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Abstract We have prepared a surface imprinted polymer
(SIP) film for label-free recognition of immunoglobulin G
(IgG). The IgG-SIPs were obtained by covalent immobili-
zation of IgG via a cleavable covalent bond and a suitable
spacer unit to a gold electrode, followed by electrodepostion
of a nm-thin film of polydopamine (PDA). The IgG was then
removed by destruction of the cleavable bond so that
complementary binding sites were created on the surface of
the film. IgG-SIPs with various thicknesses of the PDA films
were compared with respect to their affinity to IgG using a
quartz crystal microbalance combined with flow injection
analysis. The films were also characterized by cyclic
voltammetry and scanning electron microscopy. The IgG-
SIPs with a film thickness of around 17 nm showed the most
pronounced imprinting effect (IF 1.66) and a binding
constant of 296 nM.
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Introduction

Today, the concept of molecular imprinting has been widely
recognized as a promising strategy for developing robust

molecular recognition materials with high specificity toward
the analyte [1]. Molecular imprinting consists in polymeri-
zation of a mixture of functional monomers in the presence of
a target molecule that acts as a template. During polymer-
ization, the template induces binding sites in the reticulated
polymer that are capable to selectively recognize the target
molecules or similar structures after removal of the templates
from the polymer. The main benefits of these so-called
Molecularly Imprinted Polymers (MIPs), are related to their
synthetic nature, i.e., excellent chemical and thermal stability
associated with reproducible, cost-effective fabrication.
Therefore, MIPs have a substantial potential for application
in various fields such as chemical analysis and detection [2],
separation and purification [3], drug delivery [4], and
catalysis [5]. In addition, MIPs have been shown to be a
promising alternative to natural biological receptors (e.g.
enzymes, DNA, antibodies) in biosensors providing more
stable and low-cost recognition elements [1].

However, there remain many unsolved issues in the
development of MIP-based biosensors, especially concerning
the imprinting of high molecular weight templates, proteins or
whole cells. The main drawbacks in protein imprinting
including permanent entrapment, poor mass transfer, denatur-
ation, and heterogeneity in binding sites, are commonly
attributed to the inherent properties of proteins such as
conformational instability, large size, and complexity.Moreover
the need of synthesis in aqueous media can present serious
difficulties as aqueous solutions significantly reduce the binding
strength of the non-covalent template—monomer interactions.
The surface imprinting approach resulting in polymer with the
imprinted sites situated at or close to the surface—Surface
Imprinted Polymers (SIPs)—as well as introducing new
biocompatible monomers are promising ways to overcome
these difficulties. SIPs have many advantages such as
monoclonal binding sites; faster mass transfer and hence stronger
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binding capacity as compared to traditional MIPs [6]. SIPs for
selective protein recognition were realized by implementing
various protocols based on immobilization of a target protein on
different support materials acting either as a sacrificial [7], or a
transfer material [6]. Li et al. has prepared the SIP nanowires
exhibiting highly selective recognition for a variety of template
proteins, including albumin, hemoglobin, and cytochrome c
[8]. Qin et al. demonstrated a possibility to combine surface
initiated living-radical polymerization with a protein SIP and
prepared the lysozyme-SIP beads capable of separating the
template from competitive proteins in a chromatographic
column [9]. Sellergren’s group introduced hierarchical
imprinting to produce MIP particles with surface-confined
binding sites for a smallmolecule of amino acid [10], aswell as
for peptide [11] and protein [12]. Recently, we have achieved
success in the development of surface imprinted poly(3,4-
ethylenedioxithiophene) microstructures for avidin specific
recognition [13, 14].

