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In presented study a new approach using QCM-D for biocompatibility determination was introduced. The
adsorption of fibrinogen on PET and modified PET surfaces was monitored in situ using QCM-D. Protein
layer thicknesses were estimated on the basis of a Voight based viscoelastic model. The hydrophilicities
and morphologies of the surfaces were investigated using a goniometer and AFM. The results showed that
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than non-modified PET surfaces. QCM-D equipped with QTools modelling software is well-applicable to
the characterisation of surface properties and can be optimised for biocompatibility determination.
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1. Introduction

The increasing life expectancy of the general population is
adding to the number of people worldwide in need of cardio-
vascular care; global demand for cardiovascular devices will,
therefore, continue to rise (Takemoto et al., 2004). Although
there has been more than 50 years of synthetic cardiovascu-
lar implant development and therapy adjustments, the same
problems persist: haemolysis, thrombosis, thromboembolic com-
plications, anticoagulation-related haemorrhage, infection, and
pannus formation (tissue overgrowth). Therefore the develop-
ment of haemocompatible biomaterials is still a very important
challenge in material science. However, owing to the very com-
plex influences of several experimental conditions on the in vitro
alteration of blood, there is still a lack of viable in vitro tests
and methods to evaluate biomaterials’ blood compatibility. A
wide variety of different testing systems and techniques are
used in the development of new materials (Imai & Nose, 1972;
Seyfert, Biehl, & Schenk, 2002; Streller, Sperling, Hiibner, Hanke,
& Werner, 2003; Takemoto et al., 2004; Yu, Wang, Wang, & Liu,
2000).

The majority of these methods differ in their designs and the
types of in vitro systems used. Major changes can take place in blood
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as a result of the complex processes that occur in in vitro systems.
Therefore, in many studies the in vitro haemocompatibility deter-
minations were performed using blood protein adsorption onto
artificial surfaces (Wu, Simonovsky, Ratner, & Horbett, 2005). Pro-
tein, especially fibrinogen, adsorption studies are often used to test
the biocompatibility of materials (Hemmersam, Foss, Chevallier, &
Besenbacher, 2005; Weber, Wendel, & Kohn, 2005). Fibrinogen is
a 340kDa, rod shaped blood plasma protein roughly 45 nm long
and approximately 5-7 nm in diameter. Surface bound fibrinogen
has been shown to have a key role in the adhesion of platelets
to artificial surfaces, and platelet adhesion to artificial surfaces is
mediated exclusively by surface-bound fibrinogen and does not
seem to involve the other plasma adhesion proteins (Weber et al.,
2005). Among all blood proteins, fibrinogen has a prominent role
in coagulation and platelet adhesion (Bajpai, 2008). Therefore it is
of importance that the surfaces of blood contacting devices show
reduced fibrinogen adsorption, since fibrinogen is part of the clot-
ting cascade and has an influence on platelet activation and blood
coagulation in the system (Zhang et al., 2008). It was found (Sit
& Marchant, 1999; Wu et al., 2005) that fibrinogen adsorbs more
intensively at hydrophobic surfaces.

In vitro methods of evaluating materials’ haemocompatibility
using protein adsorption are usually time consuming; therefore
there is a need for further progress in developing accurate, reli-
able and simple techniques to test materials’ haemocompatibility
in vitro (Streller et al., 2003), which in future could be standardised.

Polyethylene terephthalate (PET) is one of the most frequently
used biomaterials in cardiovascular surgery. Non-modified solid
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PET possesses moderate biocompatibility, which is insufficient
for cardiovascular replacements. Diversified PET surface coatings
have been proposed for cardiovascular devices, however, so far
no surface modification has produced satisfactory results (Ratner,
2007). The most promising results have been achieved using the
highly sulphated glycosaminoglycan heparin; however, even in
these cases some unwanted events occur. Polysaccharides are
increasingly used in medical applications. Their biological proper-
ties can be modified by chemical derivatization sulphating, which
canimprove their anticoagulant properties. It is already well known
(Nishino, Aizu, & Nagumo, 1991; Nishino & Nagumo, 1992) that the
presence of acidic groups like sulphate and/or carboxyl groups is
related to anticoagulant and antithrombotic effects.

