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Specific  recognition  between  two  biological  partners  is widely  exploited  in biosensors  nowadays.  To
explore  this  avenue,  a novel  biosensor  for  antithrombin  (AT)  detection  was  constructed.  Heparin  was
used  as  the affinity  ligand.

A well-known  acrylic  monomer  (butyl  methacrylate)  was  polymerized  and  grafted  onto  the  heparin
polysaccharide  by  the use of ceric  ammonium  nitrate  as  a redox  initiator  in aqueous  nitric  acid  medium.
Polymers  were  deposited  as a thin  layer  onto  surface  of stainless  steel  electrode  (SS316L).

The  obtained  polymers  were  studied  by  Fourier  transform  infrared  spectroscopy  (FTIR)  and  analyzed
by  differential  scanning  calorimetry  (DSC).
olybutyl methacrylate
S316L
IS

Moreover, the  films  were  characterized  by  electrochemical  impedance  spectroscopy  (EIS),  contact-
angle  measurements  and  AFM.

EIS was  used  to  study  the  biosensor  affinity  to  AT and  the  relationship  between  functionalization  growth
of  modified  electrode  and  the  response  of the  sensor.

The proposed  approach  appears  to be simple,  sensitive  and  correlated  with  methods  that  analyse  the
detection  of  antithrombin.
. Introduction

Different varieties of heparin are widely used for surface mod-
fications of biomaterials [1] in order to prevent activation of
oagulation, of complement system and inflammatory reactions
ue to the exposure of artificial biomaterials to blood in the human
ody [2]. Heparin, a natural component in the human body, is a
ell-known and efficient anticoagulant due to its ability to accel-

rate the inhibitory effect of antithrombin (AT) [3–5].
When bound to heparin species, AT undergoes a conformational

hange, whereby the rate of inactivation of a broad range of coagu-
ation factors is greatly accelerated [6]. Heparin, if properly attached
o a surface, may  retain its capacity to down-regulate the enzymatic
oagulation mechanism, minimize the adhesion and activation of
latelets and white blood cells, and, moreover, decrease the com-

lement activation [7–12].

It has been suggested that immobilizing heparin on a sur-
ace would be more effective as compared to delivery in solution

∗ Corresponding author. Tel.: +33 01 49 40 36 63; fax: +33 01 49 40 30 08.
E-mail  address: Laurence.mora@univ-paris13.fr (L. Mora).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.04.079
© 2011 Elsevier B.V. All rights reserved.

because it would improve biological performance locally due to
the local capacity for antithrombin (AT) binding. However, the
immobilization of heparin onto a solid surface must be in such a
manner as to facilitate the uptake of AT and the subsequent com-
plex formation. Many studies of heparin immobilized onto a variety
of polymer surfaces, such as polyurethane, polydimethylsiloxane
[13], polyvinylidene fluoride [14], poly(l-lactic acid) [15], polyethy-
lene [16], and polytetrafluoroethylene [17] have been reported to
significantly increase the biocompatibility of the materials. In bio-
material research, ATH covalent complexes of antithrombin (AT)
and heparin (H) based surface coatings can be used to improve the
biocompatibility of metallic surfaces such as vascular stents. The
disadvantage of the covalently coated heparin surface is that the
heparin has low bioactivity [18]. Thus, although a number of studies
[19,20] have demonstrated some utility in heparin coating of vascu-
lar catheters for thrombosis inhibition, long-term biocompatibility
of heparinized surfaces in vivo may  be limited [21,22].