Immunoglobulin G (IgG) is the most plentiful class of
antibodies present in human serum, and protects organism
against bacterial and viral infections. Analyzing the presence of
specific IgG molecules in the body fluids can be useful in
diagnosing infections or certain illnesses. Despite the numerous
successful reports on molecular imprinting of different kinds of
proteins, only a few attempts have been made to imprint IgG
[12, 15]. The difficulties in producing of the complementary
cavities for IgG in a polymer matrix are mainly attributed to the
complex Y-shape structure of an antibody molecule as well as
the considerable amount of chemically identical groups in one
molecule. A significant progress has been recently achieved by
Dickert and co-workers who produced artificial antibody
replicas by applying IgG-imprinted nanoparticles as templates
in a surface imprinting process to generate SIP thin films
directly on the sensor electrodes of a quartz crystalmicrobalance
(QCM) [15].

QCM technique is a widely applied for the investigation of
biomolecular interactions allowing the real-time analysis of
reactions without labeling requirements [16]. Furthermore, a
QCM sensor integrated in a FIA system (QCM-FIA) provides
the advantage to monitor on-line the binding events of an
analyte and could be applied to analysis of specific interactions
such as antigen-antibody [17], protein-drug [18] as well as
between MIP films and template molecules [19].

Although the significant achievements were reported for
preparation of different protein MIPs formats, the use of thin
MIP films seems to be preferred for sensing applications. MIP
films can be easily integrated with different sensor transducers
(e.g. optical, piezoelectric) allowing real-time label-free
monitoring of protein binding events. Electrochemical poly-
merization is one of the prospective approaches for combining a
MIP film with a sensor transducer surface. In this method, the
conducting surface of a transducer is used as an electrode,where
a polymeric film with well controlled thickness can be easily

formed by varying amount of charge passed during the
electrodeposition. There are a number of successful reports on
the application of the electropolymerization method in
molecular imprinting, where various types of polymer were
used, such as overoxidized polypyrrole [19], poly(o-
phenylenediamine) [20], and polydopamine (PDA) [21]. PDA
appears to be especially attractive for protein-SIPs formation
due to its high hydrophilicity and high biocompatibility as well
as the existence of a wide variety of functional groups (amino-,
hydroxy-, and π-π bonds), compatibility with aqueous
solutions, the possibility to obtain an ultrathin compact polymer
film by the controlled self-limiting growth. Until now there are
only a few reports on PDA based MIP films and most of them
however concern the PDA prepared by chemical or self-
polymerization of dopamine at weak alkaline pH [22, 23]. The
application of the electrosynthesized PDA based MIP film as a
recognition element for the capacitive sensing of nicotine was
firstly reported by Liu et al. [21].

The aim of this work was to elaborate a strategy that gives
a possibility to create IgG surface imprinted polymer (IgG-
SIP) thin films using PDA controlled electrodeposition on
QCM sensor electrodes for real-time label-free IgG recog-
nition. The specific rebinding of IgG to the prepared IgG-
SIPs was analyzed by QCM-FIA technique. In order to
optimize the strategy a series of the IgG-SIPs based on the
various thicknesses of PDA films were compared in terms of
their affinity to IgG molecule.

Materials and methods

Materials

IgG from human serum, IgA from human serum, 4-
aminothiophenol (4-ATP), 2-mercaptoethanol, phosphate buffer
saline tablets (PBS), sodium chloride and sodium dodecyl sulfate
were obtained from Sigma-Aldrich (http://www.sigmaaldrich.
com). 3,3′-dithiobis [sulfosuccinimidylpropionate] (DTSSP) was
purchased from ThermoFisher Scientific Inc (http://www.
thermoscientific.com). 4-(2-aminoethyl)benzene-1,2-diol
(dopamine) was supplied from Fluka (http://www.sigmaaldrich.
com). All chemicals were of analytical grade or higher and were
used as receivedwithout any further purification.UltrapureMilli-
Q water (resistivity 18.2MΩ · cm, Millipore, USA) was used for
preparation of all aqueous solutions. PBS solution (0.01M, pH7.
4) was prepared by dissolving one tablet in 200 mL of Milli-Q
water.

