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a b s t r a c t 

Molecularly imprinted polymer (MIP) nanofilms have been successfully implemented for the recognition 

of different target molecules: however, the underlying mechanistic details remained vague. This paper 

provides new insights in the preparation and binding mechanism of electrosynthesized peptide-imprinted 

polymer nanofilms for selective recognition of the terminal pentapeptides of the ß-chains of human adult 

hemoglobin, HbA, and its glycated form HbA1c. To differentiate between peptides differing solely in a 

glucose adduct MIP nanofilms were prepared by a two-step hierarchical electrosynthesis that involves 

first the chemisorption of a cysteinyl derivative of the pentapeptide followed by electropolymerization 

of scopoletin. This approach was compared with a random single-step electrosynthesis using scopo- 

letin/pentapeptide mixtures. Electrochemical monitoring of the peptide binding to the MIP nanofilms by 

means of redox probe gating revealed a superior affinity of the hierarchical approach with a K d value of 

64.6 nM towards the related target. Changes in the electrosynthesized non-imprinted polymer and MIP 

nanofilms during chemical, electrochemical template removal and rebinding were substantiated in situ by 

monitoring the characteristic bands of both target peptides and polymer with surface enhanced infrared 

absorption spectroscopy. This rational approach led to MIPs with excellent selectivity and provided key 

mechanistic insights with respect to electrosynthesis, rebinding and stability of the formed MIPs. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Molecular imprinting is a universal concept to generate materi- 

ls with “molecular memory” by polymerizing suitable functional 

onomers in the presence of a target molecule, which act as tem- 

late [1–3] . The subsequent removal of the template is expected 

o create recognition sites in the molecularly imprinted polymer 

MIP) that can, further on, selectively rebind the target. Beside 

heir fully synthetic generation MIPs have two essential advantages 

n comparison with natural affinity reagents, such as antibodies: i) 

igher stability under harsh environmental conditions and ii) lower 
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roduction costs. The versatility of MIP synthesis is especially ap- 

arent in case of biomacromolecular targets, where to circumvent 

ermanent entrapment of the template, the characteristic dimen- 

ions of the MIPs have been reduced to the nanoscale by using 

anofilms or particles, as well as surface-imprinting techniques [4–

] . These can be combined by using for imprinting only a small 

ragment of the target analyte as template, which provides addi- 

ional benefits in terms of selectivity and cost-reduction. In case 

f peptide and protein targets, imprinting of a peptide template 

s the key step of epitope imprinting. This term was first proposed 

y Rachkov and Minoura [8] to emphasize the similarity to the im- 

unological determinants recognized by an antibody [9–12] . Tem- 

late fragments (epitopes) include peptides [13–27] , carbohydrates 

nd engineered tags [28–33] , or chemical labels [ 32 , 34 ]. The result-

ng MIPs have been shown to recognize both the target fragment 
under the CC BY-NC-ND license 
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nd whole protein [ 9 , 11–13 , 15 , 21 , 22 , 35 ]. Whilst the initial con-

ept involved a homogeneous mixture of peptide and monomer, 

hea’s group introduced a heterogeneous version by attaching the 

eptide on a solid carrier prior to the photochemical polymer 

ormation with clear benefit in terms of creating more uniform 

avities [15] . Another approach from Bülow ́s group [19] gener- 

ted the template immobilizing hemoglobin (HbA) via its acces- 

ible terminal peptides (including the N-terminal valines) to sil- 

ca nanoparticles, followed by trypsin-mediated protein digestion. 

he methylacrylic acid-based MIPs showed a two-fold higher HbA 

inding as compared with the non-imprinted polymer (NIP), along 

ith a discrimination of myoglobin and bovine serum albumin 

BSA). 

Electrochemical polymerization, an inherently surface-confined 

rocess, offers better means to control the polymer film growth. 

herefore, we introduced fully electrosynthesized peptide im- 

rinted nanofilms by growing the polymeric structure around an 

mmobilized peptide [13] . 

Following this concept, this paper provides new insights in the 

reparation and binding mechanism of electrosynthesised peptide- 

mprinted polymer nanofilms for selective recognition of the ter- 

inal pentapeptides of the ß-chains of human adult hemoglobin 

HbA) and its glycated derivative (HbA1c), which are the targets of 

he IFCC (International Federation of Clinical Chemistry) reference 

ethod for HbA1c. 

