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Highlights

o Alabel-free quartz crystal microbalance biosensor for heparin detection based on a macro-molecularly
imprinted polymer (MIP) as an artificial recognition element is addressed.

o The novel strategy for MIP in the form of thin film on a gold electrode with the plasma-induced graft
polymerization (PIP) technique is demonstrated.

o The heparin-PIP-MIP as a synthetic antibody specifically binds to heparin and can be applied to
biosensor.

ABSTRACT

Heparin, a highly sulfated glycosaminoglycan, is an important biomaterial having biological and
therapeutic functionalities such as anticoagulation, regeneration, and protein stabilization. This study
addresses a label-free quartz crystal microbalance (QCM) biosensor for heparin detection based on a macro-
molecularly imprinted polymer (MIP) as an artificial recognition element. We demonstrate the novel strategy
for MIP in the form of thin film on a gold (Au) electrode with the plasma-induced graft polymerization (PIP)
technique. The procedure of PIP is as follows: (i) Hexamethyldisiloxane plasma-polymerized thin film (PPF)
as a pre-coating scaffold of active species for PIP (post-polymerization) is deposited on an Au electrode. (ii)
The PPF/Au electrode is soaked in an water solution containing heparin (template), (2-(methacryloxy)-
ethyl)trimethylammonium chloride acrylamide (functional monomer), acrylamide, and N,N-
methylenebisacrylamide (crosslinker). Double bonds of monomer and crosslinker attacked by residually
active species in pre-coating PPF cause radical chain reaction. Consequently, a growing polymer network of
20 nm thickness of PIP-MIP thin film is formed and grafted on the PPF/Au surface. (iii) The PIP-
MIP/PPF/Au is washed by sodium chloride solution so as to remove the template. Non-imprinted polymer
(NIP) is carried out like the same procedure without a template. The AFM, XPS, and QCM measurements
show that the PIP process facilitates macro-molecularly surface imprinting of template heparin where the
template is easily removed and is rapidly rebound to PIP-MIP without a diffusional barrier. The heparin-PIP-
MIP specifically binds to heparin compared with heparin analog chondroitin sulfate C (selective factor: 4.0)
and a detectable range of heparin in the presence of CS (0.1 wt%) was 0.001-0.1 wt%. The PIP-NIP does not
show selectivity between them. The evaluated binding kinetics are association (ks=350+100 M*s™),
dissociation (k¢=(5.0+2.0)><10* s™), and binding (Kp=1.3+0.6 uM) constants, demonstrating that the P1P-
MIP as a synthetic antibody can be applied to analytical chemistry.

Keywords: Heparin



1. Introduction

Molecularly imprinted polymers (MIPs) are obtained by the co-polymerization of functional
monomer(s) and a crosslinker in the presence of a target molecule, which is called a template.
Subsequently, when the template is removed (washed out), the template ghost cavity can easily
interact with the original template where the positions of functional groups and the shape of the
template are memorized in the polymer network. To date, MIPs of low-molecular mass template are
routine work; in fact, numerous MIPs of low-molecular mass template are applied to sensors/analyses
and separations/extractions [1]. However, fabrication of “macro”-molecularly imprinted polymers is
still a challenging task [2] for the following reasons: (i) The macromolecularly imprinted polymers
(for which the template is often a biomacromolecule) must be done in an aqueous medium, unlike the
MIPs of low-molecular mass template, which is often done in a nonpolar solvent, which limits the
selection of functional monomer and crosslinker. (ii) The interaction between functional monomers
and templates in macromolecularly imprinted polymers- cannot be as certainly defined as that in MIPs
of low-molecular mass template, partly because the hydrogen bond in aqueous media is weaker than
that in a nonpolar solvent, and partly because the macromolecules are often flexible and sometimes
have undefined structure (distribution of molecular mass). (iii) The removal of the template from the
imprinted matrix after polymerization is more difficult in macromolecularly imprinted polymers than
in MIPs of low-molecular mass template. Additionally, the following recognition process suffers
from the slow mass transport rate of macromolecules. In this article, we provide a simple and versatile
solution for macromolecularly imprinted polymers.