Therefore one possible way to improve the haemocompatibil-
ity of PET surfaces is a coating with sulphated polysaccharides
with anticoagulant properties (Fasl et al., 2010; Gericke et al.,
2011; Indest et al., 2009). The attachment of the functional lay-
ers can be done either by the covalent bonding of (Keuren et al.,
2003; Kristensen, Rensmo, Larsson, & Siegbahn, 2003) or by the
physical sorption of polysaccharides (Fasl et al.,, 2010; Gericke
et al, 2011; Indest et al.,, 2009; Indest, 2007; Liu, He, & Gao,
2005).

It is well known from earlier studies (Sanchez, Elgue, Riesenfeld,
& Olsson, 1995; Sanchez, Elgue, Riesenfeld, & Olsson, 1998) that
the triggering of the blood plasma activation system in contact
with foreign surfaces can be eliminated by using artificial mate-
rials modified or immobilized by heparin. It is also known however
that heparin, owing to its origin, could cause some adverse effects
in patients.

In this study two types of model PET films were modified by
direct adsorption of sulphated polysaccharides showing anticoag-
ulant properties. Fibrinogen adsorption was monitored by quartz
crystal microbalance with dissipation monitoring (QCM-D) and
evaluated using two different models (the Sauerbrey eq. and the
Voight viscoelastic model), which gave fruitful information about
the adsorbed layers’ properties.

1.1. Voight based viscoelastic model with QCM-D and QTools

Dissipation measurements enable qualitative analysis of the
structural properties of adsorbed molecular layers. Different mate-
rials can easily be compared and one can see whether the Sauerbrey
relation will accurately approximate the adsorbed mass or not.
When there is an increase in the dissipation shift and deviations
in the normalized frequency (Af,/n) shifts, the Sauerbrey equation
is no longer valid (Vogt, Lin, Wu, & White, 2004). With QCM-D tech-
nology quantitative analysis of the thickness, shear elastic modulus
and viscosity of the adsorbed films is possible. This is achieved
by combining frequency change (Af) and dissipation change (AD)
measurements from multiple harmonics (overtones) and applying
simulations using a Voight-based viscoelastic model. The change in
frequency is proportional to adsorbed mass; however this relation,
known as the Sauerbrey relation, is valid only for rigid films. Dis-
sipation is energy loss in the molecular layer on the sensor. This
is measured by turning off the excitation voltage to the sensor,
which causes the oscillation to decay. This decay of energy loss is
related to the viscosity and elasticity of the molecular layer on the
sensor.

In the case of viscoelastic or soft films the Sauerbrey relation
underestimates the mass, since the film is not fully coupled to the
motion of the sensor surface (H66k et al., 2001; Irwin, Ho, Kane, &
Healy, 2005).

For rigid, thin and evenly distributed films the Sauerbrey rela-
tionisagood estimation in cases when the change in the dissipation
factor AD<1 x 1076 for 10 Hz frequency change (Kou, Tao, & Xu,
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Fig. 1. Quartz crystal covered by two layers.

2010). In these cases the Sauerbrey equation (Sauerbrey, 1959) (Eq.
(1)) can be used for adsorbed mass calculations:
_C-Af

Am=——— (1)

where C(17.8ngcm~2Hz~1, when n=1, fo =5MHz) is the constant
(describing surface area, density and shear modulus of quartz res-
onator) and n is the overtone number.

From Sauerbrey masses (ng/cm?) it is also possible to obtain the
adsorbed layer thickness (Eq.(2)), however in this case the effective
density of the adsorbed layer ps has to be estimated.

107(nm/cm) Am(ng/cmz)
10°(ng/g) - per(g/em®)

In the case of adsorbed soft films, the system energy dissipa-
tion increases. The dissipation factor D is proportional to the power
dissipation of the oscillating system (Eq. (3)) and gives important
information about the rigidity of the adsorbed layer (Kou et al.,
2010):

(2)

h¢(nm) =
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where E;, is the energy dissipated during one oscillation and Eg, 4
is the energy stored in the oscillation system.
In cases when AD>1 x 10-6/10 Hz, an evaluation process based
on the Voight model of viscoelasticity (Voight modelling) has to be
used (Egs. (4) and (5)) (Voinova, Rodahl, Jonson, & Kasemo, 1999).
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In the Voight viscoelastic model Afand AD depend on the density
(p), thickness (h), elastic shear modulus (1) and shear viscosity (1)
of the adsorbed layer (j: number of adsorbed layers) (Fig. 1).

The analysis software QTools contains both the Voight viscoelas-
tic models, the Maxwell model and the Sauerbrey relation, thus
allowing for characterization of soft and rigid films. It enables quan-
tification of the film in terms of mass, thickness, water content,
density and viscoelastic properties (H60k et al., 2001; Irwin et al.,
2005).