Previous studies have reported the selective recognition of gly- 

ated peptides and glycoproteins by MIPs, mostly assisted by 

oronate affinity [ 31 , 32 , 36–38 ] that takes advantage of the inher-

nt affinity of boronic acids toward diols. The boronic acid anchors 

ere either bound to an underlying surface [38] or implemented in 

he polymer network [31] . Binding of artificially glycosylated pep- 

ides to the boronate-functionalized SAMs (self-assembled mono- 

ayers) resulted in uniform binding cavities [25] . This approach 

as been applied for the C-terminal nonapeptides from human 

2-microglobulin and myoglobin. Thus, while the molecular im- 

rinting concept is universal, the monomer library used for MIP 

reparation in many cases takes advantage of “target-specific”

onomers to increase the affinity of the respective MIPs. Conse- 

uently, the development of MIPs would be substantially facilitated 

f generic monomers could be used for the synthesis of similarly 

ffine and selective polymers, recognizing different targets through 

 genuine molecular imprinting process. Therefore, in this study 

e have chosen a generic monomer devoid of boronate function- 

lization, namely scopoletin, in order to prepare MIP nanofilms ca- 

able to differentiate between peptides varying solely in a glucose 

dduct. Scopoletin forms by electropolymerization a conformal, in- 

ulating polymeric nanofilm on the electrode surface. Its generic 

se is supported by application to form MIPs for selective recog- 

ition of both low-molecular weight targets [13] and proteins [39–

3] , and its compatibility with a wide range of template removal 

rocedures including chemical [ 39 , 44 ], electrochemical [ 13 , 21 ], and

nzymatic processes [43] . 

Here, a two-step hierarchical electrosynthesis was chosen in- 

olving firstly the chemisorption of a cysteinyl derivative of the 

entapeptide followed by electropolymerization of the scopo- 

etin monomer. This approach was referenced to MIP nanofilms 

repared by a random, single-step electrosynthesis of scopo- 

etin/pentapeptides mixtures. Using in situ surface enhanced in- 

rared absorption spectroscopy (SEIRAS), we detected structural 

hanges in electrosynthesized non-imprinted polymers (NIPs) and 

IPs during chemical as well as electrochemical template removal 

nd rebinding by monitoring the characteristic marker bands of 

oth target peptides and polymer. Peptide (re)binding to the MIP 

anofilms was quantified via redox probe gating, allowing us 

o compare the selectivity for glycated and non-glycated pep- 
2 
ides relevant for the quantification of HbA and HbA1c protein 

amples. 

. Experimental 

.1. Chemicals and reagents 

Scopoletin (7-hydroxy-6-methoxycoumarin) was purchased 

rom Sigma Aldrich (Steinheim, Germany). Potassium hexacyano- 

errate (III) and potassium hydroxide from Roth (Karlsruhe, 

ermany); potassium dihydrogen phosphate, potassium hexa- 

yanoferrate (II) trihydrate were obtained from Merck (Darmstadt, 

ermany); disodium phosphate from Duchefa Biochemie (Haarlem, 

he Netherlands); the peptides: the cysteine-extended N-terminus 

f ß-chain of HbA (CVHLTP-amide) herein referred as cys-peptide 

r CVHLTP, the N-terminus of ß-chain of HbA (VHLTP-amide) 

erein referred as N-terminal peptide or VHLTP, the peptide in 

hich histidine was replaced by alanine (VALTP-amide) herein 

eferred as VALTP, the glycated peptide with fructosyl valine at 

ts terminus (Fruc-VHLTP-amide) herein referred as Fruc-peptide 

r Fruc-VHLTP and the C-terminal peptide of BSA (VVSTQ-amide) 

ere purchased from Biosyntan GmbH (Berlin, Germany). All 

olutions were prepared with deionized water (DI water) obtained 

rom a water purification system Milli-Q from Merck Chemicals 

mbH (Darmstadt, Germany). 

