,28,29 ]  

  The average thickness of the MIP fi lms (5.0 ± 0.4 nm) was 
signifi cantly larger than that of the respective control polymer 
(NIP) fi lms (1.7 ± 0.5 nm) as determined by atomic force 
microscopy (AFM). The thicknesses could be very precisely 
determined by removing a rectangular area of the polymer 
fi lm using the AFM tip in nanolithography mode and then 
rescanning the same surface in tapping mode to determine 
the step height of the trench (see Figures S1 and S2, Sup-
porting Information). Obviously, the AChE molecules are only 
partially entrapped by the polymer layer because the protein 
(13.2 × 13.2 × 5.5 nm) is almost twice as large as the average 
thickness of the MIP. [ 30 ]  

 We have further used AFM to confi rm the removal of the 
template from the MIP as well as its rebinding. For this pur-
pose a glycine-HCl buffer (pH 2.2) was used as it may—besides 
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 Scheme 1.    Schematic representation of the preparation of the vectorially imprinted polymer for AChE by using a propidium self-assembled monolayer 
on gold in hybrid architecture with an electrosynthesized polymer fi lm from ProDOT-COOH monomer (inset). For the synthesis of the propidium-self 
assembled monolayer a lipoic-acid-SAM was fi rst formed on a gold electrode to which the propidium was coupled using  N , N ′-dicyclohexylcarbodiimide 
(DCC) activation. The AChE is reversibly attached to the Prop-SAM through its PAS region and then a ≈5 nm thin polymer is deposited, which after 
removal of the AChE template generates binding sites. The rebinding of the template is detected via the generation of thiocholine (TC) from acetylthi-
ocholine (ATC) which is oxidized at the underlying gold electrode. Nonimprinted polymer controls were prepared in the same manner but without 
loading the Prop-SAM with AChE before the electropolymerization of ProDOT-COOH.
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disrupting hydrogen bonds—facilitate the removal of the tem-
plate by supporting the dissociation of the noncovalently con-
nected dimeric subunits. [ 30 ]  AFM measurements ( Figure    1  ) 
showed a marked difference in the surface topography of the 
MIP before and after removal of AChE. Analyzing line profi les 
of the recorded AFM images (Figure S3, Supporting Informa-
tion) it was found that the removal of the template leaves behind 
well distinguishable “cavities.” Upon template rebinding these 
cavities disappeared resulting additionally in the apparition 
of peaks with an average height of 8.1 (±2.1) nm (determined 
from representative areas of three different MIP-modifi ed elec-
trodes). Accounting also for the depth of the “cavities” (≈2 nm) 
that seem to be fi lled up during template rebinding the ≈10 nm 
height objects can be assigned to be AChE molecules or cluster 
of molecules as the lateral resolution of the technique is not 
suffi cient for further substantiation. 

  The presence of active AChE in the electropolymer-covered, 
AChE-loaded SAM was confi rmed by monitoring the enzymatic 
generation of electroactive thiocholine from acetylthiocholine 
(ATC) at a potential of 0.3 V (vs Ag/AgCl) (Scheme  1 ). [ 31 ]  The 
amperometric signal of the NIP after electropolymerization 
is very low and, since the electrode has not been in contact 
with AChE, is due to the well-known spontaneous hydrolysis 
of ATC. [ 32 ]  The enzymatic activity of MIP-sensors after AChE-

loading and electropolymerization is approximately six times 
higher than for the NIP indicating the presence of active AChE 
in the fi lm ( Figure    2  ). After incubation of the MIP in glycine-
HCl buffer the oxidation current of thiocholine is decreased to 
a level close to that of the NIP. The same treatment of AChE in 
solution resulted in a comparable decrease of enzymatic activity. 
Therefore, to confi rm that the loss of activity is indicative of the 
template removal and it is not solely an inactivation of the sur-
face bound enzymes, rebinding experiments with topographic 
AFM and substrate conversion measurements were performed 
in parallel. As shown in Figure  2  by incubation of the MIP in 
AChE containing solutions (50 µg mL −1 ) the enzyme activity 
was regained, confi rming in agreement with the AFM experi-
ments (Figure S3, Supporting Information) the rebinding of 
AChE to the binding sites of the electropolymerized MIPs. The 
latter statement is further supported by the fact that the NIP-
response did not change signifi cantly during template-removal-
rebinding cycles, implying a low nonspecifi c binding of AChE 
to the electropolymerized ProDOT-COOH surface. 

  The detection of the target rebinding by measuring the elec-
troactive product of the enzymatic reaction is more specifi c and 
convenient than to evaluate changes in the surface loading by 
other electrochemical means (e.g., redox marker permeation) 
or by mass-sensitive transducers, e.g., surface plasmon reso-
nance or QCM. However, the latter techniques are compatible 
with the proposed hybrid nanofi lm system and can be consid-
ered for template proteins that cannot be detected through their 
inherent catalytic activity. 
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 Figure 1.    AFM-topography of MIP surfaces with no AChE bound (up) and 
after incubation with AChE (bottom).