Fitting was performed using a Simplex algorithm to find the
minimum in the sum of the squares of the scaled errors between the
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experimental and model Af and AD values (Laos, Parker, Moffat,
Wellner, & Ring, 2006).

The main aim of this study was to find out how different sur-
face modifications of PET films influence fibrinogen adsorption and
the adsorbed layer’s thickness and morphology. The interdepen-
dence between adsorbed anticoagulant layers and the amount of
adsorbed fibrinogen was evaluated using QCM-D and QTools soft-
ware.

2. Materials and methods
2.1. Materials

Two types of polyethylene terephthalate (PET) surfaces were
used. The first type was an untreated model PET film (PET), and the
second one was a cationic PET surface (PET-P) with polyethylene
imine (PEI) adsorbed onto the model PET film.

PET foil (Mylar®) with a thickness of 175 um was used in the
preparation of the model PET surfaces.

All chemicals used were of analytical grade and used without
further purification.

Fibrinogen, Fraction I, Type Il from human plasma (Sigma
Aldrich, F4129) dissolved (1 mg/mL) in phosphate buffer saline
(PBS; 6.44 mM KH;PO4, 8 mM Na,HPO4, 140 mM NacCl; pH 7.4) was
used within the scope of the fibrinogen adsorption studies.

Heparin sodium salt from porcine intestinal mucosa (Fluka
51551) was used. Polyethylenimine (PEI), branched with average
Mw ~25,000 (Aldrich408727), was used in the preparation of PET-P
surfaces.

Galactoglucomannan (GM) was recovered from the process
water of spruce wood thermomechanical pulping (TMP) accord-
ing to Willfor, Rehn, Sundberg, Sundberg, and Holmbom (2003).
The molecular mass of the recovered GM was around 40 kDa with a
mannose/glucose/galactose unit ratio in the water-soluble spruce
GM of approximately 4/1/0.5.

Thereafter GM was carboxymethylated (DoliSka et al., 2011)
and then both the GM and carboxymethylated GM were sulphated
according to DoliSka et al. (2011). The degree of sulphation (DS) for
the sulphated GM was 0.81 and for the sulphated carboxymethyl
GM the DS was 0.63.

2.2. Methods

2.2.1. Quartz crystal microbalance

All adsorption studies were performed using Quartz Crys-
tal Microbalance with Dissipation monitoring apparatus, QCM-D
(Model E4, QSense AB, Goteborg, Sweden). The method is based
on monitoring the change in resonance frequency of a thin AT-cut
piezoelectric quartz crystal disk that oscillates in the shear mode
when AC voltage is applied across electrodes. The resonant fre-
quency changes with the mass deposited on the crystal surface,
rendering QCM a very sensitive mass sensor.

The quartz crystals (supplied by Q Sense AB) were AT-cut quartz
with gold plated electrodes and with gold on the active surface.
The fundamental frequency of quartz crystals is fo ~# 5 MHz and the
sensitivity constant C=0.177 mg/m? Hz.

2.2.2. Preparation of PET model surfaces

The spin coated PET films were prepared by dissolving 1 wt.%
of PET foil in 1,1,2,2-tetrachloroethane (Fluka, 86960) and heating
(T~ 150°C) until the foil dissolved. After the solution had cooled, it
was filtered through a 0.2 wm Acrodisc GHP filter. 30 L of solution
was spread on a quartz crystal (d=14mm) and spin coated at a
maximum of 2000 rpm for 60s. After that the crystals were dried
in a vacuum oven at 100 mbar and 30°C overnight. The PET film
thicknesses were estimated by measuring the change in frequency

before and after spin coating in air with QCM-D and were found to
be 48 + 10 nm. Prior to spin coating, all crystals were cleaned in a
5:1:1 mixture of MQ water, H,0; (30%) and NH40H (25%) for 5 min
at 70°C.

Prior to polysaccharide adsorption step, all crystals were rinsed
again and constant frequency over longer period of time was
observed, suggesting that PET film is stable and well attached to
the quartz crystal.

PET-P surfaces were prepared from PET surfaces by adsorbing
a 0.1% solution of the cationic polyelectrolyte PEI as an anchoring
layer for sulphated polysaccharides.

2.2.3. Contact angle determination

The static water contact angles (WCA) of the model PET sur-
faces were determined with an OCA35 goniometer (Dataphysich,
Germany). All measurements were done in at least 5 repetitions
and the water drop volume was fixed to 3 pL.