IgG immobilization on the gold electrode surface

The gold electrode of a 5 MHz quartz crystal microbalance
(QCM) sensor (Maxtek, Inc.) served as a substrate for IgG
immobilization. The electrode was cleaned by immersion in
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fresh piranha solution (97 % H2SO4:30 % H2O2, 3:1 volume
ratio) for 10 min and then rinsed abundantly with Milli-Q
water. Then the electrode was electrochemically treated in
0.1 M H2SO4 by cycling the potential between −0.2 and +
1.5 V (vs Ag/AgCl ) until the gold oxide formation region of
the voltammograms displayed three distinct peaks and
successive scans showed minimal to no change. Finally, the
electrodewas rinsedwith distilledwater and dried in a nitrogen
stream. The modification of the QCM electrode surface
with amino-groups was carried out by immersing the
cleaned electrode in ethanolic solution of 0.1 M 4-ATP for
1 h to form the self-assembled monolayer, after which the
electrode was thoroughly rinsed with ethanol to remove the
unreacted thiols. The attachment of DTSSP crosslinker to
the 4-ATP- modified electrode was achieved by subsequent
incubation in PBS buffer (pH 7.4) containing 10 mM of
DTSSP for 30 min followed by rinsing with PBS buffer.
Then, 100 μL of PBS containing 1 mg mL−1 of IgG was
dropped onto the modified electrode surface and allowed to
react for 30 min, following which the unbound IgG was
washed out from the electrode surface by additional rinsing
with PBS buffer.

Electrochemical measurements

Gold electrode modification steps were characterized electro-
chemically by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). Electrochemical measure-
ments were made in a custom-made 8 mL Teflon electro-
chemical cell connected with Reference 600 Potentiostat
(Gamry Instruments, USA). A conventional three-electrode
system was used with QCM sensor electrode as working
electrode, a rectangular shaped platinum plate (4×1.5 cm2) as
counter electrode, and a Ag/AgCl/KClsat reference electrode.
Also, gold disk electrodes with diameter either 2 mm or 7 mm
were used as working electrodes for CV and EIS studies (see
experimental details in ESM).

Electrochemical deposition of PDA film

Dopamine electrochemical polymerization on the IgG-
modified electrode was monitored by the Electrochemical
Quartz Crystal Microbalance (EQCM). EQCM measure-
ments were performed using the QCM100 system (Stanford
Research Systems, Inc., Sunnyvale, CA, USA) connected to
the Reference 600TM potentiostat (Gamry Instruments, Inc.)
and PM 6680B counter (Fluke Corporation) as described
[19]. Electropolymerization was carried out on the IgG-
modified QCM sensors by cycling the potential between
−0.45 and +0.55 Vat a scan rate of 50 mV · s−1 in PBS buffer
solution containing 5 mM of dopamine until the resonant
frequency dropped a designated value. The thickness of the
deposited PDA film Tf was believed to be uniform and

estimated from the resonant frequency shift Δf according to
the equation Eq. 1:

T f ¼ −
Δ f

C f ⋅ρ
ð1Þ

where Cf is the sensitivity factor for a 5 MHz quartz crystal
resonator, Cf=56.6 Hz cm2 μg−1; the PDA film density ρ is
assumed to be 1.2 g cm−3 as polyaniline density [24].

After polymer film electrochemical deposition, the elec-
trode was rinsed with distilled water and dried in a nitrogen
stream.When not in use, the IgG-PDAmodifiedQCM sensors
were stored under nitrogen atmosphere in the refrigerator.

Template protein removal

Removal of the template protein, IgG, from polymeric matrix of
the electrodeposited PDA film was carried out in order to create
IgG-SIP films. For this purpose the IgG-PDAmodified electrode
was immersed in 0.1M solution of 2-mercaptoethanol in ethanol,
and heated in water bath up to 100 °C. The reaction was
maintained under stirring for 15 min. After rinsing with ethanol
and distilled water, the electrode was immersed into 3 M NaCl
aqueous solution containing 0.1 % sodium dodecyl sulfate and
the same parameters of heating were applied. The protein
washing out procedure was maintained under stirring for 15 min
and repeated twice. Finally, the resulting IgG-SIP sensor was
washed thoroughly with distilled water and subjected to protein
rebinding studies. To compare the IgG-SIPs in terms of their
affinity to IgGmolecule, a non-imprinted polymer (NIP) structure
was also created. The NIP was formed under very same
conditions as the IgG-SIP, excluding protein subsequent removal.
In this case the PDA film still contains the target protein, but has
no cavities on its surface.

