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• A facile integration of protein-MIPs

with SAW technology was firstly re-

ported.
• IgG-MIP ultrathin films were in-

terfaced with the multiplexed SAW

chips by an electrosynthesis ap-

proach.
• The selectivity of IgG-MIP films to-

ward IgG over IgA and HSA was

demonstrated.
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a b s t r a c t

Molecularly imprinted polymer (MIP)-based synthetic receptors integrated with Surface Acoustic Wave

(SAW) sensing platform were applied for the first time for label-free protein detection. The ultrathin poly-

meric films with surface imprints of immunoglobulin G (IgG-MIP) were fabricated onto the multiplexed

SAW chips using an electrosynthesis approach. The films were characterized by analyzing the binding ki-

netics recorded by SAW system. It was revealed that the capability of IgG-MIP to specifically recognize

the target protein was greatly influenced by the polymer film thickness that could be easily optimized

by the amount of the electrical charge consumed during the electrodeposition. The thickness-optimized

IgG-MIPs demonstrated imprinting factors towards IgG in the range of 2.8–4, while their recognition ef-

ficiencies were about 4 and 10 times lower toward the interfering proteins, IgA and HSA, respectively.

Additionally, IgG-MIP preserved its capability to recognize selectively the template after up to four re-

generation cycles. The presented approach of the facile integration of the protein-MIP sensing layer with

SAW technology allowed observing the real-time binding events of the target protein at relevant sensi-

tivity levels and can be potentially suitable for cost effective fabrication of a biosensor for analysis of

biological samples in multiplexed manner.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Today label-free detection of proteins has become of extensive

demand in fundamental research as well as in clinical practice
∗ Corresponding author.

E-mail address: vitali.syritski@ttu.ee (V. Syritski).
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roviding an alternative to the widely used label-based detection

ethods that involves laborious, lengthy procedure and can in-

uence the interfacial activity of the resulting protein–label com-

lexes, and consequently the accuracy of measurement results [1].

abel-free detection can be implemented with the help of vari-

us transduction mechanisms, including, but not limited to, opti-

al, electrochemical or piezoelectric, where the biochemical inter-

ction between an analyte and a recognition element of the sensor
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s recorded as a change in e.g., refractive index (SPR sensors),

mpedance (electrochemical sensors) or resonance frequency (QCM

ensors), respectively.

Common recognition elements in biosensors are biomacro-

olecules such as antibodies, enzymes, or DNA, that can capture

arget analyte with very high affinity and specificity. However, due

o the restricted operating conditions and high production cost of

hese biological receptors, the development of artificial systems

ith molecular recognition capability, so-called synthetic recep-

ors, have gained a lot of interest as potential alternatives for bi-

logical recognition elements. Among a number of existing tech-

iques for design of synthetic receptors, high expectations are set

n the development of molecularly imprinted polymers (MIPs). The

echnique of molecular imprinting allows the formation of specific

olecular recognition sites in highly reticulated polymeric network

rown in the present of analyte molecules, which are subsequently

emoved leaving behind the analyte specific cavities. MIPs have

een shown to possess several advantages as an alternative recog-

ition material for biosensor including low cost, the ease of prepa-

ation, storage stability, repeated operations without loss of activ-

ty, high mechanical strength, durability to heat and pressure, as

ell as applicability in harsh chemical media [2,3].

Although synthesis of MIP materials recognizing small molecu-

ar weight compounds has proven to be very successful, molecular

mprinting of biomacromolecules, in particular proteins, obviously

as encountered challenges due their inherent properties such as

olecular size, complexity, conformational flexibility, and solubil-

ty [4]. Thus, the hindered mass transfer of a large biomolecule

n highly reticulated polymeric networks prepared by conventional

ulk imprinting leads to their entrapment during imprinting rather

han to binding sites permitting free ligand exchange with the

ample solution. A number of imprinting strategies were elabo-

ated in order to address the issues associated with protein im-

rinting [4,5]. The surface imprinting approach leading to the for-

ation of polymer with imprinted sites located at or close to the

urface of MIPs, enabling easy access to the target macromolecules,

as shown to be a promising way for protein-MIP preparation [6–

].