.2. Electrochemical measurements 

Square wave voltammetry (SWV) was carried out in 1 mL so- 

ution of 5 mM ferri/ferrocyanide in phosphate buffered saline, 

H 7.4 (PBS) containing 10 mM KCl with a CHI 440 electrochem- 

cal workstation (CH Instruments Inc., Austin, USA) using a one- 

ompartment three-electrode electrochemical cell. Gold wires (di- 

meter of 0.5 mm from Goodfellow, Germany) were used as work- 

ng electrodes, a spiral platinum wire as the counter electrode and 

g/AgCl as reference electrode (RE-3V from ALS Co., Japan). The 

otential was scanned from -0.3 to + 0.4 V at a frequency of 10 Hz,

n amplitude of 50 mV and a step height of 3 mV. All measure- 

ents were carried out at room temperature. 

.3. MIP-electrosynthesis, template removal and rebinding 

The gold wire electrodes were cleaned in boiling 2.5 M KOH for 

 h followed by storage in concentrated H 2 SO 4 overnight. Before 

sage, the electrodes were rinsed with deionized (DI) water and 

ept in 65% HNO 3 for 10 min. After rinsing with DI water again, 

he electrodes were ready for use. For the two-step hierarchical 

mprinting process via a chemisorbed “pre-immobilized” peptide, 

he clean bare gold wire electrodes were firstly incubated for 5 min 

n a PBS solution containing 50 μM cys-peptide at room temper- 

ture resulting in a sub-monolayer coverage of the electrode. The 

olyscopoletin layer was then deposited around the chemisorbed 

ys-peptide by electropolymerizing a solution containing 0.5 mM 

copoletin, 10 mM NaCl and 5% V/V ethanol with 30 repetitive 

ulse cycles each comprising of a 0.0 and + 0.7 V pulse for 5 and

 s, respectively. Non-imprinted polymers were prepared using the 

ame workflow lacking the initial cys-peptide chemisorption. After 

ynthesis of the polymer layer, the electrodes were carefully rinsed 

ith DI water and then dried gently under a nitrogen stream. To 

emove the immobilized cys-peptide, anodic oxidation of the thiol- 

old bonds was performed by applying a potential of + 900 mV 

n the MIP-electrode for 30 s in PBS. After template removal, the 

IP-electrode was rinsed with DI water for several times and dried 

ith nitrogen stream gently. 
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The monomer/peptide mixture-based MIPs (random MIPs) were 

ynthesized on clean bare gold wire electrodes from a solution 

ontaining 0.5 mM scopoletin and 50 μM of either N-terminal 

eptide or Fruc-peptide, by applying the same pulse cycles as for 

ierarchical-MIP. Template removal was accomplished as described 

or the hierarchical-MIP. 

For rebinding experiments, the electrode was placed in 1 mL 

BS solution of 5 mM ferri/ferrocyanide containing 10 mM KCl in 

he stirred measuring cell followed by sequential addition of 2 μL 

f the peptide stock solution. To follow the kinetics of rebinding, 

WV measurements were performed every 2 min without stirring 

he solution and the procedure was repeated until a steady state 

as reached. 

.4. SEIRA spectroscopic measurements 

NIP and MIP films were also prepared on nanostructured gold 

lectrodes suitable for SEIRA spectroelectrochemical investigations. 

his in situ technique allows the acquisition of IR spectra of each 

tep of the polymer synthesis. Since the surface enhancement fac- 

or decays with increasing distance d with 1/d 

6 from the gold sur- 

ace, this method is ideal for monitoring events in very close prox- 

mity to the gold surface (about 8 nm) [45] . A gold film was chem-

cally deposited on a silicon prism for ATR (attenuated total reflec- 

ion) studies and subsequently electrochemically cleaned to reveal 

n island-like nanostructure as described by Miyake et al. [46] . The 

rism was then installed into a home-made spectroelectrochem- 

cal IR cell, which was mounted in an IFS66v/S FTIR spectrometer 

rom Bruker equipped with a liquid nitrogen cooled MCT (Mercury- 

admium-Telluride) detector. The gold film served as working elec- 

rode, whereby a Pt wire and an Ag/AgCl electrode were used as 

ounter and reference electrodes, respectively. Spectra with 4 cm 

−1 

esolution were recorded by averaging 400 scans. For binding tests, 

he peptides were dissolved in deionized water (5 mM stock solu- 

ion) and then diluted in PBS to a final concentration of 50 μM. 