 Figure 2.    Comparison of the AChE activity of MIP and NIP fi lms after elec-
tropolymerization, template removal, and AChE-rebinding (50 µg mL −1 ). 
The AChE activity was determined in a 0.02 × 10 −3   M  ATC-solution by 
measuring the oxidative current of thiocholine at 0.3 V. The dashed line 
indicates the level of spontaneous self-hydrolysis of ATC.
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 The recovery of the enzymatic activity by binding of the 
target to inactivated AChE which remains entrapped in the 
MIP by so called template-template interaction is not likely 
to be signifi cant based on the AFM experiments, which show 
evidence for target removal and based on the thickness of the 
AChE layer suggest that the binding is constricted to a mon-
olayer. However, lateral clustering around the bound and active 
AChE molecules cannot be excluded. [ 22,33,34 ]  

 In order to quantitate the concentration dependence of the 
AChE rebinding to the MIP the oxidation current of ATC after 
incubation in different AChE-concentrations was measured 
( Figure    3  ). Starting at the value of spontaneous hydrolysis the 
current increased with the AChE concentration approaching 
saturation above 100 µg mL −1 . In contrast, for the NIP-sensors 
after equal treatment the current hardly exceeded the level of 
spontaneous ATC hydrolysis. The signifi cantly higher surface 
activity upon template rebinding of AChE on the MIP as com-
pared to the NIP at all concentrations confi rms the formation of 
AChE-specifi c binding sites during imprinting. The imprinting 
factor (IF), defi ned as the ratio of the AChE activity of the MIP 
and NIP fi lm, respectively, was calculated to be 5.3, based on the 
oxidation currents at 100 µg mL −1  AChE concentration. Taking 
into account the self-hydrolysis of ATC, the blank-value-adjusted 
 IF  increases to 9.9, which is among the best values reported for 
protein imprinting in literature (see the Supporting Informa-
tion). The dissociation constant  K  D  for the MIP surface was 
determined by fi tting the Langmuir model to be 4.2 × 10 −7   M , 
which is in the range of the values reported in literature for the 
interaction in solution ( K  D  = 3 × 10 −7 –7.1 × 10 −7   M ). [ 35–38 ]  

  In order to characterize the contribution of the interaction 
of the AChE via its PAS we performed binding experiments in 
presence of two inhibitors with both the Prop-SAM and Prop-
SAM/MIP. The reversible ligand propidium ( M  W : 668.4 Da) as 
well as the amyloid-β-peptide Aβ42 (peptide of 42 amino acids, 
 M  W : 4330 Da), which is known to bind to a hydrophobic area 
close to the peripheral anionic binding site, were applied as 
competitors in solution for AChE binding. [ 37,38 ]  

 For this reason Prop-SAM and Prop-SAM/MIP fi lms were 
incubated in mixtures of one of the inhibitors and AChE and 
the resulting enzymatic activity of the fi lms was evaluated in a 
separate solution containing ATC. For the PAS-specifi c inhib-
itor propidium and the peptide Aβ42, the Prop-SAM modifi ed 
electrode and the Prop-SAM/MIP structure showed similar 
trends of the decrease in enzymatic activity. It approached 
the value of spontaneous hydrolysis ( Figure    4  ) whilst in solu-
tion AChE is only partially inhibited by propidium. [ 22,39 ]  This 
result may indicate that binding of propidium-loaded AChE to 
both the SAM and the SAM/MIP hybrid is suppressed. Thus 
rebinding of noninhibited AChE should be dominated by the 
interaction between the PAS and the propidium units but not 
by binding to eventually entrapped target. The close similarity 
of the  K  D -values for the binding of AChE to propidium and to 
the SAM/MIP also supports this assumption. The low contribu-
tion of the interaction with the electropolymer may be based 
on the electrostatic repulsion between the negatively charged 
AChE and the negatively charged poly-ProDOT-COOH. 
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 Figure 3.    Amperometric response of MIP and NIP covered electrodes as 
a function of the AChE-concentration after rebinding. The current values 
refl ect the catalytic activity of the bound AChE. The dashed line indicates 
the level of spontaneous self-hydrolysis of ATC.

 Figure 4.    Competitive decrease of AChE binding to Prop-SAM and Prop-
SAM/MIP surfaces by the specifi c inhibitors propidium (top) and Aβ42 
peptide (bottom) (both inhibitors bind to the PAS site of AChE). The 
dashed lines indicate the level of NIP response.
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  The selectivity of the AChE-imprinted hybrid fi lm was inves-
tigated in competitive binding experiments using two function-
ally unrelated proteins with widely different molecular weights 
but isoelectric points similar to AChE as competitors: bovine 
serum albumin (BSA,  M  W : 66.5 kDa, IEP 5.2) and urease ( M  W : 
≈460 kDa, IEP 4.7). MIP-, NIP-, and Prop-SAM-modifi ed elec-
trodes were incubated in a solution containing AChE at a con-
stant concentration of 50 µg mL −1  and different concentrations 
of the competing proteins for 20 min. On the NIP covered elec-
trodes the current signal from the thiocholine oxidation was 
dominated by the rate of the spontaneous hydrolysis of ATC 
and was practically independent from the applied competitor 
concentration. On Prop-SAM modifi ed electrodes without an 
electropolymer fi lm, the current decreased with the concentra-
tion of both competitor proteins, approaching the level found 
with NIP-modifi ed surfaces ( Figure    5  ), competitively sup-
pressing the binding of AChE. On the MIP-modifi ed surface, 
however, such displacement occurred only to a minor degree 