Many of the reported surface imprinting strategies take advan-

age of the facile integration of protein-MIP sensing layer with a

ransducer that is a key aspect in the design of a MIP-based sen-

or. Thus, the microcontact surface imprinting approach based on

hotopolymerization has been widely studied to prepare a sur-

ace imprinted polymer thin film directly on the surface for se-

ective recognition of C-reactive protein [6], trypsin [9], bovine

erum albumin [10]. In another surface imprinting approach, the

ol–gel method was combined with a self-assembly technology

o prepare a human serum albumin (HSA)-imprinted film on the

urface of a QCM [11]. Electrosynthesis has been introduced re-

ently as a convenient strategy for effectively interfacing protein-

IPs with transducers allowing rapid and controlled deposition

f polymer films with tunable thickness [7,12–17]. It is worth to

ention that in the most of the reported works using protein-

IPs for sensing applications QCM, SPR or electrochemical sen-

ors are preferential choice. Meanwhile, Surface Acoustic Waves

SAW) may provide advances in fabrication of MIP-based sensors

ver these technologies. Generally, SAW devices share the similar

rinciple of operation as QCMs, but utilize acoustic waves at sur-

aces rather than in the bulk of a piezoelectric material allowing

o increase operating frequencies of SAW devices to the range of

00–500 MHz without compromising in their mechanical fragility.

he Love Wave sensor, a special class of the shear-horizontal SAW

aving the acoustic energy propagation path strictly confined in-

ide of the guiding layer coated onto the top of the sensor. This

ayer minimizes the energy dissipation losses into environmen-

al media making thus the Love Wave sensors, besides their ex-
remely high sensitivity towards surface effects, well suited for

peration in liquids. Usually, owing to high operation frequencies

AW offers about an order of magnitude higher mass resolution

han QCMs, while keeps sensor cost low and at the same time is

ully compatible with large-scale fabrication and multiplexing tech-

ologies [18,19]. As compared to SPR, SAW technology is not lim-

ted to detect only mass loading onto the surface, but also useful

o follow structural insights of sensing layers through use of dis-

ipation factor of the acoustic wave propagating along the sensor

urface.

Despite of the mentioned advantages, integration of SAW sen-

ors with polymeric synthetic receptor materials has not yet been

ufficiently displayed. While SAW gas sensors with a MIP-based

ecognition layer have been reported [20,21], there is no a report,

owever, on a sensor of similar type designed for protein selective

ecognition. To fill this void, here we have integrated the IgG-MIPs

ith SAW technology by facile electrochemical synthesis approach.

he special attention was paid to the careful choice of optimal

olymer thickness to prepare IgG-MIP with the improved recog-

ition properties. The binding kinetics were analyzed to differenti-

te the equilibrium binding capacities and affinities of the targets

o IgG-MIP and NIP surfaces. The regeneration, and thus reusability

f the IgG-MIP-modified SAW chips after the repeated regeneration

ycles was also examined.

. Experimental

.1. Chemicals and materials

IgG from human serum, IgA from human serum, HSA from

uman serum, 4-aminothiophenol (4-ATP), m-phenylenediamine

mPD), 2-mercaptoethanol, phosphate buffer saline (PBS) tablets,

odium chloride were obtained from Sigma–Aldrich. 3,3′-
ithiobis[sulfosuccinimidylpropionate] (DTSSP) was purchased

rom ThermoFisher Scientific Inc. All chemicals were of analytical

rade or higher and were used as received without any further

urification. Ultrapure water (resistivity 18.2 M� cm, Millipore,

SA) was used for preparation of all aqueous solutions. Phosphate

uffered saline (PBS) solution (0.01 M, pH 7.4) was used to prepare

ynthesis and analyte solutions.