IgG rebinding studies by QCM-FIA technique

Template protein rebinding on the prepared IgG-SIP films
modified QCM sensors was studied by a QCM-FIA technique.
The analysis was carried out in a QCM-FIA system comprising
programmable precision pump (M6, VICI® Valco Instruments
Company Inc., USA), a motorized six-way port injection valve
controlled by a microelectric actuator (C22-3186EH, VICI®
Valco Instruments Company Inc., USA) and a small volume
(150 μL) axial flow cell attached to the QCM sensor holder
(Stanford Research Systems, Inc.) [19]. All elements of the
system were connected to a PC and controlled by software
written in Labview. A constant flow of degassed PBS buffer
solution (pH=7.4) flowed over the sensor at a flow rate of 12μL ·
min−1 until a constant baseline of the QCM sensor resonance
frequency was reached. Subsequently, various concentrations of
analyte samples (IgG solution inPBSbuffer)was injected into the
flow streamvia an injection loop (250μL) and allowed to interact
with the IgG-SIP or NIP modified QCM sensor for 2,500 s.
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Scanning electron microscopy

Scanning ElectronMicroscope Zeiss Ultra 55 (Carl Zeiss AG,
Germany, Oberkochen)with ultra high resolution imagingwas
used for the surface investigation of the IgG-SIP and NIP
modified as well as bare Au electrodes. A series of images at
100,000× magnification were obtained and analyzed.

Results and discussion

Strategy for preparation of IgG-SIP thin films

Our approach for an IgG-SIP thin film formation is based on
covalent immobilization of the target protein using a cleavable
cross-linker to a gold electrode surface followed by electrochem-
ical deposition of a nanometer thin PDA film. Figure 1 sketches

the concept of the strategy and gives theoretically estimated
values of attached layers thicknesses. Thus, a gold electrode
surface was modified with amino-groups by formation a self-
assembled monolayer of 4-ATP (a). Then, a homobifunctional
crosslinker with a cleavable disulfide bond and a suitable spacer
unit,DTSSP,was attached to the amino-modified surface (b). The
target protein was immobilized by the formation of covalent
amide bond between succinimide group of DTSSP and amino-
group of lysine residues of IgG (c).A polymermatrixwas formed
by electrochemical polymerization of dopamine around the
immobilized IgG (d). It was expected that the multiple non-
covalent interactions (hydrogen bonding, van der Waals in-
teractions, electrostatic and hydrophobic) between PDA and IgG
molecule ensure the formation of complementary cavities in the
growing polymer films. After subsequent removal of the protein
by destruction of the DTSSP cleavable bond using 2-
mercaptoethanol, and non-covalent bonds by the surfactant

Fig. 1 The strategy for
preparation of the IgG-SIP thin
films: (a) 4-ATP self-assembled
monolayer creation Au electrode
(b) attachment of DTSSP
cleavable linker (c) IgG covalent
immobilization (d) PDA
electrodepostion (e) washing out
the IgG molecules (f) rebinding
of IgG
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containingNaCl solution, the complementary binding sites of the
target protein confined in the surface of the polymer film were
created (e).