The strategic solution for macromolecularly imprinted polymers is surface imprinting
conducted in an MIP thin film several tens of nanometers thick, whereas MIP of low-molecular mass
template is bulk imprinted in many cases. Some examples have been proposed: (i) surface-initiated
atom transfer radical polymerization, in which a radical initiator is first immobilized onto the
support/matrix and subsequently template polymerization occurs [3-6]; (ii) the polymer is synthesized

first and the MIP process (e.g., precipitation) is subsequently conducted [7-9]; (iii) the template
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molecule is adsorbed onto the support/matrix first and the MIP process is subsequently conducted
[10]; and (iv) other processes involving material [11,12], supermolecule [13], or hydrogel-based MIP
[14]. However, those strategies still are complicated and time-consuming. We envisage the
development of macromolecularly imprinted polymers emphasizing simplicity and versatility. Thus,
we pursued plasma-induced graft polymerization (PIP) [15-17], in which the plasma pre-treatment is
firstly conducted and post-polymerization is secondly completed with residual active species beyond
the plasma source. The PIP offers a homogeneously thin coating and can avoid heterogeneous
distribution of the binding site, poor site accessibility, and slow mass transport unlike the
conventional radical polymerization. Previously, the PIP was applied to the modification of soft
materials such as textile, rubber, and plastics because the active species induced by plasma are
retained in those systems [15-17]. Only one report of PIP-MIP grafting to polypropylene is
chromatography/mass spectroscopy of the low-molecular-weight template pyrethroid [18]. This
example of PIP-MIP of low-molecular mass template is an analysis not a sensor. We are applying
PIP-macromolecularly imprinted polymers to a biosensor for the first time.

The second issue comprises label-free sensing platforms for integration with MIP, which can
pick up direct information on binding events on MIP surfaces. Surface plasmon resonance (SPR)
[3,5,9,10] and quartz crystal microbalance (QCM) [7,8,11,14] are the most popular label-free
techniques employed in MIP. The mandatory requirement for those label-free techniques is that MIP
must be formed onto a flat gold (Au) surface as a homogeneous thin film. We expect that the PIP is
the best surface imprinting candidate for macromolecularly imprinted polymers biosensors. Although
there are many reports of label-free macromolecularly imprinted polymers biosensors [3,5,7-
10,11,14], their binding kinetics have not been evaluated. We present not only the macromolecularly
imprinted polymers biosensor (static values) but also binding kinetics (dynamic values) for the first
time.

The templates for macromolecularly imprinted polymers are often proteins [3-14], although

there are a few reports of polysaccharide MIPs [19-22]. Here, we choose heparin as a model template
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for macromolecularly imprinted polymers. Heparin, a highly sulfated polysaccharide, is the most
widely used injectable anticoagulant. It is metabolized rapidly by the human body during
extracorporeal therapies and surgeries. Although the blood levels of heparin should be monitored
continuously during the procedure to ensure the safety of the patient, no reagentless and label-free
measuring methods are available for heparin. In our previous study [19,20], electrochemical sensing
was performed using heparin-MIP grafted on an indium-tin oxide (ITO) electrode by photo-initiated
free radical polymerization. However, this technique for MIP biosensor can be applied only to a
transparent ITO electrode and the electrochemical biosensor is neither reagentless nor label-free
(using redox marker) because heparin is an electrochemically inactive material. In this study, we
demonstrate the characterization and the sensing performance of heparin-PIP-macromolecularly
imprinted polymers thin film grafting on an Au electrode for a label-free biosensor for the first time.
2. Experimental
2.1. Materials