Various methods have been used in the study of heparin–protein

interactions including affinity chromatography, SPR, nuclear mag-
netic resonance (NMR), fluorescence spectroscopy, affinity coelec-
trophoresis, two-dimensional affinity resolution electrophoresis,
equilibrium dialysis, competitive binding techniques, analytical
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entrifugation, and circular dichroism [23]. A home-made quartz
rystal microbalance-flow injection analysis (QCM-FIA) system
ith data analysis software developed by a Chinese group was
sed to determine the interaction between immobilized heparin
nd AT. A linear poly(glycidyl methacrylate) (PGMA) with epoxy
roups was used as a coating material covering the surface of
n electrode area of a QCM device that allowed easy coupling of
eparin molecules onto the electrode and thus facilitated the deter-
ination of the dynamic interaction between heparin and AT. This
ethod allowed for the quick determination of the kinetic parame-

ers between two biomolecules [24]. Recently, a novel biosensor for
etecting AT was  constructed based on in situ growth of nanogold
n the gold electrode of QCM. Heparin wad used as the affinity
igand and immobilized onto the nanogold modified gold electrode
25]. Although QCM sensors have been proved to be versatile in var-
ous applications, the sensor response still needs to be improved for
etecting the expensive or low-content-biological samples [25].

In the present investigation, an attempt has been made to con-
truct a new kind of biosensor by immobilization of heparin onto
he surface of the biomaterial. The interaction between heparin and
ntithrombin was evaluated by electrochemical impedance spec-
roscopy (EIS).

EIS  has been extensively exploited for the characterization of
aterials and surface modification procedures, and well as for
onitoring of binding events. The fact that impedance measure-
ents can be performed in a reagent makes it very attractive for

iosensors development [26,27]. The equipment required is com-
act, does not contain mobile parts, and is easy to miniaturise,
uggesting that EIS biosensors could be easily used in-field with
inimal requirements. Furthermore, impedance combines rapid

esponse, low detection limits, cost-effectiveness, and the possibil-
ty of performing real-time monitoring.

Biocompatibility of copolymers was also evaluated (data not
hown) [28].

.  Materials and methods

.1.  Materials

Heparin and antithrombin were purchased from Aldrich. Butyl
ethacrylate monomers were obtained from Acros France and
ere purified by washing with 5% NaOH and 20% NaCl, followed by
istilled water. Ammonium cerium (IV) nitrate (Acros France) was
ried at 80 ◦C under vacuum for 24 h. Solvents were of the highest
ommercially available purity.

.1.1. Graft copolymerization of the acrylic monomers
Heparin was dissolved in 500 mL  of nitric acid (0.2 M), and the

eactor was placed in an oil bath at 40 ◦C. After the complete dis-
olution of the polysaccharide to form a homogeneous solution
10 min), 5 ml  of solution of Ce(IV) (2.4 × 10−4 mol/l) and 2 ml  of
utyl methacrylate were simultaneously added to the reaction mix-
ure, and after 40 min, the reaction product was allowed to cool at
mbient temperature. The mixture was raised to pH 8 by the addi-
ion of NaOH aqueous solution (10 M),  and it was concentrated with

 Heidolph rotary evaporator. Then, the product was precipitated in
00 mL  of methanol. The particle suspensions were dialyzed against
ermanently renewed tap water for 48 h and were washed twice
ith 50 mL  of EDTA (10−2 M),  followed by three washes with 50 mL

f distilled water to remove cerium ions and the heparin that did not
eact. The purified copolymer was frozen at −20 ◦C and lyophilized

or 24 h. Homopolymer was extracted with acetone. Pure copoly-

er was dried under vacuum and was weighed. The obtained
opolymer was named heparin graft poly(butyl methacrylate) and
ill be noted: PBMA-Hep.
85 (2011) 927– 935

2.1.2. SS 316L substrate preparation before film deposition
SS  316L plates (Ø of 12.7 mm and thickness of 2 mm)  were

obtained from Good fellow industries (Devon, PA, USA). SS 316L
plates were used for contact angle and EIS measurements of the
modified surfaces. The pre-treatment of the metal substrate sur-
faces is very important for obtaining uniform coatings.

The SS 316L was mechanically polished and cleaned in an ultra-
sonic cleaner with acetone for 15 min, then with ethanol. Finally,
SS 316L substrates were rinsed with distilled water three times and
immediately dipped in a methanol solution.