In order to choose the appropriate thickness of the
electrodeposited PDA layer the length of immobilized structure
—4-ATP/DTSSP/IgG—was theoretically estimated. The previ-
ously reported AFM and ellipsometry studies indicated a
perpendicular orientation of 4-ATP molecules to the metal
surface [25], suggesting thus that thickness of a 4-ATPmonolayer
would be close to the length of the 4-ATPmolecule (0.7–0.8 nm).
The DTSSP linker has a spacer arm length of 1.2 nm. IgG
covalent attachment to a succinimidyl group of the DTSSP
proceeds through lysine residues that are abundant in antibody,
resulting in random immobilization with multiple orientations of
IgG on the surface. Therefore, two limiting cases of antibody
possible orientations were considered to estimate the size of the
immobilized IgG by RasMol software: “end-on” (Fc fragment
closer to the surface) or “head-on” (Fab fragment closer to the
surface) orientations with the size approx. 18 nm and “side-on”
orientation (Fc and one of the Fabs closer to the surface while
another Fab is away from the surface) with size approx. 8.5 nm.
Thus, the theoretically estimated height of thewhole immobilized
structure can vary from approx. 10.5 to 20 nm. The choice for the
range of thicknesses of the electrodeposited PDA film needed to
achieve surface imprinting of the target protein is determined,
from one side, by the linker system length, and, from the other
side, by the height of the whole immobilized structure. In this
work the polymer films with thicknesses ranging from 4.4 to
22.1 nm (Fig. 1d) were applied in order to evaluate the different
extent of polymer coverage on the IgG-modified surface.

IgG immobilization on the gold electrode surface. Cyclic
voltammetry and electrochemical impedance spectroscopy
studies

IgG immobilization on the QCM gold electrode was
accomplished by a multistep procedure including electrode
modification with 4-ATP self-assembled monolayer, DTSSP
crosslinker attachment, and finally antibody covalent immo-
bilization. CVand EIS techniques were employed to evaluate
the changes of gold electrode electrochemical behavior after
each modification step. It was already shown that CVand EIS
techniques are effective methods for testing the blocking
ability towards the electron transfer reactions across a surface
modified electrode/electrolyte interface using the ferro/ferri
cyanide redox couple as a probe molecule [26].

Figure 2 shows cyclic voltammograms of the Au electrode
after the different modification stages. It can be seen that the
bare Au electrode (Fig. 2a) shows a reversible peak for the
redox couple indicating that the electron transfer reaction is
under diffusion-controlled. Reversibility of the reaction at the
Au/4-ATP is almost the same as that at the bare Au electrode,
indicating that the 4-ATP monolayer exhibits rather poor

blocking ability. The poor barrier properties of a 4-ATP
monolayer towards the redox reaction were reported earlier
[26]. The CVandEIS studies of aromatic thiols SAMs on a gold
surface performed by the authors demonstrated that the 4-ATP
monolayer is formed with low surface coverage implying the
existence of a large number of pinholes and defects within the
monolayer. After subsequent attachment of the DTSSP linker to
the 4-ATP modified electrode no well-defined current peaks
were observed on the voltammogram indicating a significant
barrier to a charge-transfer reaction involving the redox couple
due to partial surface blocking and thicker layer formation. It is
supposed that some DTSSP molecules were disrupted through
S-S bond cleavage by contact with uncovered gold surface thus
filling the defects of the 4-ATP monolayer and producing so
called mixed monolayer, while the intact DTTSPmolecules are
attached directly to the amino-group of 4-ATP forming the
outerlayer intended for IgG covalent binding. When IgG was
immobilized through covalent binding between the
succinimidyl groups of DTSSP and the amino-groups of the
protein, a denser insulating layer is formed on the electrode
surface inhibiting more strongly the faradic process as indicates
the featureless voltammogram (Fig. 2d).

The EIS spectra (Fig. S1 in the ESM) are in well agreement
with the CV measurements, which further confirm the
successful immobilization of the IgG via the DTSSP linker on
the electrode surface. In spite of significant perturbation to
electronic transport at the modified electrode surface, it is
evidently not completely blocked, since an electronic current is
still observed on the cyclic voltammogram (Fig. 2d). Thus,
polymer matrix formation around the immobilized IgG by
dopamine electropolymerization is expected to be feasible.