Heparin (unfractionated; 130 units per mg; average molecular mass 15,000; from porcine intestinal
mucosa), (2-(methacryloxy)-ethyl)trimethylammonium chloride acrylamide (METMAC), acrylamide, N,N-
methylenebisacrylamide (MBAA), chondroitin sulfate C (CS) from shark cartilage, and human serum
albumin (HSA) were purchased from Wako Pure Chemical Industry Co. Ltd. (Osaka, Japan).
Hexamethyldisiloxane (HMDS) was purchased from Aldrich (Milwaukee, WI, USA).
2.2. PIP-MIP synthesis

Figure 1 shows a procedure of PIP-MIP for a label-free biosensor. Condition details are described in
the experimental section. First, a plasma-polymerized thin film (PPF) is deposited onto the Au surface. The
PPF strongly adheres on the Au surfaces [23]. The PPF deposition on Au surfaces is more effective and
continuous than the self-assembly monolayer often used for Au modification in MIP processes [3,5,6,10].
The active species for initiation of post-polymerization remain in the PPF. Plasma treatments were prepared
using a plasma deposition system (Model BP-1, Samco International Laboratories, Inc., Kyoto, Japan)
incorporating a vacuum pump (Edwards High Vacuum International, West Sussex, UK). An RF generator
(Model RFG-300, Samco) was adopted. The working frequency of the power supply was 13.56 MHz.

HMDS was introduced from a reservoir. Argon and oxygen were introduced from a gas bombe. A needle
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valve was kept fixed during plasma deposition to maintain a stable flow of monomer. The plasma parameters
are power: 50-80 W, pressure: 20-30 Pa, flow rate: 1.5 mL min™, treatment time: 60 s. Subsequently, the
PPF/Au electrode is immersed into the solution containing the template, functional monomer, and
crosslinker. During aging, double bonds of functional monomer and crosslinker attacked by residually active
species in PPF cause a radical chain reaction. Heparin (10 mg), METMAC (28.1 mg; 0.135 mmol),
acrylamide (31.3 mg; 0.44 mmol), and MBAA (31.3 mg; 0.20 mmol) were dissolved in 1.5 mL of distilled
water, which is the MIP solution. After plasma treatment, the gold electrode is immersed in the MIP solution
for 24 h. Consequently, a PIP-MIP thin film network is formed and grafted onto the PPF/Au electrode.
Finally, the template on PIP-MIP/PPF/Au is washed out by eluent (0.15 M NaCl). Non-imprinted polymer
(NIP) is the same procedure without a template. In addition, a no-plasma-induced MIP was prepared as a
control using the same procedure without plasma pre-treatment. One advantage of the PIP-MIP procedure is
that it is simpler than any other MIP process.
2.3. Measurements

Ellipsometry was performed with a standard imaging ellipsometer (EP3-SW, A=532 nm, Nanofilm
Technology, Goettingen, Germany). The thicknesses of the thin films were measured by the ellipsometry.
Atomic force microscopy (AFM) was conducted in tap ping mode in the ambient atmosphere using a
commercial AFM system (NanoScope V Dimension Icon, Bruker AXS GmbH, Karlstruhe, Germany). The
scanning tip was silicon cantilever (Nanosensors Inc., AC mode super sharp chip). A scanning rate of 0.3 Hz
was employed. AFM system software was used to analyze the image data and calculate defined features,
such as the root mean square roughness values (Rrms). The QCM instrument used was Q-Sense Explorer
(Meiwafosis Co. Ltd., Tokyo, Japan) with 10 mL cells equipped with an AT-cut 5 MHz QCM plate (8 mm
diameter quartz plate and an area of 4.9 mm? of gold electrode) at the bottom of the cell along with a stirring
bar with a temperature control system. Frequency shifts at the third overtones (15 MHz) were employed. The
solutions were flowed with a peristatic pump and flow rate was 0.1 mL min™,
3. Results and Discussion
3.1. Characterization of PIP-MIP thin film