and the AChE surface activity stabilized at 75% and 80% of the 
competitor-free level in presence of urease and BSA, respec-
tively. These experiments demonstrate clearly the increased 
selectivity of the Prop-SAM/MIP architecture as compared with 
the Prop-SAM modifi ed surfaces. This fi nding shows that the 
MIP structure on top of the SAM makes the interaction more 
selective. 

    3.     Conclusions 

 The congruent effects of the PAS binding inhibitors propidium 
and Aβ42 on the binding of AChE to Prop-SAM and the Prop-
SAM/MIP structure indicate that the interaction between AChE 
and the Prop-SAM/MIP hybrid is dominated by the interaction 
of the PAS with the propidium moiety. This interpretation is 
in line with the coincidence of the affi nity constants for the 
binding of AChE to the Prop-SAM/MIP surface and to pro-
pidium in solution. Thus, very importantly the AChE imprinted 
polymer layer permits full access to the surface confi ned pro-
pidium layer. The low contribution of the interaction with the 
MIP can be explained by the electrostatic repulsion between 
AChE and ProDOT-COOH which are both negatively charged. 
However, on the other hand the imprinted polymer layer sup-
presses effectively the binding of negatively charged proteins 
BSA and urease to the Prop-SAM/MIP while at Prop-SAM 
layers without a MIP fi lm these proteins show strong competi-
tive inhibition of the AChE binding. Thus, the MIP layer has 
a pronounced selective shielding effect toward foreign pro-
teins as AChE imprints induce preferential binding of AChE 
even in relation to the smaller BSA competitor. These results 
clearly demonstrate the synergism of the hybrid Prop-SAM/
MIP fi lms providing the prerequisites to enable their applica-
tion in complex protein containing samples. In conclusion, the 
new hierarchical hybrid architecture provides a threefold selec-
tivity gain by i) the propidium-SAM, ii) “shape-specifi c” MIP, 
and iii) signal generation only by the AChE bound to the nano-
fi lm. Thus the approach proposed is likely to be feasible for 
assessing AChE activity levels in cerebrospinal fl uid.  

  4.     Experimental Section 

 Before preparation of the MIP, clean gold wires were incubated in lipoic 
acid (1 × 10 −3   M , in 20% ethanol) at room temperature for a minimum 
of 16 h. After removing the excess reagent with ethanol the DCC 
activated surface was reacted with propidium (0.34 × 10 −3   M  propidium, 
0.25 × 10 −3   M  DCC in 30% ethanol) for at least 22 h. AChE-imprinted 
gold wires were prepared using ProDOT-COOH (1 × 10 −3   M  in 0.1  M  
LiClO 4 ) after incubation in AChE (50 µg mL −1 , from  Electrophorus 
electricus ,  M  W : 280 kDa), purchased from Sigma-Aldrich). A potential 
of 0.75 V was applied for 5 s (followed by 5 s at 0 V). Nonimprinted 
polymer sensors were prepared in an identical manner but in the 
absence of the template. Template molecules could be removed from 
the MIP using glycine-HCl (50 × 10 −3   M , pH 2.2) for 16 min. Rebinding 
of AChE was conducted in sodium phosphate buffer (50 × 10 −3   M , 
pH 8.0). 

 The activity of immobilized AChE was determined via enzymatic 
hydrolysis of ATC (0.02 × 10 −3   M ) in the buffer used for rebinding. The 
product thiocholine was oxidized at the Prop-SAM/MIP covered gold 
working electrode at a potential of +0.3 V versus Ag/AgCl. 
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 Figure 5.    Competitive binding of negatively charged proteins to Prop-
SAM and Prop-SAM/MIP surfaces. BSA (top,  M  W : 66.5 kDa, IEP 5.2) and 
urease (bottom,  M  W : ≈460 kDa, IEP 4.7) were varied in concentration, 
while AChE was added at 50 µg mL −1 . The dashed lines indicate the level 
of NIP response.
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 High resolution AFM measurements of the Prop-SAM/MIP 
surfaces before and after AChE binding as well as of NIPs was made 
by Nanosurf FlexAFM using an SSS-NCLR tip (SuperSharpSilicon with 
a force constant of 48 N m −1 , length of 225 µm, and tip diameter of 
≈2 nm). The 0.5 µm × 0.5 µm images were made in tapping mode with 
40 mV amplitude and 93%–97% set point. The thickness of the polymer 
fi lms was determined by removing the polymer layer. Curve fi tting was 
performed as detailed in the Supporting Information.  
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