.2. IgG-MIP film preparation

IgG-MIP films were fabricated directly on Love Wave-configured

AW chips (NanoTemper Technologies GmbH, München, Germany)

ccording to the previously developed procedure (Fig. 1) [14]. The

rocedure was undergone some modifications with intention to

mprove analytical performance of the resulting films. In brief, the

old sensing surface of SAW chip consisting of four sensor ele-

ents was preliminary cleaned by a fresh base piranha solution

25% NH4OH:30% H2O2:H2O, 1:1:5 volume ratio) for 15 min, rinsed

bundantly with ultrapure water, and treated in an UV/ozone

leaner followed by rinsing with ultrapure water and drying in a

itrogen stream. Then, IgG was immobilized on the cleaned sur-

ace through DTSSP cleavable crosslinker. For this purpose, the

urface was functionalized with amino-groups by immersion in

he ethanolic solution of 0.1 M 4-ATP for 1 h and then, DTSSP

rosslinker was covalently attached by incubation in PBS buffer (pH

.4) containing 10 mM of DTSSP for 30 min. After that, 0.1 mL of

BS containing 1 mg mL−1 of IgG was dropped onto the mod-

fied sensing surface and allowed to react for 30 min, followed

y additional rinsing with PBS buffer to remove the unbound IgG.

he protein-modified SAW chip was placed into the 5-mL elec-

rochemical cell designed to expose the modified sensing surface

o the synthesis solution. The electrochemical cell accommodated
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Fig. 1. Schematic representation of the synthesis concept for IgG-MIP sensing layer integration with SAW chip.
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three electrodes, i.e. the sensing surface of SAW chip as a work-

ing electrode, a spiral shaped Pt wire as a counter electrode,

and Ag/AgCl/KClsat as a reference electrode, all connected to an

electrochemical workstation (Reference 600TM, Gamry Instruments,

Inc., USA). m-PD electropolymerization on the IgG-modified sur-

face was carried out in PBS buffer solution containing 10 mM of

mPD by imposing the constant potential of 0.9 V to the working

electrode.

To yield the polymeric structures of defined thickness their

growth were controlled by charge passed through the working

electrode. Thicknesses were determined by a spectroscopic ellip-

someter (SE 850 DUV, Sentech Instruments GmbH, Berlin, Ger-

many). Ellipsometric parameters ψ and � were measured from

three spots for each sample in ambient air confining the wave-

length range between 380 and 850 nm at the angle of incidence

of 70°. The spectra were fitted (SpectraRay 3 software) with the

optical model containing a one-layer Cauchy layer on the top of

the gold and the thicknesses were determined.

After the electrodeposition the PmPD film coated sensing sur-

face was rinsed with ultrapure water and dried in a nitrogen

stream. To remove the template protein, IgG, from the electrode-
osited PmPD film the modified sensing surface was immersed in

queous solution of 0.1 M 2-mercaptoethanol, and heated in water

ath up to 100 °C with stirring for 15 min. After that, the sens-

ng surface was washed additionally in 3 M NaCl aqueous solution

or 15 min and in DMSO for 30 min. The resulting IgG-MIP SAW

hip was washed thoroughly with ultrapure water and subjected

o the protein rebinding studies. To assess the IgG-MIPs in terms

f their affinity to IgG molecule, control non-imprinted polymer

NIP) structures were also created using the very same conditions

s for the IgG-MIP but excluding the linker cleavage stage by mer-

aptoethanol. In this case, the NIP films still contained the cova-

ently bound target protein, but had no specific cavities on its sur-

ace.

.3. IgG rebinding studies

Real-time rebinding of IgG on the prepared IgG-MIP-modified

AW chips was performed using a SAW biosensor system (SamX®,

anoTemper Technologies GmbH, München, Germany) capable to

andle two SAW chips having four separate sensor elements each.

he microfluidics of the system provided the option to deliver
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Fig. 2. The calibration graph representing the dependence of the polymeric film

thickness, as measured by the spectroscopic ellipsometry, on the amount of the

charge consumed during the electropolymerization of m-PD on IgG-modified gold

electrode.
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nalyte solutions to the modified sensor elements either individ-

ally or in serial fashion.

The sensor elements were preconditioned at constant flow

25 μL min−1) of the degassed PBS buffer solution (pH = 7.4) until

constant baseline was reached. Subsequently, various concentra-

ions (from 0.4 nM to 53 nM) of analytes prepared from the same

uffer were injected into the flow stream via an autosampler using

430 μL injection loop and allowed to interact with the IgG-MIP

r IgG-NIP modified SAW chip.