In order to demonstrate the evidence of PIP, Figure 2 shows the thicknesses of PIP-MIP thin films

initiated by various precursors of plasma. As a control experiment, it is confirmed that a thin film is not
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formed in the no-plasma-induced MIP procedure. Since argon and oxygen plasmas are non-polymerized
gases, those do not produce film. The post-polymerization does not occur by argon and oxygen (non-
polymerized) plasma pre-treatment but occurs by HMDS (polymerized) plasma pre-treatment. We
experimentally demonstrated this fact for the first time. In contrast, the PIP on porous/soft materials such as
cellulose [15], cotton [16], polyethylene [17], polypropylene [18], and silicon rubber [18] occurs even if non-
polymerized monomer gases (oxygen, argon) are used. The PIP with oxygen and argon plasma initiation
does not occur on the surfaces of hard/metal materials. A possible explanation is the following: the plasma
can penetrate to a depth of several tens of nanometers, and as a result, the active species for the post-
polymerization process are introduced on the surfaces of soft/organic materials; in contrast, the active species
for the post-polymerization process cannot be introduced on the surfaces of hard/metal materials; instead, the
HMDS PPF deposited on the Au surfaces enables the retention of active species for post-polymefizaticgy in a
word, the HMDS PPF plays a role as a scaffold. Since it is known that the free radical remains in the PPF by
electron spin resonance measurement [24], the presented mechanism is physicochemically feasible. There
are a few documentations of the PIP concept that free radicals are generated during film growth for the
initiation of subsequent grafting reaction [25]. Here, the apparent application of PIP involving such concept
is presented for the first time.

The optimization of PIP was also conducted as shown in Fig. S1 (Supplementary Material). The
parameters are plasma power, plasma treatment time, and post-polymerization time. The results tend to be
similar to those of the previous PIP grafting [17,25]. The thickness of PIP is dominated by the amount of
retention of active species such as free radicals and peroxides. In order to obtain sufficient MIP thin film,
increment of residually active species is required; as a consequence, the pre-PPF scaffold becomes thicker.
However, the thicker pre-PPF reduces the sensitivity in PIP-MIP sensors. The optimized thicknesses of PPF
(pre-coating scaffold) and PIP-MIP thin film (post-polymerization) were 16 nm and 20 nm, which are ideal
values of thickness for surface imprinting as reported by some researchers [3,5,20].

In order to verify PIP-MIP, Figure 3 shows AFM images of PIP-MIP, PIP-NIP, and no-plasma-
induced MIP for comparison before and after the removal process of the template (0.15 M NaCl washing).
The surface roughnesses (Rims) of PIP-MIP before and after template removal process are different from each
other (Fig. 3A and A’), whereas the PIP-NIP (Fig. 3B and B’) and no-plasma-induced MIP (Fig. 3C and C”)

counterparts are almost unchanged. A dimple is observed only on the PIP-MIP surface (Fig. 3A”), whereas it
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is not observed on the PIP-NIP (Fig. 3B’) and no-plasma-induced MIP (Fig. 3C”) counterparts. The diameter
and depth of the dimple are ca. 30 nm and 5 nm, which are probably correlated to cavities of the template.
Surface morphologies of PIP-MIP and PIP-NIP (Fig. 3A, 3A’, 3B, and 3B’) are relatively homogeneous,
suggesting that the post-polymerization has adequately occurred and the grafting MIP thin film has formed.
In contrast, surface morphology of no-plasma-induced MIP (Fig. 3C and C”) is rough and inhomogeneous,
suggesting that the PIP has not occurred and unreacted materials due to the MIP solution remained. The
result indicates that the PIP-MIP is “surface imprinting” and the template removal is successfully achieved.