nfrared spectra were registered during and after peptide immo- 

ilization. A further spectrum was recorded after extensive rins- 

ng with buffer, which confirmed a stable binding of the target 

eptides. The buffer was then replaced by a scopoletin solution 

0.5 mM, 10 mM NaCl, 5% V/V ethanol) and electrochemical syn- 

hesis of the MIP was carried by applying 30 pulse cycles starting 

ith 0.0 V for 5 s and 0.7 V for 1 s. Non-imprinted polymers were

repared with the same workflow just without the target peptides. 

emplate was removed from the gold surface by holding a poten- 

ial of + 900 mV (vs Ag/AgCl) for 30 s and monitoring the spec- 

ral changes. Rebinding was also verified by means of SEIRA spec- 

roscopy. 

.5. Atomic force microscopic investigations 

AFM measurements were carried out with Nanosurf FlexAFM 

Switzerland) using Tap190Al-G cantilever (BudgetSensors, force 

onstant: 48 N/m, length: 225 μm, tip radius < 10 nm). The thick- 

ess of the polymer film was determined after electropolymer- 

zation at three places, according to the following steps. First, a 

 × 3 μm area was scanned in Tapping mode (resolution: 300 

oints/line, set point: 88–91%, free amplitude: 400 mV) to obtain 

opographic image of the film. Subsequently, the polymer was re- 

oved in 3 consecutive cycles on a 1 × 1 μm area in Lateral Force 

ode applying 1 μN force (resolution: 200 points/line). Finally, a 

 × 3 μm area was scanned to include the polymer-stripped re- 

ion in Tapping mode with the same parameters. The obtained im- 

ges were analyzed with Gwyddion software. The film thickness 

as determined as the average difference between the polymer 

eight and the liberated gold surface. 
3 
. Results and discussion 

.1. Interaction of peptide templates with bare gold electrodes 

We considered the template (and control) peptide adsorption 

nto the gold surface for both types of MIP synthesis ( Scheme 1 ),

.e. (i) the random single-step synthesis by electropolymerizing 

ixtures of scopoletin and the (cys-fee) N-terminal pentapeptide 

HLTP as well as (ii) the two-step hierarchical approach involving 

rst the chemisorption of the CVHLTP peptide via the thiol group 

f the terminal cysteine followed by electropolymerization. 

In the first case a spontaneous adsorption of the (cys-free) 

HLTP from the mixture with scopoletin is expected prior the elec- 

ropolymerization. The peptide presence on the surface of the gold 

lectrode was monitored by evaluating the suppression of the SWV 

ignal of the redox marker ferri/ferrocyanide and the appearance 

f the characteristic amide I and amide II bands of the adsorbed 

eptides in the SEIRA spectra (Fig. S1, Appendix A. Supplementary 

ata). The electrode incubation in both CVHLTP peptide and (cys- 

ree) VHLTP solutions induced a concentration dependent decrease 

f the ferri/ferrocyanide signal on the gold electrodes, approach- 

ng saturation above 0.6 μM. The signal suppression at the satu- 

ation level was around two-fold higher for the cys-extended pep- 

ide than for the cys-free target obviously related to a stronger in- 

eraction with the electrode surface due to the formation of the 

u-S bond (Fig. S1A). In case of the VALTP peptide, where the 

istidine is substituted by alanine, a weaker adsorption is found, 

uggesting that histidine also plays a role within the binding in- 

eraction to bare gold [47] . This was also verified by SEIRA spec- 

roscopic experiments, in which it could be shown that CVHLTP 

nd VHLTP peptides were indeed stably bound to the gold surface, 

hile the VALTP peptide could be removed using a 0.8 M NaCl so- 

ution. CVHLTP and VHLTP, on the contrary, could be removed only 

y anodic polarization at + 900 mV vs. Ag/AgCl (Fig. S1B). 