The SAW sensor system capable of both phase and amplitude

ignal measurement, reflecting changes in mass and in viscoelas-

ic properties of a material at the sensor surface, respectively. In

his work, phase-shift response was analyzed to evaluate rebind-

ng properties of IgG-MIPs. Data analysis was performed using Ori-

in 9.1 (Northampton, MA). Raw data were exported, cut and ana-

yzed by individual fits using two kinetic models for sorption from

iquid solution represented by the first- and second-order equa-

ions as described in the Results and Discussion section. Affinity

onstants and K D values were determined from plot of the equi-

ibrium signal (Qeq) versus analyte concentration using Langmuir–

reundlich equation for the data fitting. Regeneration of the film-

odified chips was done by their immersion in 3 M NaCl aqueous

olution for 2 h with stirring and heating up to 100 °C.

. Results and discussion

.1. IgG-MIP fabrication

In contrast to the previously reported synthesis strategy [14],

ome modifications were introduced here in order to improve the

electivity of the resulting IgG-MIPs. mPD was used as a functional

onomer for polymer matrix formation instead of dopamine. Elec-

ropolymerization of mPD proceeds faster than that of dopamine

herefore the surface-immobilized IgG is less exposed to the syn-

hesis solution as well as to the applied potential that significantly

educes the possibility of conformational changes of IgG. In ad-

ition, the computational modeling using molecular docking and

uantum chemical approach revealed that mPD as a functional

onomer minimally affected the conformation of IgG and was able

o create molecular memory via multiple hydrogen bonds, van der

aal’s and lipophilic interactions between the polymer matrix and

gG [22]. Moreover, taking into account the types of possible inter-

ctions between PmPD and IgG, the template washing out proce-

ure was also modified by including the treatment with 3 M NaCl

olution and DMSO in addition to the cleavage of DTSSP linker

ith mercaptoethanol.

The electrosynthesis approach to the preparation of MIP films

llowed a fine control of the polymer thickness by monitoring the

lectrical charge passed during the synthesis. For the surface im-

rinting strategy used in this study the deposition of a polymer

lm with an appropriate thickness is one of the most important

ask in order to produce protein-MIP film with specific binding

ites located on the surface [23,24]. The influence of the electrode-

osited polymer thickness on the specific recognition properties

f IgG-MIP has been already demonstrated in the previous study

14]. Thereby, in this study to avoid irreversible entrapment of the

emplate the special attention was paid to the careful choice of

ptimal polymer thickness through control of the charge passed

uring the in-situ electrodeposition and subsequent correlation of

he data with the ex-situ ellipsometry measurements (Fig. 2). As it

an be seen, the deposited polymer thickness varied nearly linearly

R2 = 0.996) across the applied electric charge range making thus

ts prediction between ca. 3 nm and 30 nm quite certain. Since the

eight of IgG with the immobilizing linker system above the sur-

ace may spread from ca. 10.5 till 20 nm [14] PmPD films with the

hicknesses in the range of 5.7 nm and 28.4 nm were synthesized
n the IgG-modified SAW chips by applying the respective charge

etween 2 and 10 mC cm– 2. The influence of the polymer film

hickness on IgG-MIP capability to specifically recognize the target

rotein was evaluated in the course of IgG rebinding study as dis-

ussed below.