In order to cross-check the evidence of PIP-MIP, Figure S2 (Supplementary Material) shows XPS
measurement of PIP-MIP before and after the removal process of the template. A nitrogen 1s peak
originating from a functional monomer (amine group of METMAC) is observed for PIP-MIP with HMDS
plasma pre-deposition and is observed for neither no-plasma-induced MIP nor PIP-MIP with argon plasma
pre-treatment. A sulfur 2p peak originating from the template (sulfonic acid groups of heparin) has
disappeared from the PIP-MIP sample after template removal, indicating that the template is easily washed
out from PIP-MIP and not permanently bound. XPS measurement also shows that surface PIP-
macromolecularly imprinted polymer is reasonably attained.
3.2. Characterization and sensing performance of PIP-MIP thin film on Au electrode

The characterization and sensing performance of heparin-PIP-macromolecularly imprinted
polymers thin film on an Au electrode are demonstrated. The label-free QCM biosensor was used in
this study to quantify heparin-PIP-MIP thin film in terms of binding kinetics, detectable range,
response time, and selectivity as shown in Fig. 4. The binding compounds from the flowing medium
onto the heparin-PIP-MIP/PPF/Au on a quartz surface can be observed with high reproducibility in
real time following the frequency shifts. Firstly, the buffer is flowed. After the baseline stabilizes, the
binding analyte (heparin, CS, or HSA) is flowed. When the binding event occurs and mass increases,
the resonant frequency decreases. After equilibrating the resonance frequency under buffer flowing,
binding leads to a significant decrease in frequency to a minimum that represents association with
MIP (see ka in EQgs 1-2). Replacement of the medium by pure buffer solution shows the dissociation

of bound compounds from MIP, manifested in a certain frequency increase (see kq in Egs 1-2). The
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differences between the initial and final frequencies (AFs in Fig. 4A-C) represent the binding amount
of analyte.

In heparin-PIP-MIP (Fig. 4A-C), the binding amount of heparin (AFneparin in Fig. 4A) is much larger
than heparin analog CS (AFcs in Fig. 4B) and protein HSA (AFusa in Fig. 4C). The AFneparin are correlated to
heparin concentrations whereas the AFcs are not correlated to CS concentrations (Fig. 4B). The AFusa is near
zero (Fig. 4C), indicating that HSA molecules are generally not retained at the heparin-PIP-MIP surface after
reaction. The heparin selective factors toward CS (AFnepain/ AFcs) at concentrations 0.01 and 0.1 wt% are 2.8
and 5.3, respectively (discussed in the following). The results of three analyte binding tests for heparin-PIP-
MIP suggest that heparin-PIP-MIP specifically interacts with heparin.

In heparin-PIP-MIP for 0.1 wt% heparin concentration (Fig. 4A), the sensor signal reaches saturation
due to maximum number of binding sites (Fmax, See Eq 2) on the PIP-MIP surface. Calibration of the 15-
MHz QCM (3 overtones of basic oscillation) was performed such that a frequency decrease of 1 Hz
corresponded to a mass increase of 5.9 ng cm on the QCM electrode from the Sauerbrey equation [26]. The
Fmax=70 Hz estimated in our system corresponds to 410 ng cm, which is similar to that of a monolayer of
biomacromolecule adsorbed onto a flat surface by QCM [26]. Therefore, we estimate that 27 pmol cm™ of
heparin assesses.

In heparin-PIP-MIP for 0.01 and 0.001 wt% heparin concentration (Fig. 4A), the sensor signals do
not reach saturation because there is the vacant cavity at the smaller concentration of analyte heparin. This is
further evidence of surface imprinting. In heparin-PIP-MIP for 0.001 wt% CS concentration (Fig. 4B), non-
Sauerbrey behavior, i.e., increasing frequency, has already been seen for other flat layers where the analyte is
only weakly bound on the surface as a non-specific binding and hence retains some mobility [7].

In PIP-NIP (Fig. 4D-F), the binding amounts of all analytes (AF) are almost similar when the
concentrations are same. This implies that the PIP-NIP does not have a specific binding site and any analytes
non-specifically adsorb on the PIP-NIP surface. The amount of heparin adsorption to PIP-NIP is smaller than
that to heparin-PIP-MIP and the amounts of CS and HSA adsorption to PIP-NIP are larger than those to
heparin-PIP-MIP. This suggests that the heparin-PIP-MIP has heparin-specific binding sites, which also

prevent non-specific CS and HSA adsorption.
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Figure 5 shows a AF vs. concentration plot of the heparin-PIP-MIP and PIP-NIP QCM biosensors.
The detectable ranges of heparin in the absence and presence of interferant CS (0.1 wt%) in heparin-PIP-MIP
are 0.0005-0.1 wt% and 0.001-0.1 wt%, respectively. Those cover the clinical requirement level.
Furthermore, our method is superior in the term of reagentless and label-free as compared to the previous
methods of electrochemical sensing with harmful marker [19,20]. In PIP-NIP, there are no differences of
binding behavior (relationship between AF and concentrations) between heparin and CS, which suggests
non-specific adsorption again.