.2. Characterization of the NIP by SWV and SEIRA spectroscopy 

The formation of the NIP-film by electropolymerization of 

copoletin led to an almost complete suppression of the SWV sig- 

al of ferri/ferrocyanide and the appearance of characteristic poly- 

er marker bands in the SEIRA spectrum ( Fig. 1 A). Two dominant 

ands, namely the C = O stretching vibration at 1715 cm 

−1 and the 

–O stretching vibration at ca 1280 cm 

−1 suggest that the lac- 

one ring is incorporated in the polymer structure. The bands in 

he range of 160 0–140 0 cm 

−1 are related preferentially to the aro- 

atic C = C ring stretching vibrations, confirming that the coumarin 

nit remains intact. Additionally, the spectrum of the scopoletin 

onomer exhibits a strong IR absorption band at ca 1235 cm 

−1 

 Fig. 1 a, bottom trace), which can be attributed to the C–O stretch- 

ng of the phenolic hydroxyl group. The time course of this band 

llows us to suggest a polymerization mechanism (Fig. S2). Its dis- 

ppearance in the spectrum of the newly formed polymer ( Fig. 1 a, 

op trace) could be explained by the oxidation of the OH group 

n the monomer function. This mechanism is further supported 

y the spectral appearance of an intense band at 1160 cm 

−1 at- 

ributable to the C–O–C stretching of alkyl ethers, which is ab- 

ent in the corresponding monomer spectrum. Therefore, the pre- 

umed polyscopoletin structure comprises a poly(alkyl ether) with 

 poly(ethylene oxide) backbone and coumarin side groups, in line 

ith previous reports on the oxidative spectroelectrochemistry of 

oumarins (Fig. S2) [48] . The poly(ethylene oxide) backbone rep- 

esents the hydrophilic part interacting with H 2 O molecules, offer- 

ng the possibility of H-bonding interactions with target molecules. 

he coumarin side groups, on the contrary, allow noncovalent π- π
nd hydrophobic interactions with the analyte. The application of 

n anodic potential of + 900 mV did not influence the intensity of 
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Scheme 1. Schematics of the hierarchical (oriented) MIP and random MIP preparations by electropolymerization (EP), electrochemical template removal (E-TR) and template 

rebinding. In case of hierarchical approach a chemisorbed peptide is anchored to the gold surface using the cysteine labeled VHLTP peptide, followed in a second step 

by controlled EP of scopoletin. The random MIP preparation comprises EP of the scopoletin / peptide mixtures. Considering that the E-TR process is largely constricted 

to peptides in contact with the underlying gold electrode, the oriented approach should grant a higher density and more homogenous orientation of the template during 

polymerization. 

Fig. 1. IR spectroscopic characterization of the polyscopoletin films (NIP) on a SEIRA active gold electrode. (A) Absorbance spectra of the formed NIP-film after electropoly- 

merization (EP) [red] and the scopoletin monomer before EP [black]. Observed modes are attributed to the carbonyl ν(C = O) stretching vibration (1715 cm 

–1 ), aromatic and 

vinyl ν(C = C) stretching modes (160 0–140 0 cm 

−1 ), ν(C–O) stretching vibration of the ester group (1280 cm 

−1 ), the ν(C–O–C) stretching of alkyl ethers (1160 cm 

−1 ) and 

δ(C–H) bending modes (140 0–10 0 0 cm 

−1 ). Asterisks refer to spectral contribution of residual ethanol before EP. (B) Absorbance spectra displaying the NIP decomposition 

upon NaOH incubation. Trace 1 (black) shows characteristic polymer related vibrational modes before NaOH treatment; trace 2 (magenta) was recorded after short exposure 

(5 min) to a 5 mM NaOH solution followed by buffer exchange; trace 3 (blue) was recorded after short exposure (5 min) to 100 mM NaOH followed by buffer exchange. 

The described time interval is related to the sum of the acquisition time of a single spectrum in the presence of NaOH (~ 2 min), the subsequent washing step with PBS 

buffer and the acquisition of a second spectrum in PBS (about 2 min), which is required for calculating the resulting absorbance spectra. The ν(C = O) stretching vibration at 

1715 cm 

–1 and several ν(C = C) strech related bands (black dashed lines) vanish with the concomitant appearance of δ(O–H) bending modes at about 1640 cm 

–1 , related to 

surface bound water molecules (red rectangle), indicating NIP decomposition. 
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m

he polyscopoletin related features in both SWV and SEIRA spec- 

ra indicating an intact polymer layer on the electrode surfaces. 

his result was confirmed by AFM measurements ( Fig. 2 ) which re- 

ealed that the average thickness of the NIP-film after electropoly- 

erization (9.3 ± 0.8 nm) did not change after anodic potential 

ulses of + 900 mV (9.6 ± 0.1 nm). 