2.1.3. Preparation of films
A  large number of films have been prepared and used for various

physicochemical characterizations.
Films  were prepared using 15 mg  of dried homopolymer PBMA

solubilized in THF. Copolymer PBMA-Hep was  dissolved in 1 ml  of
THF/H2O (92:8) treated in ultrasonic bath for 1 h. To obtain films,
solutions were deposited as a thin layer on the cleaned SS 316L
substrates at room temperature for 24 h in saturated atmosphere
of THF and in the presence of CaCl2 to absorb water. The samples
were dried for 24 h to remove the remaining solvent.

Films  adhere on the SS 316L electrodes by physical adsorption.
Samples thus prepared were rinsed several times with phosphate
buffer solution (PBS, pH 7.4) before utilization. The polymeric film
thickness has been estimated using a micrometer to about 35 �m.

2.2. Characterizations

2.2.1. Infrared spectral analysis
The infrared spectra of heparin, PBMA, and copolymer PBMA-

Hep were obtained from a Perkin-Elmer 1600 spectrometer. Dried
samples (1.5 mg)  were ground with KBr powder (150 mg)  and were
pressed into pellets for FT-IR examination. Omnic software was
used for data acquisition and analysis.

2.2.2. Differential scanning calorimetry (DSC)
The thermal behavior of polymers (heparin, PBMA, PBMA-Hep)

was analyzed with a Setaram DSC131 thermal analyzer operating
in combination with the liquid nitrogen cooling accessory. The fur-
naces were purged with nitrogen, and samples were passed in a
temperature range of 0–200 ◦C at a heating rate of 10 ◦C/min. In
each case, two consecutive scans were carried out on each sample.
The glass transition temperature (Tg) of the polymers was taken as
the midpoint in the shift of the heat flow baseline.

2.2.3. Contact angle
For  an evaluation of surface wettability, the water contact angles

of films were measured at room temperature using a contact angle
measurement system (Krüs, model DSA 10-MK2). A droplet of
deionized water (2 �l) was put on the air-side surface of the films
and the contact angle was  measured. The process was monitored
by a video camera.

Measurements were repeated three times for each sample. Each
type of surface modification was  studied in duplicate, and the aver-
age of all six measurements was calculated and reported.

2.2.4. Atomic force microscopy (AFM)
In addition to the surface chemical composition, surface rough-

ness also plays a very important role in determining the wettability
of a film [29,30]. Tapping mode AFM with topographical detection
was used to observe the nanoscale surface roughness of the films
[31].
Surface topography of the films was  characterized by atomic
force microscopy (AFM) under ambient conditions, using a
Nanoscope III equipped with a scanner 1553 D (Digital Instruments,
Santa Barbara, CA, USA). All AFM images were taken by means of
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ig. 1. DSC thermograms of: (a) PBMA, (b) heparin and (c) copolymer PBMA-Hep. 

id-point in the shift of heat flow baseline.

apping mode. All the AFM images were made in air at room tem-
erature. The surface feature size and roughness parameters were
herefore determined by the AFM software program.

.2.5. Electrochemical measurements
A conventional three electrode cell was used for all the electro-

hemical measurements. A saturated calomel electrode (SCE) was
sed as a reference electrode, platinum foil was  the counter elec-
rode and the test material was taking as the working electrode.
he impedance analysis was performed with a Voltalab PGZ301
nalyser.
EIS was performed in the frequency range 10 mHz  to 100 kHz.
uring measurements the potential was kept at −290 mV  as non
orrosive potential. The alternative potential applied to the work-
ng electrode was of 10 mV  s−1.
h case, two consecutive scans were carried out on each sample. The Tg was as the

All electrochemical measurements were carried out at room
temperature in a Faraday cage and were performed in PBS (Phos-
phate Buffer solution) pH 7.4. Each electrochemical measurement
was repeated at least three times. The Zview modelling program
(Scribrer and Associates, Charlottesville, VA) was used to analyse
impedance data.