We investigated reusability with the test shown in Fig. S3 (Supplementary Material). The increasing
mass on the heparin-PIP-MIP sensing surface due to heparin binding results in a lowering of the resonant
frequency, and the flow of 0.15 M NaCl, which removes the template, results in a still lower frequency due
to relatively larger viscosity of the 0.15 M NaCl solution. After changing the buffer solution, the frequency
recovers the initial level. The following (second) binding event traced the first step, indicating that this is
available for a repeatable assay.

The paramount benefit of the QCM biosensor system is that it allows not only sensing but also real-
time monitoring of label-free biomolecule-specific interactions, which enables the determination of kinetic
parameters such as association (ki) and dissociation (kq) coefficients. In order to take this factor into account,

the reactions can be represented as [27]:

km ka
heparin(free) ——®parin(surface) + heparin-MIP @'@in/heparin-MlP @
K Kd

where k, and Kq are the rate constants for interaction between heparin and heparin-PIP-MIP and kn is the rate
constant for mass transport between free (solution) and sensing surface. Because of the surface imprinting,
our system is thought to be reaction-controlled (i.e., km > ka, Kq) and the rate of surface reaction is given by
[28]:

Z—T:kaC(Fmax—F)—de 2

where C is analyte concentration, F is frequency shift of QCM, and Fmax denotes the surface binding
capacity. Kp (=ka/ks) can be also determined by traditional immunoassay because of the statistic value. Using
Egs 1-2 and numerical data in Fig. 4A, we estimated Ka_nepain=350£100 M™s™, Kg_peparin=(5.0£2.0)><10* s,

and Kp _neparin=1.3£0.6 uM. The Kp _neparin Of heparin/heparin-PIP-MIP is larger than that of
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heparin/antithrombin (0.01-0.5 uM) [29]. However, it is smaller than that of antigen/immunoglobulin G (100
uM) and heparin/P-selectin (1.21-5.86 uM) [28]. EL-Sharif et al. reported Kp between hydrogel-based MIP
and proteins such as hemoglobin (25 uM), myoglobin (44 uM), and catalase (17 uM) by Scatchard plot [30].
Therefore, the PIP-MIP as a synthetic antibody can be applied to analytical chemistry. Kinetics estimation
with a label-free sensing system on biospecific interaction such as antigen-antibody, hormone-receptor, and
oligonucleotide association has been frequently reported [27]; however, it has almost never been done on
macromolecularly imprinted polymers. This suggests that the PIP provides well-controlled processes
facilitating homogeneously macromolecularly imprinted polymers thin film grafting as a sensing element.
This shows that the artificial PIP-MIP embedded in the QCM biosensor system can use like antibodies and
receptors as natural recognition elements.

Using numerical data in Fig. 4B, we also estimated k, cs=300£100 M?s™, kg cs=(1.240.2)><103 s?,