.2. IgG rebinding study

The fabricated IgG-MIPs were characterized in term of their

ffinity to IgG by monitoring the binding kinetics with SAW sys-

em. Typical sensorgrams of IgG rebinding at the different concen-

rations to the surface of SAW chip modified with 11 nm thick IgG-

IP and NIP are presented in Fig. 3a. The association phase of the

ensorgrams was analyzed in order to determine the equilibrium

ignal for the IgG to IgG-MIP and NIP surfaces by fitting the re-

ponse to the pseudo-first order and pseudo second order kinetic

qs. (1) and (2), respectively:

= Qeq

[
1 − e−k1∗t

]
(1)

=
[
Q2

eqk2t
]
/[1 + Qeqk2t] (2)

here Q is the phase-shift response upon IgG rebinding at time

, Qeq is its value at equilibrium, k1 is a pseudo-first order rate

onstant, k2 is a pseudo-second order rate constant. The first and

econd order rate models have been widely used to describe ad-

orption data obtained under non-equilibrium conditions [25]. Ac-

ording to the first order kinetics model, the adsorbate binds only

o a single active site on the adsorbent surface and the interac-

ions of adsorbate and adsorbent are of physical nature; the rate

f occupation of adsorption sites is proportional to the number of

noccupied sites [26,27]. The pseudo-second order model recog-

izes that the rate-limiting step is chemisorption involving sharing

r exchange of electrons between adsorbent and adsorbate and the

ate of occupation of adsorption sites is proportional to the square

f the number of unoccupied sites [27,28]. Both models have been

pplied to describe the adsorption kinetics on the MIP surfaces

29–31].

The kinetics parameters obtained by fitting the sensorgrams

n Fig. 3a to the Eqs. (1) and (2) are listed in the Table 1. As

t can be seen both models provided excellent fit to the experi-

ental data with the correlation coefficients (R2) in the range of



186 A. Tretjakov et al. / Analytica Chimica Acta 902 (2016) 182–188

Fig. 3. (a) Typical phase-shift responses of the IgG-MIP (red) and NIP (black) modified SAW chips (PmPD film thickness of 11 nm) upon consecutive injections of IgG in PBS

buffer. The dotted and solid lines represent the fits to the Eq. (1) and Eq. (2), respectively; (b) The calculated IF values for IgG-MIPs prepared with PmPD films of different

thicknesses as a function of the IgG concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

The kinetics parameters obtained by fitting the sensorgrams in Fig. 3a to the

pseudo-first order and pseudo-second order kinetic models.

C (nM) Qeq (MIP) (deg) ka R2 Qeq(NIP) (deg) ka R2

Pseudo-first order model

0.4 0.24 1.51E-03 0.994 0.08 1.83E-03 0.965

2.1 1.13 2.15E-03 0.998 0.30 3.01E-03 0.994

10.7 3.65 2.37E-03 0.994 1.06 9.90E-04 0.999

53.3 8.25 3.98E-03 0.978 2.58 2.09E-03 0.997

Pseudo-second order model

0.4 0.38 2.72E-03 0.995 0.12 1.15E-02 0.965

2.1 1.64 1.00E-03 0.999 0.41 6.18E-03 0.995

10.7 5.17 3.66E-04 0.999 1.77 3.43E-04 0.999

53.3 10.43 3.90E-04 0.997 3.76 4.21E-04 0.999

a Pseudo-first order rate constant (s−1) or pseudo-second order rate constant

(deg−1 s−1).
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a

0.965–0.999, although, at the higher analyte concentrations, some-

what higher values were obtained for the second order adsorp-

tion model. The latter might be explained by the fact that Qeq in

the pseudo-second order model can be determined independently

of the kinetic mechanism of the adsorption process [32] and is

less prone to the random experimental errors as compared to the

first order rate equation [27]. Thus, Qeq values determined by the

pseudo-second rate model were used further to assess the degree

of recognition capability of MIP towards the target molecule cal-

culating imprinting factor (IF). Actually, IF shows a binding ratio

between MIP and NIP:

IF = Qeq(MIP)/Qeq(NIP) (3)

where Qeq (MIP) and Qeq (NIP) are phase-shift responses at equi-

librium for MIP and NIP, respectively. As a measure of the pres-

ence of selective cavities, IF was taken into account to optimize

the thickness of the PmPD film in IgG-MIP. SAW chips modified

with IgG-MIP and NIP of different thicknesses in the range of ca

6 and 27 nm were subjected to interact with various IgG concen-

trations between 0.4 and 53.3 nM. Fig. 3b clearly indicates that for

all IgG concentrations studied the highest IF values in the range of

2.8–4.0 were obtained for the IgG-MIP with PmPD film of 11 nm.