2.2.4. Adsorbed layer topography evaluation

The topographical features of the modified surfaces were char-
acterized by atomic force microscopy (AFM) in tapping mode with
an Agilent 5500 AFM multimode scanning probe microscope (Dig-
ital Instruments, Santa Barbara, CA). The images were scanned
using silicon cantilevers (ATEC-NC-20, Nanosensors, Germany)
with a resonance frequency of 210-490kHz and a force constant
of 12-110N/m. The scanned image size was 0.5 pm x 0.5 pm. All
measurements were performed at ambient temperature in air.

2.2.5. Modifying PET surface through adsorption of PS

All adsorption studies were performed using QCM-D. The
method is based on monitoring the change in resonance frequency
of a thin AT-cut piezoelectric quartz crystal disk that oscillates in
the shear mode when AC voltage is applied across electrodes. The
resonant frequency changes with the mass deposited on the crystal
surface, rendering QCM a very sensitive mass sensor.

The quartz crystals (supplied by Q Sense AB) were AT-cut quartz
with gold plated electrodes and with gold on the active surface.
The fundamental frequency of quartz crystals is fo ~ 5 MHz and the
sensitivity constant C=0.177 mg/m?2 Hz.

The modification of the PET model surfaces was performed in
the QCM-D measuring chamber. Crystals coated with PET films
were first washed with milliQ water at a flow rate of 0.2 mL/min for
20 min, after which the flow rate was lowered to 0.1 mL/min. When
the frequency signal remained stable, the adsorption of polysaccha-
rides followed as described in Table 1. Pure PET film in Table 1 is
denoted for PET without an anchoring agent and PET-P is cationic
PET film.

The concentrations of all polysaccharides were 100 mg/L and
the concentration of CaCl, (when added) was 0.01 M. After adsorp-
tion of the polysaccharides, the QCM crystals were rinsed with
milliQ water until constant frequency and dissipation signals were
reached, so that the fibrinogen adsorption step would be performed
on asystem in equilibrium. Crystals with adsorbed polysaccharides
were then dried in the flow of nitrogen and prepared for fibrinogen
adsorption step, water contact angle measurements and AFM imag-
ing. Such treatment enabled polysaccharide molecules to absorb
irreversibly (Holmberg, Jénsson, Kronberg, & Lindmann, 2003).

The model PET films and PET-P films were treated as a rigid
extension of the quartz crystal when estimations were done using
the Sauerbrey equation.

2.2.6. Protein adsorption studies

For protein adsorption studies a solution of approximate in vivo
concentration (Guicai, Xiaoli, Ping, Ansha, & Nan, 2008) 1 g/Lhuman
fibrinogen in PBS (pH 7.4) was used. Adsorptions were performed
at 21°C at constant flow (0.1 mL/min) in a Q-Sense standard flow
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Table 1
Sample denotations and descriptions.

Sample denotation Sample preparation

PET-H-Ca
PET-GM-Ca
PET-CMGM-Ca
PET-P-H
PET-P-GM
PET-P-CMGM
PET-P-H-Ca
PET-P-GM-Ca
PET-P-CMGM-Ca

PET model film coated with heparin in the presence of CaCl,

PET model film coated with sulphated GGM in the presence of CaCl,

PET model film coated by sulphated carboxymethyl GGM in the presence of CaCl,

PET model film modified by PEI and coated with heparin

PET model film modified by PEI and coated by sulphated GGM

PET model film modified by PEI and coated by sulphated CM GGM

PET model film modified by PEI and coated by heparin in the presence of CaCl,

PET model film modified by PEI and coated by sulphated GGM in the presence of CaCl,
PET model film modified by PEI and coated by sulphated CM GGM in the presence of CaCl,

module (QFM 401, QSense). Before protein adsorption all surfaces
were rinsed with a PBS buffer for 20 min at a flow rate of 0.1 mL/min.
All experiments were done in at least three repetitions.

3. Results and discussion
3.1. Haemocompatible PET surface preparation

Haemocompatible PET surfaces were prepared using two dif-
ferent approaches: by direct adsorption of anticoagulant agents
(heparin and sulphated galactoglucomannans) onto the PET model
film surfaces and by adsorption to a cationic PET surface (PET-P),
with PEI as an anchoring layer onto which heparin and sulphated
polysaccharides were adsorbed.

The adsorbed layer thicknesses were evaluated using the Sauer-
brey equation, and the results are listed in Table 2.