All  EIS measurements were made on different types of poly-
mers. Obviously for each measurement we  use one film (of each
type), for concentration studies, we obtained Nyquists with a single
electrode, starting from low to higher concentrations.
2.2.6. Statistical analysis
Contact  angle measurements were treated with an Excel soft-

ware version Microsoft 2007. The Student’s statistical test was  used
for comparisons of the different surfaces. Probabilities of correla-
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ig. 2. Fourier transforms infra-red spectra of (a) PBMA, (b) PBMA-Hep and (c) hep
o C O stretching vibrations, and characteristic band for heparin.

ion using the Pearson’s coefficient (p) considered correct p values
elow 0.05 as a statistically significant threshold.

. Results and discussion

.1.  Differential scanning calorimetry (DSC)

The determination of the glass-transition temperature was car-
ied out for heparin, PBMA, and copolymer PBMA-Hep (Fig. 1). The
g values of the two homopolymers PBMA (Fig. 1a) and heparin
Fig. 1b) were 35.17 and 140.89 ◦C, respectively. A single Tg was
btained at 49.19 ◦C for copolymer PBMA-Hep (Fig. 1c). This value
s thus intermediate as compared with the homopolymers.

It is well known that in the DSC analysis of polymer binary
ixtures, detection of a single glass transition (Tg), whose tem-

erature is intermediate between those corresponding to the two
omponent polymers, is the most unambiguous criterion of poly-
er miscibility [32].

.2.  Fourier transforms infrared spectroscopy studies

As shown in Fig. 2, spectra showed the presence of typical
bsorption band of PBMA at 1726.68 cm−1 (Fig. 2a) corresponding
o C O stretching vibrations. The IR spectrum obtained for hep-

rin alone (Fig. 2c) showed bands of main functional groups in the
isaccharide units (COO−, SO3

−, OH, NH and C–O–C). These bands
round 1600 and 1000 cm−1 correspond to stretching vibrations of
he carboxylate and ether groups [33].
ote the presence of typical absorption band of PBMA at 1730 cm−1 corresponding

The  spectrum of PBMA-heparin film (Fig. 2b) shows an increase
in peak intensities around 2959.98 and 966.16. Furthermore, the
existence of heparin is proved by the peak at 3433.70 cm−1, which
could be assigned to the hydroxyl stretching vibrations of heparin
molecule. The peak at 1269 cm−1 can be attributed to the symmet-
ric stretching vibration and asymmetric vibration of –SO3 units of
heparin.

These results proved the presence of heparin and butyl-
methacrylate simultaneously on the film coating substrates.

3.3.  Water contact-angle analysis

The contact angle measurement method is probably the most
definitive way to determine the hydrophobicity of material sur-
faces. The angle is very high for water if the substrate is
hydrophobic. When the surface is hydrophilic, the droplet quickly
dissipates and the measured angle is low. Like other methods, the
contact angle method gives an average value for hydrophobicity
[34]. Contact angles change with surface topography, surface ten-
sion of the liquid, surface energy of the substrate, and level of
interaction between the liquid and solid [35–37].

The water contact-angle value measured on SS 316L was
60.2 ± 1.6◦. Contact angle measurements, performed using PBMA

and PBMA-Hep plates, produced typical values of 89.22 ± 2.7 and
82.42 ± 1.6◦ respectively. Heparin immobilization is expected to
increase the wettability of the surface, as reported earlier in the lit-
erature [38]. The heparin molecule contains numerous hydrophilic
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Fig. 3. Contact angle measurements.

roups such as –OH, –O–, R–COO−, R–O–SO3
− and R–NH–SO3

− that
re free to hydrogen bond to water molecules.

Values of water contact-angle measured on SS 316L, PBMA and
BMA-Hep covered plates, seem close but through student testing
t was found that the difference is statistically significant (p < 0.05)
Fig. 3). The p values are 8.59E−8, 3.03E−8 and 0.001 for SS 316L vs
BMA, SS 316L vs PBMA-Hep and PBMA vs PBMA-Hep respectively.