On the other hand, application of an anodic potential of 

 950 mV resulted in a pronounced increase of the SWV peak in- 

icating an increased permeability of the NIP-film. Furthermore, 

ncubation of the NIP in 5 mM and 100 mM NaOH solutions, 

pplied conditions used to remove the target from scopoletin- 

ased MIPs [ 39 , 44 ], strongly affected the polymeric structure as 

erived from the disappearance of its characteristic marker band 

t 1715 cm 

–1 and the concomitant appearance of O–H bending vi- 
4 
rations at about 1640 cm 

−1 related to surface adsorbed water 

olecules ( Fig. 1 B). This points to an opening of the scopoletin 

actone ring under alkaline conditions [49] , thereby explaining the 

ncreased permeability of the NIP-film and the spectral detectabil- 

ty of water modes. These observations show that caution needs 

o be taken with respect to a manipulation of scopoletin-derived 

anofilms, as it may lead to an erroneous interpretation of target 

re)binding. 

.3. Characterization of the hierarchical- MIP nanofilm 

Attempts to monitor the time course of CVHLTP peptide bind- 

ng to the gold electrode evidenced that after 5 min ca 70% of the 

aximum absorption signals are detected, reaching saturation af- 
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Fig. 2. (A) Topographic image of the non-imprinted polymer after removal of a 1 × 1 μm area. (B) The cross-section of the film used for thickness measurements. 

Fig. 3. (A) IR absorbance spectra of the individual steps of the SAM-MIP formation on a SEIRA active gold electrode. The observed vibrations related to the newly formed 

polymer are described in Fig. 1 . The corresponding amide I and II bands at 1678 cm 

–1 and 1545 cm 

–1 , respectively, which are characteristic for the initially adsorbed cys- 

peptide (CVHLTP, trace 1) are marked with blue rectangles. Electrochemical template removal (trace 3, E-TR) is monitored through the appearance of a broad absorption band 

at ca. 1640 cm 

–1 attributed to the δ(O–H) bending vibrations (red rectangle) of surface-bound water molecules as consequence of the permeability of the MIP-film. After 

rebinding of VHLTP peptide (trace 4), the amide I band can be detected again, which can be derived more clearly from trace 5, i.e. the corresponding difference spectrum 

between trace 4 and trace 3. (B): SWV current responses of all steps of the SAM-MIP formation on a gold electrode before (black) and after adsorption of cys-peptide (red) 

followed by electropolymerization of scopoletin (blue) and electrochemical template removal (E-TR, pink). 
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er ca 30 min (Fig. S3A). The short incubation time, resulting in a 

ub-monolayer covering the gold electrode (Fig. S3B), was applied 

or optimal MIP synthesis, while longer incubation times affected 

he subsequent polyscopoletin electrodeposition (Fig. S3C, vide 

nfra ). Scopoletin electropolymerization around the chemisorbed 

eptide target was monitored via the characteristic polymer bands 

n the SEIRA spectra ( Fig. 3 A, traces 1 and 2). Here, the presence of

he cys-peptide in the polymer matrix was confirmed by the spec- 

ral detectability of the amide I band at 1678 cm 

–1 as shoulder of a

ominant absorption band of the polymer, i.e., the C = O stretching 

ibration at 1715 cm 

–1 ( Fig. 3 A, trace 2). The first is absent in the

R spectrum of the NIP ( Fig. 1 A). MIP formation was also validated

y the almost complete suppression of the ferri/ferrocyanide redox 

arker in the SWV experiments ( Fig. 3 B, blue trace). 

Peptide removal from the MIP matrix was achieved by polariz- 

ng the electrode at + 900 mV, which resulted in a drastic increase 

f the SWV signal of the redox marker and the spectral disappear- 

nce of the peptide characteristic amide I band ( Fig. 3 A and 3 B). 
5 
Notably, the characteristic infrared signature of the polyscopo- 