When adsorption onto the PET surfaces was applied heparin
(H), sulphated galactoglucomannan (GM) and sulphated car-
boxymethylated galactoglucomannan (CMGM) built layers with
thicknesses between 2.0 and 3.5 nm (Table 2). It could be expected
that high ionic strengths, owing to the presence of Ca%* ions, influ-
ence the adsorption of anionic polysaccharide macromolecules
in dense coiled conformation with incorporated Ca2* and water
molecules. From other studies (Dario, Horténcio, Sierakowski, Neto,
& Petri, 2011; Liu, Choi, Gatenholm, & Esker, 2011) is known that
Ca?* ions form strong bridges with negatively charged groups in
PS and coiling thus more molecules can adsorb onto the surface,
causing the change in frequency and dissipation.

Repulsive forces between the pure PET surface and coiled PS
molecules cause higher desorption during the rinsing step. There-
fore those surfaces remain more hydrophobic in comparison to the
PET-P surface (Fig. 2).

The cationic PEI layer in the absence of Ca%* ions caused the
adsorbed polysaccharide layers to be much more densely packed.

The layer thicknesses of the adsorbed PS layers on PET-P were
practically identical, as in the case of direct adsorption of polysac-
charides onto PET in the presence of Ca2*. Anionic polysaccharide
macromolecules in solutions at low ionic strength adsorb in more
or less extended conformation with a small adsorbed mass and

Table 2
Thicknesses of polysaccharide layers (PS) (after rinsing with MQ-water), determined
using the Sauerbrey equation.

Sample Adsorbed PS layer Adsorbed mass ~ Average surface
thickness (nm) (ng/cm?) roughness (nm)
PET-H-Ca 2.0+ 1.0 200 + 100 0.79
PET-GM-Ca 35+ 1.0 350 + 100 0.90
PET-CMGM-Ca 30+1.0 300 + 100 0.92
PET-P-H 25+ 1.0 250 + 100 0.98
PET-P-GM 25+ 1.0 250 + 100 1.18
PET-P-CMGM 4.0+1.0 400 + 100 1.10
PET-P-H-Ca 8.0 +£ 4.0 800 =+ 400 2.00
PET-P-GM-Ca 13.+£5.0 1300 =+ 500 2.10
PET-P-CMGM-Ca 14. £ 40 1400 + 400 2.80

occupy all the oppositely charged sites on the surface and form
thin adsorbed monolayers with thicknesses of app. 3 nm.

3.2. Contact angles of coated model PET films

Hydrophilicity changes in the PET surfaces before and after
polysaccharide adsorption were analysed using water contact angle
determination (Fig. 2). The results are represented in the diagram in
Fig.4. As expected, after polysaccharide adsorption the PET surfaces
become more hydrophilic. The heparin layer only slightly decreased
the contact angle of the PET surface. GM and CMGM adsorption
however decrease the WCA by about 23% in comparison to the
PET surface. The intermediate PEI layer caused a further decrease
in the WCA. However, the highest hydrophilicities were achieved
with polysaccharide layers when calcium chloride was present in
the polysaccharide solutions during adsorption. As mentioned ear-
lier, the high ionic strength of the polymer solutions influenced the
more coiled conformations of the adsorbed molecules, and such
structures in the adsorbed layers exhibit higher hydrophilicities,
what was shown with water contact angle measurements and AFM
imaging, where increased surface roughness was observed.

The increase in hydrophilicity of the modified PET surfaces
has an important influence on fibrinogen adsorption. Cacciafesta,
Humphris, Jandt, and Miles (2000) found that a hydrophobic sur-
face promotes better adhesion of fibrinogen than either charged
surfaces, whereas a hydrophilic negatively charged substrate pro-
duces the smallest perturbation to the protein native structure.
Some other studies (Kannan, Salacinski, Vara, Odlyha, & Seifalian,
2006) have shown that the ideal water contact angle on a polymer
surface for optimal endothelialisation with minimal platelet adhe-
sion is 55°, and that the water contact angle directly demonstrated
a polymer’s thrombogenic potential (Kannan et al., 2006).

3.3. AFM images of surfaces

In Fig. 3 AFM images of the PET surface treated with PEI and
haemocompatible polysaccharides with and without addition of
calcium chloride are shown.