This polymer thickness corresponds to the half of the height of im-

mobilized IgG that was estimated to be around 20 nm assuming

the IgG “end-on” orientation (through the Fc region). Obviously, at

such polymer film thickness the immobilized IgG molecules might

be appropriately confined in the polymer leading to the increasing

number of high-affinity binding sites at the polymer surface after

the IgG removal procedure. Thus, the thickness-optimized IgG-MIP

films were employed for subsequent analysis of equilibrium pa-

rameters, regeneration and selectivity studies.
Adsorption isotherms are of particular interest as they repre-

ent the dependence of the equilibrium concentration of a bound

nalyte on the concentration of a free analyte in a solution and

an provide useful information on the binding properties of the

aterial by fitting the isotherm to specific binding models. The

sotherm of IgG rebinding to IgG-MIP was constructed using the

alues of Qeq determined from analysis of the experimental ki-

etic data fitting them to Eq. (2) (Fig. 4). Considering the bind-

ng site heterogeneity was frequently encountered in noncovalent

IPs [33] the analyte rebinding was modeled by the Langmuir–

reundlich (LF) isotherm (Eq. (4)).

= QmaxCm/(KD + Cm) (4)

ere C is the concentration of an analyte in a solution, Q and Qmax

he phase-shift responses upon IgG rebinding at concentration C

nd its saturation value, respectively, m is the heterogeneity in-

ex, which varies from 0 to 1 and with values < 1, the mate-

ial is heterogeneous, KD – equilibrium dissociation constant. Ac-

ording to Fig. 4 LF model gives an excellent fit (R2 = 0.999)

or both IgG-MIP and NIP films tested in this study. The calcu-

ated m value of IgG-MIP indicates the somewhat heterogeneity of

he binding sites in comparison to NIP, whose heterogeneity in-

ex equals to 1 corresponding to a homogeneous material. This

an be well explained through assumption that NIP films might

ossess the exclusively nonspecific binding sites of equal adsorp-

ion energy, while the imprinting process introduced the binding

ites with varying degrees of affinity resulting in the heterogene-

ty of the polymer surface. Furthermore, the obtained value of the

ignal at saturated binding to IgG-MIP was about 3 times higher

han that to corresponding NIP (15.0 vs 5.3 deg) while the only

odest difference in the dissociation constants (KD) between two

olymers was observed. One possible explanation for the observed

henomenon could be that despite of the total number of bind-

ng sites was increased in MIP relative to the NIP, the fraction of

he higher-affinity binding sites was still low to contribute signifi-

antly to the overall affinity of IgG-MIP. Similarly, Shimizu and co-

orkers reported on the inconsistency between the difference in

inding capacities and binding affinities of MIP and corresponding

IP [34].

.3. Regeneration of IgG-MIPs

In order to verify the stability and reusability of the fabri-

ated IgG-MIPs, the films with the optimal thickness after first

gG rebinding were subjected to the regeneration procedure. Since

he nature of the interactions between the imprinted material

nd the target protein was insufficiently known, the regeneration
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Fig. 4. The binding isotherms obtained using Qeq determined from fitting of the kinetic data to Eq. (2). The solid lines represent fits of the data to Langmuir–Freundlich (LF)

isotherm model. The table summarizes the fitted binding parameters.
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xperiments disrupting hydrogen, ionic and electrostatic bonds