and Kp _cs=4.0£0.6 uM between CS and heparin-PIP-MIP. The selective factor of heparin toward CS
(Kb _neparin/ Kp_cs) in heparin-PIP-MIP is 4.0, which is not different from the value estimated by the adsorption
amount at 0.01-0.1 wt% in Fig. 5 (previously discussed). The origin of heparin selectivity is more attributed
to kq than to k, from the viewpoint of dynamics; in a word, kq cs is much larger than Kq_neparin Whereas Ka cs is
slightly larger than Ka neparin. This suggests that CS bound heparin-PIP-MIP dissociates more rapidly than
heparin. The driving force for specific binding is attributed to the electrostatic interaction between the
positive charge of trimethylamine groups of the functional monomer and the negative charge of sulfate and
carboxylate groups of the template. The trimethylamine groups are positioned in the PIP-MIP backbone.
There is a possibility of small molecular size because heparin and CS have the same distribution of
molecular mass. The structural difference between heparin and CS is the number of sulfate groups, where
heparin and CS have three and one sulfate groups per disaccharide unit. The cross-reaction of CS to heparin-
PIP-MIP is attributed to the magnitude of electrostatic interaction. The selectivity is similar to that of other
macromolecularly imprinting polymer [3,4,9,12,13]. Therefore, our procedure of PIP-MIP is reasonably
attained.

The present strategy can be used not only in label-free (QCM and SPR) biosensors but also in
electrochemical biosensors. Figure S4 (Supplementary Material) shows that electrochemical measurement

traced the current change due to binding events with a redox marker. The electrochemical system also
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showed the selectivity of the PIP-MIP electrode toward a template-like QCM system. The remarkable
property is that the redox current of the marker increased when the amount of binding template to the PIP-
MIP increased, suggesting that the PIP-MIP has a gate effect like MIP with photo-initiated radical
polymerization [19,20]. The gate effect is thought to originate in the change in solute diffusive permeability
in the PIP-MIP due to specific binding of the template.

4. Conclusion

We demonstrated a novel fabrication strategy for a heparin-specific MIP on Au surface for a label-free
biosensor. An Au electrode grafted with PIP-MIP thin film is suitable for a macromolecularly imprinted
polymers biosensor in terms of surface imprinting. The PIP-MIP thin film on Au surface is valid for the
polymerized monomer because the PPF by this monomer plays a role as a scaffold for residually active
species (radicals) enabling post-polymerization of the solution containing template, functional monomer, and
crosslinker. Ellipsometry, AFM, XPS, and QCM experiments show that the PIP-MIP is a suitable strategy
for a macromolecularly imprinted polymers biosensor in term of “surface imprinting” where it provides 20
nm thick PIP-MIP layer with a simple procedure. Consequently, the template is easily removed after the PIP-
MIP process and the template rapidly accesses the binding cavity of PIP-MIP without a diffusional barrier.
The QCM measurement showed that the heparin-PIP-MIP specifically recognized heparin rather than the
heparin analog CS where the selective factor was 4.0. The PIP-NIP did not discriminate heparin from CS.
The binding kinetics between template and PIP-macromolecularly imprinted polymers is estimated for the
first time. Our method can be applied to not only QCM but also surface plasmon resonance and
electrochemical sensing. The PIP-macromolecularly imprinted polymers can be easily expanded to other
macromolecular templates and can be used in analytical chemistry as a synthetic antibody.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the online version at

http://dx.doi.org/j.jpba.xxx.
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Fig L. Schematic repeesentation of heparn- PR MIP.

Fig. 1. Schematic representation of heparin-PIP-MIP.
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Fig. 2. Thickness of MIP thin films fabricated by PIP with various plasma precursors.
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Fig. 3. AFM images of (A,A’) PIP-MIP, (B,B’) PIP-NIP, and (C,C’) no-plasma-induced MIP before
(A-C) and after (A’-C’) washing by 0.15 M NaCl. Horizontal scale: 5x5 um. Vertical scale: 10 nm.
Surface roughness (Rms): (A) 0.822 nm, (A’) 0.498 nm, (B) 0.702 nm, (B’) 0.675 nm, (C) 1.01 nm,

(C) 1.03 nm.
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Fig. 4. Frequency vs. time plots of various concentrations of heparin, CS, and HSA as analytes of

heparin-PIP-MIP and PIP-NIP QCM biosensors.
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Fig. 5. Frequency vs. concentration plots of heparin and CS as analytes of heparin-PIP-MIP and PIP-

NIP QCM biosensors.