.4. Morphology of film coating on SS 316L by AFM

Films could be imaged by an atomic force microscope (AFM)

nd characterized by roughness rate (the root mean square: RMS)
s a scale for surface roughness. Fig. 4 shows the AFM line pro-
le of the surface of the PBMA (Fig. 4a) and PBMA-Hep (Fig. 4b)
lms. The variation of roughness rate proves that the monomer

Fig. 4. AFM topography images and profiles: (a) PBMA topography functionalized SS 3
85 (2011) 927– 935 931

(butyl  methacrylate) was successfully grafted onto the polysac-
charide heparin (Ra = 9.73 nm vs 6.88 nm for PBMA-Hep and PBMA
respectively). The line profile of the AFM images suggests that the
roughness of PBMA is lower than that of PBMA-Hep due to the
presence of heparin onto PBMA.

It seems there is no distinct relationship between hydrophilicity
and roughness of PBMA ad PBM-Hep films. Chemical composition
affects more the film wettability than surface morphology [29].

3.5.  EIS analysis of SS316L with and without polymer film

The  modified and unmodified electrodes were tested and sub-
jected to reproducibility. All measurements were repeated three
times for each sample (coated and uncoated samples) to confirm
that the measurements are reproducible and stable.

The obtained electrode coating was chemically stable during the
measurement and retains the biological activity for target samples.

Before acquiring the impedance spectra, the open circuit poten-
tials of the different electrodes were measured until potential
stabilization was achieved, which occurred after 10–15 min  of
immersion.

The electrical properties of PBMA and PBMA-Hep films were
examined by EIS. The impedance spectra are generally determined
by both the charge transfer at the electrolyte/electrode interface
and the mass transport in the solution.

Typical Nyquist diagrams of the SS 316L coated and uncoated
bare electrodes are shown in Fig. 5. The impedance-plane plots of
non functionalized (bare 316L) electrode and PBMA coated elec-

trode are characterized by two semicircles. The first one appeared
probably due to the resistance of the thin oxidative layer. On expo-
sure to air an oxide layer is formed spontaneously on the surface of
biomedical alloys [39,40].

16L electrode; (b) PBMA-heparin topography functionalized SS 316L electrode.
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and then we  justified our hypothesis [45].

F
R
c

lectrode. All measurements were performed in PBS pH 7.4. Amplitude of alternating
oltage  is 10 mV.  Symbols show the experimental data in PBS solution.

On the other hand, the inorganic ions such as HPO4
2− and

2PO4
2−, that are present in PBS solution, could be adsorbed on

he stainless steel and should form an ion layer [41].
Qinggang et al. [42] showed that the impedance spectra of the

are 316L stainless steel, exhibit a small semicircle line probably
ue to the resistance of the thin oxidative layer.

The Nyquists of PBMA-Hep and PBMA coated SS 316 L substrate

ere appreciably different from that of the uncoated stainless steel

ubstrate. It is possible that the films coating acts as an active site
locker and thus reducing the effective electro active area.

ig. 6. Equivalent circuit models used in this study: a represents the circuit for the bare S
s is the solution resistance, Rox is the resistance of the oxide film, CPEox is the constan
harge-transfer resistance, Ra is the resistance of SS 316L, CPEa is the constant phase elem
85 (2011) 927– 935

The studied polymers present different interfacial characteris-
tics. The curve of PBMA-Hep assumes a more resistive semi circular
profile for the film impedance.

PBMA  and PBMA-Hep do not have the same properties, for this
reason we do not see the first semi circle for PBMA-Hep like for
PBMA. This trend can be related to the morphology of porosity in
films, higher irregularities and breakdown of PBMA films. Certainly,
polymer breakdown due to the formation of pores would give rise
to significant differences in the impedance spectra.

For PBMA (Fig. 5), a small capacitive semicircle, followed by an
incomplete capacitance arc was  observed. The first is related to
charge transfer resistance (Rct) for processes occurring at the bot-
tom of the pores of the coating. Cdl is the double layer capacitance
which is due to charge separation at metal/electrolyte interfaces.
The second one at the middle and low frequency region is attributed
to the sum of porous oxide and polymer film resistances (Rf). Cf
can be defined as parallel capacitances which were built up from
ion exchange for charge compensation at the polymer/electrolyte
interface and from ion diffusion through the pores of the coatings
at the metal/polymer interface [43,44].