ere performed. It was found that solutions of 1 M NaOH and

0 mM HCl affected significantly on reproducibility of further bind-

ng events making difference between MIP and NIP films barely

oticed (results are not shown), while MIPs retained their affin-

ty towards the target after the treatment in 3 M NaCl solution

100 °C) suggesting that electrostatic interactions might play a role

n the given MIP-protein system. Therefore, the treatment in the

ot 3 M NaCl solution was chosen as a method for regeneration

f the fabricated IgG-MIPs. The changes in Qmax of the polymers

or IgG after the subsequent rebinding-regeneration cycles are de-

icted in Fig. 5 . As it can be seen, although both MIP and NIP poly-

ers showed irreversible adsorption of the target, their rebinding

apacities were about to stabilize after the 3rd regeneration cy-

le while still demonstrating MIP preferential affinity and relevant

ensitivity levels towards the target. The noticed decrease in the

dsorption capacity may indicate that the regeneration method left

ehind to some extent the target entrapped in the polymeric ma-

rix altering thus the following rebinding. Still, the phenomenon

annot be explained purely by the target entrapment since the

onspecific adsorption, displayed by NIP film response, was sup-

ressed significantly after the very 1st regeneration cycle. Thus,

he films might also undergo morphological changes upon contact

ith the high temperature and ionic strength solutions resulting
ig. 5. SAW sensor response at saturated binding (Qmax) for IgG-MIP and NIP after

arious number of regeneration cycles. The initial responses of freshly fabricated

ensors are presented at 0 value of regeneration cycle.

a

s

F

(

n loss of a fraction of the polymeric material from the sensing

urface.

.4. Selectivity study

Selectivity of IgG imprinted films towards the template was

tudied by injecting 8 μg mL– 1 solutions of other serum proteins:

SA and IgA that may cause serious interference when analyzing

eal samples. Selectivity factor S, which is the ratio of IF of an inter-

ering substance to that toward the template molecule, was used to

ssess cross-reactivity of IgG-MIP:

= IF(interf)/IF(IgG) (5)

here IF(IgG) is the imprinting factor of IgG-MIP for IgG and IF(interf)

s the imprinting factor of IgG-MIP for interfering protein, IgA or

SA. IF (interf) values for IgA and HSA were calculated according to

q. (3), where the values of Qeq upon HSA and IgA adsorption onto

gG-MIP and NIP were determined from the kinetics data using

he similar analysis procedure as described for IgG rebinding study

Section 3.2). As it can be seen in Fig. 6, IgG-MIP demonstrated the

referential binding to the original template molecule (IgG) over

he IgA and HSA with the S values of 0.3 and 0.09, respectively. The

ata suggests that the both interfering proteins have lower binding

ffinity to IgG-MIP than IgG, even though the molecular size and

hape of IgG and IgA are similar. Thus, IgG-MIP can recognize the
ig. 6. Selectivity factors (S) of IgG-MIP for the template (IgG) and non-template

IgA, HSA) proteins.
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[

[

[
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[

target protein confirming the presence of IgG imprints in the poly-

mer matrix that are able to discriminate on the basis of molecular

shape and size as well as functional groups arrangement.

4. Conclusions

In this study, the protein imprinted polymers, IgG-MIPs, were

used for the first time as sensing layers of SAW sensor plat-

form. The thin films of IgG-MIP were successfully interfaced with

SAW chips using the electrosynthesis approach. The binding kinetic

analysis with the pseudo second-order rate model allowed the de-

termination of equilibrium binding response and thus, the calcu-

lation and comparison of the imprinting factors for the IgG-MIP of

different polymer thicknesses. It was found that IgG-MIP films with

the thickness of 11 nm had higher specific recognition ability to-

wards IgG as compared to the other studied IgG-MIP counterparts.

The thickness optimized MIPs demonstrated imprinting factors in

the range of 2.8–4.

The analysis of the isotherm data by fitting them to Langmuir–

Freundlich adsorption model suggested a certain degree of hetero-

geneity of the binding sites in IgG-MIP films. Although, the bind-

ing capacity of IgG-MIP was about 3 times higher than that of

NIP, their dissociation constants were somewhat comparable. This

is more likely attributed to the disproportionately low contribution

of the high affinity binding sites to the increased binding capac-

ity of IgG-MIP. The prepared IgG-MIPs demonstrated good selectiv-

ity towards IgG over the interfering proteins such as IgA and HSA

as well preserved their capability to recognize selectively the tem-

plate after up to four regeneration cycles in hot 3 M NaCl solution.

The realized concept for facile integration of protein-MIPs with

SAW technology allowed observing the real-time binding events of

the target protein at relevant sensitivity levels and can be poten-

tially suitable for cost effective fabrication of a biosensor for anal-

ysis of biological samples in multiplexed manner.
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