etin unit was not affected ( Fig. 3 A, black dashed line), confirm- 

ng the stability of the polymer to the template removal con- 

itions. The IR spectroscopic characterization of the entire MIP 

orkflow revealed that the template removal from the gold sur- 

ace is accompanied by spectral appearance of O–H stretching 

320 0–350 0 cm 

–1 ) and O–H bending (1600–1680 cm 

–1 , centered at 

640 cm 

–1 ) vibrations from H 2 O molecules that diffuse towards the 

old electrode surface due to free cavities in the MIP film ( Fig. 3 A,

ed rectangle, trace 3). Rebinding experiments using cys-free pep- 

ide showed a re-appearance of the amide I band in the corre- 

ponding SEIRA spectrum ( Fig. 3 A, trace 4, blue rectangles). Indeed, 

he IR difference spectrum of “target rebinding” minus the “tem- 

late removal” step ( Fig. 3 A, trace 5), exhibits a positive amide I 

and in combination with a negative band related to O–H bending 

ibrations deriving from surface released water molecules. Addi- 

ional control experiments were performed incubating a NIP film 

ith 50 μM VHLTP/VALTP peptides. Within this treatment no pep- 
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Fig 4. Concentration dependent SWV (A) responses of the rebinding of VHLTP (N-terminal peptide) and (B) the relative signals of the rebinding of VHLTP (blue) and related 

peptides to the hierarchical-MIP. Red: Fruc-VHLTP; magenta: VALTP (peptide without histidine); black: C-terminal peptide of BSA. 

Fig. 5. Concentration dependent relative suppression of the SWV signal (peak current) produced by increasing concentrations of VHLTP and Fruc-VHLTP peptides using 

random MIPs imprinted with (A) VHLTP and (B) Fruc-VHLTP templates. 

Table 1 

Experimental K d values for the binding of peptides to the different MIPs in 

this work. 

MIP Target K d 

Hierarchical-MIP (VHLTP template) VHLTP 64.6 ± 12.9 nM 

Random-MIP (VHLTP template) VHLTP 1.4 ± 0.3 μM 

Random-MIP (Fruc-VHLTP template) Fruc-VHLTP 2.4 ± 0.3 μM 
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ide characteristic amide I/II bands could be detected in the SEIRA 

pectra (Fig. S4). 

The rebinding of VHLTP could be followed also through SWV. 

fter injection of the peptide into the electrochemical cell, the 

WV peak decreased and reached a steady state within 25 min 

Fig. S5). This process could be monitored in situ , by recording the 

ebinding in the presence of the redox marker. The relative de- 

rease of the peak current was linearly dependent on the peptide 

oncentration up to 100 nM and reached saturation above 200 nM 

 Fig. 4 ), resulting in a K d value of 64.6 nM ( Table 1 ). 

In order to characterize the cross-reactivity of the MIP-sensor, 

he interaction with further peptides, such as a Fruc-peptide (Fruc- 
6 
HLTP), the peptide without histidine (VALTP) and the C-terminal 

eptide of BSA was investigated. As displayed in Fig. 4 B, the bind- 

ng of the imprinted template was highly specific as compared 

ith the other peptides. Substitution of a histidine residue by ala- 

ine or introduction of a fructosyl residue at the N-terminal valine 

ecreased the saturation value by a factor of almost eight, reveal- 

ng the sequence specificity of the MIP cavities. These values are 

omparable to the related data reported in literature for peptides 

ith a single amino acid mismatch [ 13 , 15 ]. 

.4. Characterization of the MIPs prepared from the 

eptide-monomer mixture 

The random-MIP was synthesized from a solution of 50 μM 

HLTP (the N-terminal peptide) and 0.5 mM scopoletin using the 

ame pulse voltammetric procedure as in case of the SAM-based 

IPs. After 30 s application of a potential of + 900 mV for tem- 

late removal, the SWV peak height was around 70 μA, which was 

–3 times lower than that of hierarchical-MIP (data not shown). 

n order to gain structural information of this particular synthesis 

pproach, SEIRA spectroelectrochemistry was used to map the en- 
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ire workflow (Fig. S6). After the random-MIP was formed (Fig. S6, 

race 2), the subsequent template removal by anodic polarization 

t + 900 mV leads only to a partial detachment of target peptide 

Fig. S6, trace 3). This is also confirmed by the observed minor 

ebinding compared to the experiment using the hierarchical ap- 

roach (Fig. S6 and Fig. 2 A). A plausible explanation of the differ- 

nces observed between the hierarchical and random approaches 

rises from the non-homogenous peptide distribution (and their 

artial entrapment) within the polymer matrix using the latter 

ethod. 