It can be seen from the AFM images and calculated average
roughness’s (Sa), that the Sa increased after the polysaccharides
adsorption onto PET. The highest increase in average roughness
was noted in the PET-P-GM and PET-P-CMGM samples and much
higher in cases when calcium chloride was added. In these cases
grained structure was observed, most likely due to polysaccha-
ride adsorption in a coiled conformation owing to the presence of
Ca2* ions. Besides chemical surface modifications, physical changes
in the surfaces (i.e. the differences in average surface roughness)
significantly influenced the surface hydrophilicity.

3.4. Fibrinogen adsorption

Diagrams showing frequency and dissipation changes during
fibrinogen adsorption are presented in Figs. 4-9.
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Fig. 2. Water contact angles (WCA) of non-modified (PET) and differently modified PET surfaces.

There were significant differences in fibrinogen adsorption onto
PET surfaces modified with different sulphated polysaccharides
(Fig. 4). It can be clearly seen from Fig. 4 that fibrinogen adsorption
on the pure PET surface caused the maximum changes in frequency
as well as in dissipation, indicating the maximum adsorption. GM-
Ca in contrast caused the minimum fibrinogen adsorption. The
fibrinogen adsorbed immediately after it was introduced to the
system in all cases. By comparing the frequency change versus
dissipation change during fibrinogen adsorption onto differently
modified model PET films (Fig. 5), valuable information on the vis-
coelastic properties of the adsorbed layers can be obtained.

AD =f(Af) plots provide an indication of how newly added mass
affects the adsorbed layer’s structure (Indest, Laine, Kleinschek, &
Zemljic, 2010). In other words, information about what kind of
layer (soft, rigid) was formed by the adsorption can be obtained.
The lower the slope of the function (k), the more dense and rigid is
the layer and, on the other hand, high k values indicate softer and
more dissipating layers. The kinetics of fibrinogen adsorption onto
the non-modified PET showed three somehow separate phases
(slopes), which suggested direct adhesion and orientation changes
associated with hydrodynamically coupled water (Kou et al., 2010).
The first slope of the function (k;) was 0.21 x 10-6/Hz, the second

(@) PET-P-H, Sa=0.98 nm

(d) PET-P-H-Ca, Sa=2.0 nm

(b) PET-P-GM, Sa=1.18 nm

(e) PET-P-GM-Ca, Sa=2.1 nm

(H PET-P-CMGM-Ca, Sa=2.8 nm

Fig. 3. AFM topography images of PET film surfaces and average surface roughness (Sa): (a) heparin adsorbed on PET-P film, (b) sulphated GM adsorbed on PET-P film, (c)
sulphated CMGM adsorbed on PET-P film, (d) heparin adsorbed on PET-P film in presence of Ca?*, (e) sulphated GM adsorbed on PET-P film in presence of Ca?*, (f) sulphated

CMGM adsorbed on PET-P film in presence of Ca2*.
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Fig. 4. Frequency (A) and dissipation (B) changes as a function of time during fibrinogen adsorption onto model PET surfaces coated with heparin (H), sulphated GM and

sulphated CMGM in presence of Ca?* ions.
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Fig.5. AD=f{Af)functions of fibrinogen adsorption onto model PET films modified
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soft and rigid adsorbed layers).

slope (k;) 0.06 x 10-5/Hz and the third one (k3) 0.13 x 10-5/Hz.
This indicated that at the beginning adsorption was very fast, but
then quickly reduced to values similar to those of the modified
PET surfaces. The third slope value is again higher, owing to the
faster deposition of mass, indicating a change in conformation of
the adsorbed fibrinogen or even possible multilayer adsorption. The
slopes of the function AD=f{ Af) of fibrinogen adsorption onto the
PET surfaces modified with sulphated polysaccharides in the pres-
ence of Ca2* were all practically equal (0.05 x 10-6/Hz), linear and
far below the slope kg, the “soft-rigid” boundary. Slopes higher than
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Fig. 7. AD=f(Af) functions of fibrinogen adsorption onto model PET-P films modi-
fied with polysaccharides (k1, k; and k3 - different slopes compared with function
4; ko - theoretical function slope, which indicates the boundary between soft and
rigid adsorbed layers).

ko indicate soft, water rich adsorbed film, while slopes smaller than
ko represent more rigid and densely adsorbed layers.