PDA films electrodeposition. Electrochemical QCM study

The PDA films on the 4-ATP/DTSSP/IgG-modified QCM
electrodes were formed by electrochemical polymerization of

Fig. 2 Cyclic voltammograms of the bare Au (a), 4-ATP (b), 4-ATP/
DTSSP (c), and 4-ATP/DTSSP/IgG (d) modified electrodes. The data
were recorded in 1 M KCl containing 4 mM Fe(CN)6

3−/Fe(CN)6
4− at

scan rate of 50 mV·s−1
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dopamine in order to provide a more accurate control of
polymer film growth. The electrochemical QCM technique
was used to simultaneously monitor voltamperometric and
gravimetric responses during the polymer growth. Electro-
chemicalQCMhas proved to be a valuable in-situ tool to study
electropolymerization processes, redox behaviour of
electroactive polymers etc., which relates the mass changes
during the electrochemical transformations at a QCM
electrode to the observed changes in resonant frequency
[27]. Considering the theoretical estimations for the range of a
polymer bulk needed (Strategy for preparation of IgG-SIP thin
films section), the PDA films with thicknesses of 4.4, 8.8,
13.3, 17.7 and 22.1 nm that correspond to the QCM frequency
changes of 30, 60, 90, 120 and 150 Hz respectively, were
electrodeposited on the 4-ATP/DTSSP/IgG modified QCM
sensor electrode. Figure 3 shows a typical resonance frequency
response of the QCM during PDA electrodeposition on its
electrode. As it can be seen from Fig. 3a the PDA film grows
non-linearly demonstrating a faster growth in the beginning of
the process, following by its gradual slowing-down until the
constant resonant frequency value is reached indicating the
self-limiting polymerization. For comparison, the PDA film
that is formed on a bare Au electrode, grows significantly
faster as shown by Fig. 3b, due to lack of any layer hindering
electron transfer at the electrode. In addition, it should be noted
that due its insulating nature the PDA film electrochemical
growth is self-limited achieving the maximum value of 22 nm
in our experimental conditions. The SEM micrographs in
Fig. S4 (see ESM) provide additional evidence for the PDA
film deposition on the 4-ATP/DTSSP/IgG modified electrode,
where this polymer with morphology of uniformly sized
agglomerates of fine particles can be seen.

Evaluation of IgG-SIPs films rebinding capability

IgG rebinding capability of the IgG-SIPs prepared with the
different PDA film thicknesses was studied by the QCM-FIA
technique. To ascertain that the interaction between IgG and the
IgG-SIP surface was specific, a control experiment was
performed with the NIP modified electrode for each tested
PDA film thickness. The sensor-to-sensor reproducibility
reported as the relative standard deviation of the resonance
frequency changes at saturation (6.7 μM IgG) for the different
sensors was 14.5 %. Figure 4 shows typical frequency responses
of the IgG-SIP and NIP modified QCM sensors with the
thickness of PDA film of 8.8 nm upon consecutive injections of
the solutions with increasing concentration of IgG in PBS buffer.
A frequency drop associatedwith IgG binding is observed for the
IgG-SIPmodified QCM sensor already after the injection of 6.4 ·
10−5 mg · mL−1 IgG concentration, while the NIP modified
sensor shows the non-significant frequency change. With the
increasing concentration of IgG the frequency drop becomes
more pronounced for both SIP andNIP films but at the same time
the noticeably difference between the frequency responses of the
IgG-SIP and NIP modified sensors is still observed. The higher
rebinding capability of the IgG-SIP ismore likely attributed to the
presence of the imprint sites on the surface.However, there is also
evidence of the significant non-specific adsorption appeared as
the considerable frequency decrease recorded by the NIP
modified QCM sensor.