To prove that the straight line is not corresponding to diffusion
for PBMA film, we plotted the curve log10(−Zi) vs log10(frequency)
and we  calculated the slope:

- If  slope = −0.5, it is a diffusion.
- If the value is close to 0.8–1, there is a beginning of second semi-

circle  with increased Rct.

We  have thus found a value of 0.74. This value is close to 0.8,
Impedance spectra may  be interpreted through equivalent
circuits representing the different processes involved in the
description of the system with discrete electric elements.

S 316L electrode; B and C have been used to model the modified electrodes; where
t phase angle element of the oxide film, Rf is the film ohmic resistance, Rct is the
ent of SS316L.
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Table  1
Fitting values of the equivalent circuit elements of PBMA coated SS 316L electrode
under various AT concentrations.

[AT] (U/ml) Rs Cf Rf Rtc �2

PBMA* 326.7 5.42E−8 713,900 1.49E7 5.35E−4
0.05 300.4 4.93E−8 42,150 8.59E6 5.04E−4
0.1 337 4.47E−8 202,280 5.07E6 4.85E−4
0.15 324.1 4.16E−8 88,091 1.27E7 4.51E−4
0.2 320.5 4.15E−8 65,024 1.45E7 5.50E−4
0.25 311 4.02E−8 71,055 1.85E7 4.25E−4
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Table 2
Fitting values of the equivalent circuit elements of PBMA-Hep coated SS 316L elec-
trode under various AT concentrations.

[AT] (U/ml) Rs Rf Cf Rtc �2

PBMA-Hep* 228.5 1.24E5 1.28E−5 5.64E7 1.01E−2
0.05 187.2 5.23E5 1.67E−5 2.08E12 5.60E−3
0.1 129.5 1.11E6 1.59E−5 5.60E12 2.10E−3
0.15 129.3 1.37E6 1.48E−5 7.93E12 2.43E−3
0.2 130.8 1.32E6 1.45E−5 6.34E16 2.40E−3
0.25 129.8 1.40E6 1.51E−5 3.34E17 2.41E−3
0.3 120.4 1.46E6 3.48E−7 3.35E17 2.21E−3
0.35 117.7 1.56E6 3.25E−7 3.37E17 2.38E−3
0.4 118.4 1.38E6 1.85E−7 3.39E17 2.30E−3
0.45 119.7 1.36E6 2.18E−8 3.55E17 2.00E−3
0.5 118.6 1.31E6 1.87E−8 3.60E17 2.30E−3
0.55 119.21 1.32E6 1.21E−8 5.70E17 2.71E−3
0.6 119 1.30E6 1.01E−8 7.98E17 2.52E−3
0.65 119.01 1.35E6 0.53E−8 9.01E17 2.31E−3
* Films before making additions of AT.

Several electrical circuits were initially tested by fitting of the
xperimental impedance data.

The qualities of the fitting and the possibility to assign a phys-
cal meaning to the components have led the authors to propose
he circuits in Fig. 6. The equivalent circuits were found to give
xcellent fits down to frequencies including the low frequency bulk
apacitance of the polymer film.

The diameter of the semicircle provides an estimate of the film
harge transfer resistance.

The  equivalent circuits (Fig. 6) includes the ohmic resistance
f the electrolyte solution (Rs); the film ohmic resistance (Rf);
he resistance of the passivating film (Rox); the interfacial charge-
ransfer resistance (Rct), corresponding to the charge-transfer
rocess; the constant phase element impedance (CPEdl) being

ntroduced in the circuit instead of the double layer capacitance
ecause it reflects inhomogeneities and defect areas of the elec-
rode surface [46].

The  equivalent circuit presented in Fig. 6b is generally recog-
ised as being representative of a deteriorating polymer-coated
etal system [47] and has been used for data analysis throughout

his paper.
The experimental impedance spectra of SS 316L and polymer

oatings are fitted with a different equivalent electronic circuit
Fig. 6a for SS 316L, Fig. 6b for PBMA and Fig. 6c for PBMA-Hep),
n order to analyse the electrochemical property of the two dif-
erent films in details. The values of Rct were extracted from the
omputer simulated spectra.