Fig. 6 represents the frequency and dissipation change during
adsorption of fibrinogen onto the PET-P surfaces modified with
sulphated polysaccharide adsorption. The results showed signifi-
cant differences between the non-modified and modified samples,
whereby the frequency changes were about 50% smaller for the
modified samples. After rinsing, there were no significant differ-
ences in frequency changes between the three modified samples.
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Fig. 6. Frequency (A) and dissipation (B) changes as a function of time during fibrinogen adsorption onto model PET-P surfaces coated with heparin (H), sulphated GM, and

sulphated CMGM.
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Fig. 8. Frequency (A) and dissipation (B) changes as a function of time during fibrinogen adsorption onto model PET-P surfaces coated with heparin (H), sulphated GM, and

sulphated CMGM in the presence of Ca?*.

No significant differences in frequency changes could be noted in
comparison to the samples adsorbed to PET in the presence of Ca2*
(Fig. 4).

The same trends in AD=f{ Af) plots were noticed in the case of
PET films modified with sulphated polysaccharides in the presence
of Ca%* ions.

The slopes of AD=f{Af) functions of fibrinogen adsorp-
tion (Fig. 7) showed the same values as in the previous case
(0.05 x 10-8/Hz in Fig. 5) and therefore indicate a less densely
adsorbed layer. Those AD=f(Af) functions displayed simple
behaviour with a linear relationship.

When polysaccharides were adsorbed onto PET-P surfaces
(Fig. 8) in the presence of calcium chloride, forming thicker adsorp-
tion layers, fibrinogen adsorption decreased by about 40% in
comparison to the samples treated in the absence of calcium chlo-
ride (Fig. 6).

Fibrinogen adsorbed onto the PET-P surfaces modified with
polysaccharides in the presence of Ca2*ions showed slightly differ-
ent slope values in comparison to adsorption onto the PET surfaces
and PET-P surfaces where no calcium chloride was used. The slopes
differ from one polysaccharide to another. The PET-P-H-Ca sample
showed the lowest slope (0.035 x 10-6/Hz), for the PET-P-GM-Ca
sample the slope was 0.06 x 10-6/Hz, and for the PET-P-CMGM-Ca
sample the slope was the highest (0.085 x 10-6/Hz), which is very
close to the kg value (0.09 x 10-6/Hz). In all these three cases, the
adsorbed fibrinogen layer was softer, suggesting the layer had a
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Fig. 9. AD=f{Af) functions of fibrinogen adsorption onto model PET-P films modi-
fied with polysaccharides in the presence of Ca?* (ki, k; and k3 - different slopes of
the plot 4; ko - theoretical function slope, which indicates the boundary between
soft and rigid adsorbed layers).

water rich structure. Most of the other samples showed a slope of
0.05 x 10~6/Hz similar to PET-P-GM-Ca, only PET-P-CMGM-Ca was
softer, and PET-P-H-Ca was the most rigid.

3.5. Evaluation of adsorbed fibrinogen layers’ thicknesses

The thicknesses of the adsorbed fibrinogen layers were eval-
uated with the help of QTools software using the Voight
viscoelastic model and the Sauerbrey equation. The Sauer-
brey equation is usually used when dissipation change is low,
ADy[(Afa[n) <« 0.4 x 10-6/Hz (Reviakine, Johannsmann, & Richter,
2011). As suggested by the QCM-D producer (QSense), the Sauer-
brey equation can be applied when AD is less than 1 x 106 per
every 10Hz in frequency change (this is the slope of the ko func-
tion). The Sauerbrey equation considers only frequency changes
for the calculation of an adsorbed layer’s thickness; therefore in
cases of viscoelastic films, where dissipations are much higher, this
approach is not the right method of evaluation.

For evaluation of the systems where the slope of the function
AD =f{ Af) is higher than 0.099, the Voight viscoelastic model was
developed to obtain more accurate results.

Owing to this fact, in this research modelling with QTools was
applied where the frequency and dissipation changes for overtones
from no. 3 up to no. 9 were considered as well.

The unknown parameters can be extracted by fitting experi-
mental frequency and dissipation data from 2 or more harmonics
(Fig. 10).

The spin coated model PET films with adsorbed anticoagu-
lant polysaccharides, which are rigid and evenly distributed, were
treated as the quartz crystal. Owing to this very complex system,
some simplifications were used in the modelling: the adsorbed
protein layers were treated as homogeneous layers between the
QCM sensor (quartz crystal + PET film) and a semi-infinite Newto-
nian liquid layer under a non-slip boundary condition. The density
(1000 kg/m?3) and viscosity (0.001 kg/ms) of water were used for all
of the bulk liquids, and the density of the adsorbed protein (fib-
rinogen) layer was fixed to 1150 kg/m?3, corresponding to a densely
packed low hydrated protein film (H66k et al., 2001).