Considering the experimental conditions of the QCM-FIA
rebinding study, in particular, the low flow rate (12 μL · min−1)
and the construction of the axial flow cell, where an injected
solution flows about stagnation point, it can be assumed that the
adsorption equilibrium is achieved after each successive injection
of IgG. Therefore, the adsorption isotherm can be generated by
plotting the appropriate accumulated frequency changes that are
related to the amount of the bound protein on the Yaxis, and the

Fig. 3 The resonant frequency responses during dopamine
electropolymerization on bare Au (b) and the Au/4-ATP/DTSSP/IgG
modified (a) electrodes. The data were recordedwith theQCMsensor upon
potential cycling between −0.45 and +0.55 Vat scan rate of 50mV · s−1in a
PBS buffer solution containing 5 mM of dopamine

Fig. 4 The resonant frequency response of the IgG-SIP (a) and NIP(b)
modified QCM Au electrode. The IgG-SIP and NIP are prepared with
PDA film thickness of 8.8 nm. The data were upon successive injections
of the different concentrations of IgG in 10 mM PBS buffer
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IgG solution concentrations on the X axis (Fig. 5). Adsorption
isotherms are useful in understanding the adsorption interaction
mechanism of a template with a MIP surface.

A number of different models such as Langmuir [28], bi-
Langmuir [29], Freundlich [30] and Freundlich-Langmuir
(FL) [31] was used in order to obtain comparable and
physically interpretable parameters, which describe the
adsorption process. Since most of MIPs have heterogeneous
binding sites, the models that account for heterogeneity
(Freundlich and FL) should be considered primarily [32].
According to Shimidzu and co-workers [33] FL model
(Eq. 2) is more universally applicable in characterizing MIPs

because it can provide heterogeneity information and is able
to model adsorption behavior over the entire concentration
range up to saturation:

B ¼ Bmax KFLCð Þm
1þ KFLCð Þm ð2Þ

where C is the concentration of a protein in a solution, B and
Bmax the fraction of bound protein and its saturation value,
respectively, m is the heterogeneity index, which varies from
0 to 1 and with values <1, the material is heterogeneous. KFL

is the association constant, which relates to the equilibrium

Fig. 5 The IgG adsorption isotherms for the IgG-SIP (black circle) and NIP (hollow circle) of the PDAvarious thicknesses. The curves represent fits
of the data to Freundlich-Langmuir (FL) isotherm model
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dissociation constant (KD) as KFL=1/KD. In this work KD

was used to assess the affinity of the prepared IgG-SIP film to
the template protein. The experimental data of the adsorption
isotherms were fitted to the FL model using a nonlinear
regression and plotted in both normal and logarithmic forms
(Figs. 5 and S5 in ESM for log plot). The fitted parameters are
presented in the Table 1. The imprinting factor (IF) was
calculated according to the following equation [34]:

IF ¼ Bmax MIPð Þ
Bmax NIPð Þ ð3Þ

It can be seen from the graphical evaluation that for all
tested IgG-SIPs and NIPs the FLmodel gives an excellent fit,
which is confirmed by the high correlation coefficient R2

values (0.990–0.999). The benefit of using the FL fitting
model is also supported by the graphs presented in the log
plot of the binding isotherms (Fig. S5 in ESM), which show
both the linear regions at the low concentrations and the
curvature at the high concentrations [33]. The values of m
index in the range of 0.457 to 0.78 indicate that the adsorption
sites along the IgG-SIPs and NIPs surface are energetically
heterogeneous. Nevertheless, all the IgG-SIPs differing in
PDA film thickness show somewhat higher binding capacity
compared to the corresponding NIPs, that is most likely
caused by the presence of the complementary cavities on the
surface of the SIP films due to the imprinting phenomenon.
Among the IgG-SIPs prepared with different PDA film
thicknesses the most pronounced imprinting effect (IF 1.66)
was observed for the IgG-SIP with PDA film of 17.7 nm
thick. For this case the value of KD, which is considered as a
measure of IgG affinity toward the SIP, is found to be
approximately one order of magnitude higher for the IgG-SIP
than that for the corresponding NIP. Probably, at such PDA

film thickness the immobilized IgGmolecules are appropriately
confined in the polymer and high-affinity binding sites are
formed at the polymer surface after the IgG removal procedure.
However, binding isotherms observed for the IgG-SIP and NIP
pair built-up of the thinnest PDA film (4.4 nm) are clearly
inconsistent with the other ones showing the highest difference
between the binding affinities of the SIP andNIPwhile the Bmax