The different circuit models give a satisfactory fitting of the
urves. The resistance of studied interface increases after immo-
ilization of each step. This increase is due to the decrease of the
onductivity due to the insulating properties of deposited poly-
eric films.
The  lower Rct value for the uncoated SS 316L, approximately

.75 × 104 �, indicates that the ions present in the electrolyte
an attack on the surface and this is attributed to the thinning
f the passive film. The assembly of the PBMA monolayer film
nto the electrode surface led to a further increase in the Rct

alue (1.49 × 107 �) (Table 1). We  might expect an increase in the
emicircle at high frequencies where the heterogeneous Rct must
ncrease due to the inhibition of the electron transfer rate. The
ncrease in the Rct is related to the electrode coverage.

The Rct of the film with heparin (PBMA-Hep) increases to
.64 × 107 � (Table 2) due to the repulsion between the negatively
harged interface and the negatively charged presents in the elec-
rolyte. At physiological pH values, the main functional groups
f heparin contain sulfate (–OSO3

−, –NHSO3
−) and carboxylate

–COO−) groups that lead to a highly negatively charged molecule.
The CPE value extracted from the computer fitting for the PBMA

nd PBMA-Hep were 2.09 and 4.82 �F respectively.
To  confirm the feasibility of the above preparation and assay of
T sensor, EIS was adopted to investigate specific adsorption of AT
ssay onto heparin. Impedance spectroscopy is a highly effective
ool of probing the features of surface-modified electrodes [48,49].
* Films before making additions of AT.

3.6. EIS analysis for antithrombin immobilization assay on
functionalized electrode

When  a target biomolecule interacts with a probe-
functionalized surface, changes in the electrical properties of
the surface (e.g., dielectric constant, resistance) can result solely
from the presence of the target molecule [46].

Anticoagulant biomaterials with noncovalent cross-linked hep-
arin usually keep heparin working in short time, which is not
suitable for use in a flow environment with mechanical shears,
especially in blood. The direct covalent graft between heparin and
material can provide relatively long-lasting binding of heparin
molecules; however, it may  also utilize the active sites on heparin
molecules and result in loss of its efficiency [50,51]. For example,
Alferiev et al. have reported that surface-covalently bound-heparin
retains only 11.7% of the activity of free heparin [52].

It  was necessary to confirm that the signal trends observed for
AT detection on PBMA-Hep and PBMA modified electrode were
truly induced by successive AT attachment.

We performed the additions of antithrombin in the PBS solution.
Nyquists were obtained with a single electrode for each membrane
starting from low to higher concentrations.

A significant difference in the impedance spectra is observed
upon the stepwise formation of the complex antithrombin–heparin
(ATH). Moreover, by EIS measurement we observed that such self-
assembled of the complex is very stable.

For PBMA-Hep the charge transfer resistance increase after
adding AT (Table 1) and reaches a saturation value that can be deter-
mined with the fitting program. This increase could be attributed
to a rearrangement in the structure of heparin when complexed
by AT and a variation of the dielectric constant, interpreted by the
successful immobilization of AT and saturation of the specific sites.
When the film is thick enough, the charge-transfer resistance is
mainly influenced by the thickness of polymer film [53].

The  incorporation of AT inside the polymer film lead to an
increase in the diameter of Nyquist plot. This result proves the insu-
lating character of protein molecules inducing the positive change
in charge transfer resistance. AT was therefore successfully embed-
ded within the polymer film.