The rebinding of VHLTP peptide, within the random-MIP 

eached its saturation level at around 10 μM ( Fig. 5 A) with a K d 

alue of 1.4 μM by using the Langmuir isotherm model ( Table 1 ).

his suggests a significantly weaker interaction as compared to the 

ierarchical-MIP, which reached saturation already at ca. 200 nM 

K d = 64.6 nM, Table 1 ). Besides, while both types of MIPs showed

referential binding of the target peptide, the discrimination of 

he Fruc-VHLTP was less effective using the VHLTP imprinted sites 

f the random-MIP approach ( Fig. 5 A) as compared with their 

ierarchical-based analogues ( Fig. 4 B). 

The results suggest a superiority in terms of binding affinity 

nd selectivity of the hierarchical-MIPs, which is presumably re- 

ated to the higher density and more homogenous orientation of 

he template during polymerization. The latter approach created 

ore effective imprinted binding sites than the non-homogenously 

riented peptides in the mixture method, as confirmed by infrared 

pectroscopic data ( Fig. 3 A and Fig. S6). The random-MIP imprint- 

ng approach was also applied for the Fruc-VHLTP target. Notably, 

n comparison with the corresponding results for the N-terminal 

VHLTP) peptide target ( Fig. 5 A), the binding difference between 

he VHLTP and Fruc-VHLTP was more pronounced ( Fig. 5 B). A K d 

alue of 2.4 μM was determined for the binding of Fruc-VHLTP, 

hereas no measurable affinity for the VHLTP (without fructose) 

ould be detected ( Fig. 5 B, Table 1 ). 

. Conclusions 

In this work, MIPs for the recognition of the N-terminal peptide 

f human adult hemoglobin and its glycosylated variant (HbA1c) 

ave been synthesized by electropolymerizing scopoletin either af- 

er chemisorption of the cys-extended peptide or just as mixture 

ith the target. Surface enhanced infrared absorption spectroscopy 

as been successfully applied in situ monitoring (both) peptides 

nd polymer specific vibrations. In this respect, we observed that 

he stepwise approach (hierarchical-MIP) ensures subtle control of 

he MIP workflow as outlined in Scheme 1 . 

Notably, multiple variables affect an “adequate” electrosynthe- 

is of a MIP nanofilm. The first bottleneck is the incubation time 

f the target on the electrode. Short incubation times result- 

ng in a sub-monolayer coverage, are highly desirable to achieve 

 proper polyscopoletin electrodeposition. Here, the hydrophilic 

oly(ethylene oxide) backbone offers the possibility of H-bonding 

nteractions with target molecules while the aromatic coumarin 

ide groups ensure noncovalent π- π and hydrophobic interac- 

ions with the analyte. Secondly, electrochemical template removal 

E-TR) should be preferred to chemical procedures. Indeed, the 

olyscopoletin scaffold remains unaffected during the entire elec- 

rochemical workflow as corroborated by AFM measurements. On 

he contrary, chemical treatment with NaOH, which is often used 

o remove peptide/protein targets, results in the coumarin scaffold 

egradation. This, in turn, might lead to improper (re)binding, as 

he redox probe cannot distinguish between the imprinted cavities 

nd the new “sites” originating from degradation. 

In addition, we detected the binding of water molecules af- 

er the electrochemical driven cavity formation by SEIRAS. Their 

bserved removal during peptide rebinding in the “oriented” ap- 
7 
roach provides, thus, new insights into so far vague mechanism 

f target rebinding. 

Both MIPs exhibit binding specificity with respect to the tar- 

et peptide and can discriminate single mismatches of the pen- 

apeptide or the addition of fructose at the terminal valine. This 

as achieved using the generic scopoletin monomer lacking of 

pecific functionalities with intrinsic selectivity for sugar residues, 

.e. without taking advantage of boronate affinity. The hierarchical- 

ased MIP displays a much higher affinity as reflected by the 

maller K d value of 64.6 nM compared to the random-MIP ap- 

roach with a K d of 1.4 μM ( Table 1 ), indicating that homogenous

rientation and accessibility of the binding cavities are important 

or the analytical performance. Given their practically specific re- 

ponse to the peptide templates, the respective MIPs show clear 

otential for the quantification of both the glycated and the non- 

lycated N-terminal peptides. 
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