value of NIP exceeds Bmax of MIP giving the IF less than unity.
This is perhaps due to the non-uniformity of the ultrathin
polymer film that may contain significant number of the
uncovered areas on the surface, enhancing thus the non-specific
adsorption. On the other hand, the lower value of IF was
obtained for the IgG-SIP with PDA film of 22 nm thick
compared to the IgG-SIPs with other PDA film thicknesses
(excl. 4.4 nm thick PDA). This may be explained by the
decreasing of the number of the specific cavities on the surface
of the polymer film supporting our hypothesis that the polymer
film with thickness exceeding the height of the whole
immobilized structure (approx.18 nm) may entrap the template
more rigorously.

A selectivity test for IgG-SIPs as well as IgA-SIP prepared
by the described approach was carried out with respect to IgA
and IgG. The preliminary study showed (Fig. S6 in the ESM)
that the IgG-SIP binds ca. 2 times more IgG than IgA while
the IgA-SIP binds ca. 1.5 times more IgA than IgG.

Conclusion

In summary, we have demonstrated a possibility of preparing
the SIP thin films for IgG specific recognition based on a
covalent immobilization of IgG through a cleavable cross-
linker to a gold electrode of a QCM followed by controlled
electropolymerization of the monomer to yield an ultrathin

Table 1 The fitted binding parameters and corresponding correlation coefficients using the FL isotherm model

PDA thickness, nm Bmax, Hz m KFL, L μmol−1 KD, nmol L−1 R2 IF

IgG-SIP

4.4 70.1 (2.0) 0.780 (0.049) 4.127 (0.488) 242 (28.6) 0.998 0.89

8.8 82.0 (3.9) 0.457 (0.032) 7.848 (2.239) 127 (36.3) 0.997 1.52

13.3 88.2 (1.8) 0.578 (0.020) 5.374 (0.546) 186 (18.9) 0.999 1.38

17.7 117.0 (4.0) 0.621 (0.035) 3.376 (0.531) 296 (46.6) 0.998 1.66

22.1 52.1 (1.9) 0.676 (0.064) 17.261 (3.277) 57.9 (11.0) 0.995 1.19

NIP

4.4 78.1 (22.1) 0.459 (0.072) 0.262 (0.329) 3813 (4794) 0.990 –

8.8 53.8 (2.6) 0.621 (0.051) 3.813 (0.865) 262 (59.5) 0.996 –

13.3 64.0 (4.0) 0.566 (0.040) 1.413 (0.393) 708 (197) 0.998 –

17.7 70.3 (3.5) 0.583 (0.021) 0.394 (0.075) 2537 (481) 0.999 –

22.1 43.9 (1.1) 0.567 (0.024) 6.690 (0.843) 149 (18.9) 0.999 –

Values in parentheses are standard errors
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polymeric matrix. The IgG rebinding study performed by the
QCM-FIA revealed that the IgG-SIPs built-up of PDA film
thickness starting from 8.8 nm and higher demonstrated an
apparently enhanced affinity towards IgG when they are
compared to the corresponding NIP films. The nanomolar
range of KD, estimated by fitting the adsorption isotherms to
FL model, indicated strong polymer-template interaction that
was expected to result from the multipoint attachment
(multiple non-covalent bonds) of the protein to the polymer
matrix. IgG-SIPs prepared with PDA thickness of 17.7 nm
showed the most pronounced imprinting effect (IF 1.66)
compared to other studied IgG-SIPs as well as the nanomolar
range binding affinity (KD 296 nM). It was concluded that at
such PDA film thickness the immobilized IgG molecules
were appropriately confined in the polymer and the more
specific binding sites were formed at the polymer surface
after the subsequent IgG removal procedure. Although
further research is required in this field, we believe that the
presented strategy offers a great promise for SIP-based
biosensor development demonstrating a way for formation of
SIP thin films directly on a sensor transducer surface, which
in turn enables convenient real-time label-free detection of a
target protein.
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