Fitting results (Tables 1 and 2) show that the film capacitance
(Cf), for both PBMA (Table 1) and PBMA-Hep (Table 2), decreases
after each addition of AT. These results coincide with the increasing
mode of the film thickness relating to Eq. (1):
Cf = εε0A

df
(1)
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ig. 7. Calibration plots of the variation of membrane resistance (�Rm)N with the
oncentration  of ATIII; every point was calculated from measurements of EIS based
n the equivalent circuit shown in Fig. 6.

here ε is the dielectric constant of the polymer, ε0 is the vacuum
ielectric constant (8.85 × 10−14 F/cm2), ε is the dielectric constant
f the layer i and A is the area of the surface, A is the electrode area
nd df is the thickness of the polymer layer.

The Cf decreases (Tables 1 and 2) for both polymers coated SS
16L electrode with the addition of the AT, which proves that the

ayer thickness increases and that AT is directly adsorbed onto the
lm. AT itself have loops, tails, helixes and sheets that can make
heir way through the film coated bare metal electrode.

If  the sensor is to be used to quantify the analyte concentra-
ion and not just to detect its presence, the range of measurable
oncentrations is important. The dynamic range is the ratio of the
argest measurable target concentration and the limit of detection.
ynamic range can be extended on the upper end by simply per-

orming measurements with dilution series of the sample [54].
When  the concentration of AT was increased over to 0.2 U/ml

nd 0.1 U/ml for PBMA-Hep and PBMA respectively, the change of
mpedance spectra become gradually slow, showing that immobi-
ized AT on the 316L electrode trends to be saturated.

To illustrate the sensitivity of our constructed biosensor, we
rawn two plots corresponding to the variation of membrane resis-
ance with AT concentrations.

The  values of membrane resistance differences (�Rm)N (nor-
alized value) vs the added antithrombin concentration were

lotted in Fig. 7 for both PBMA-Hep and PBMA films. The change
f membrane resistance (�Rm)N was calculated according to the
quation:

�Rm)N = |(Rtc0 − Rtc)|
Rtc0

(2)

here  Rtc0 is the value of the membrane resistance before AT bind-
ng to films coated electrodes and Rtc is the value of the membrane
esistance after AT binding to films coated electrodes. A linear rela-
ionship between the (�Rm)N values and the concentration of AT
as established (Fig. 7).

As it can be seen in Fig. 7, the plot of PBMA-Hep coated electrode
s linear for high concentrations of AT and then reaches saturation.
his curve shows a linear behavior on a range of concentrations
etween 0.15 U/ml and 0.25 U/ml then flattens gradually at higher
oncentrations. This range is close to saturation when the concen-
ration of AT reached 0.3 U/ml.

For PBMA film (Fig. 7), no significant response has been obtained.
his behavior allows a low limit detection of AT and indicate no

nteraction between the AT and the PBMA film.

The linear range of heparin sensor response was  achieved
t concentration of AT from 0.2 U/ml which corresponds to
.46 �mol/l while the minimum detectable concentration of AT was

[

[
[
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7.35  × 10−7 mol/l on the in situ grown nanogold modified sensor
[55]. Quantification of bound AT by enzyme immunoassay showed
that the concentration of AT binding the heparinized surfaces was
1 �mol/l [56]. Our result shows that the proposed approach is sim-
ple and very sensitive compared to the two  others.

4. Conclusion

The main objective of this paper was to construct a new kind
of anticoagulant biomaterial by copolymerization of heparin with
butylmethacrylate.

Interestingly, the obtained copolymer PBMA-Hep formed
homogeneous and transparent structures as thin films or discs.
Indeed, a peculiar solubility of the copolymer was  found in mixtures
of THF/H2O. Physicochemical analysis evidenced intermediate
properties between acrylic polymer and heparin.

The possibility of using PBMA-heparin as a coating for the sensor
electrode for the study of biomolecules interactions was demon-
strated using EIS. Results showed that a PBMA-Hep could be easily
deposited on the surface of the sensor electrode for further detect-
ing AT, that the designed biosensor proves high sensitivities and
low detection limits (0.46 �mol/l), and demonstrated that AT bind-
ing to immobilized heparin is detectable by measuring impedance
changes at electrode–solution interfaces with an excellent speci-
ficity. Surely, electrochemical impedance spectroscopy showed
that the values for the different elements of the equivalent circuit
varied according to the layer.
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