In Fig. 11 the thicknesses of the polysaccharide and protein lay-
ers calculated on the basis of the Sauerbrey equation and the Voight
viscoelastic model are presented. Larger differences between the
results obtained by different evaluation approaches indicate higher
softness of the layers.

Fibrinogen adsorption was significantly influenced by surface
modification using anticoagulant polysaccharides (Fig. 11). The
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fibrinogen layers on the polysaccharide surfaces were, by 35-80%,
thinner than in the case of non-modified PET film.

In the cases of fibrinogen either adsorbed on PET in the presence
of CaZ* or on the PET-P surface, almost identical layer thicknesses
were determined, independent of the nature of the PS. The thick-
ness of the adsorbed fibrinogen layers calculated using the Voight
approach (19-28 nm) or using the Sauerbrey approach (12-19 nm)
differ significantly. The PS substrate always showed layer thick-
nesses between 2 and 4 nm. This indicates that the adsorbed layers

had softer structures (less elastic, more viscous) with a significant
amount of embedded water.

Fibrinogen adsorption on the PET-P substrates was different if
Ca2* was present (PET-P-H-Ca, PET-P-GM-Ca and PET-P-CMGM-Ca
samples). This resulted in much thicker anticoagulant polysac-
charide layers (8-14nm instead of 3nm) and a decrease in the
adsorbed fibrinogen layer’s thickness by about 60-80% (7-14 nm).
The differences between the Voight and Sauerbrey results more or
less vanish.

When comparing the thicknesses from the Voight based and
Sauerbrey calculations, they were not significantly different in the
cases when the polysaccharides were adsorbed on PET-P in the
presence of Ca2*. In case of PET-P-GM-Ca, the difference between
Voight and Sauerbrey calculation did not follow that trend; in this
case the difference is higher, suggesting softer protein layer. In case
of PET-P-H-Ca and PET-P-CMGM-Ca samples the resulting protein
layer was more dense and rigid, with less water incorporated.

Recent studies (Bajpai, 2008; Wertz & Santore, 1999, 2001a,
2001b) have revealed that fibrinogen can exist in many possible
orientations and/or conformations depending on the adsorption
condition and surface chemical and physical properties of the sub-
strate. The hydrodynamic radius of the fibrinogen molecule in
PBS was determined to be 12.7 nm (Wasilewska, Adamczyk, &
Jachimska, 2009), and the estimated thicknesses of the fibrinogen
layers for PS coated surfaces on the PET-P surface in the presence
of Ca?* were similar.

It has been shown (Bai, Filiaggi, & Dahn, 2009; Siegismund,
Keller, Jandt, & Rettenmayr, 2010) that fibrinogen at the concen-
tration used (1 mg/mL) adsorbs on most surfaces following the
Langmuir adsorption isotherm, where only monolayer is formed
at maximal adsorption. The results of this research showed that
the adsorbed fibrinogen layer is thicker when adsorbed onto non-
modified PET film. We assumed that the fibrinogen molecules in
this case formed monolayers with an end-on molecular orientation
from the PET surface into the solution; thus the layers’ thicknesses
were in the range of the fibrinogen molecules’ lengths (Fig. 12B).
The outermost layer may be an additional soft fibrinogen layer con-
taining significant amounts of water. This is indicated by the slope
of the dissipation via the frequency function. This was the case after
rinsing with PBS app. 0.13 x 10~6 (function 4 in Figs. 5, 7 and 9).

In the case of the thin (3nm) PS layers adsorbed on the PET
surface in the presence of CaZ* and on the PET-P surface (without
Ca?*) one single layer of loosely packed fibrinogen molecules in an
end-on structure is most likely formed on the surface (fibrinogen
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Fig. 11. The thicknesses of adsorbed anticoagulant polysaccharide and fibrinogen layers evaluated by the Sauerbrey equation or the Voight viscoelastic model.



254

& Fs-m nm

Antiéoa qulant
Anchoring layer

2-14 nm

i PET/quartz crystal

A. Doliska et al. / Carbohydrate Polymers 93 (2013) 246-255

B Fibrinogen

PET/quartz crystal
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length was 45 nm). This is indicated in all three cases (PET, PET-
PS-Ca, PET-P-PS) by the slopes of the AD=f{Af) functions as well
as by the big differences between the thicknesses obtained via the
Voight and the Sauerbrey approaches. The fibrinogen molecules
may in one case interact directly with the negatively charged PS
layer, in the other case they may interact with the PS layer due to
charge screening/intermediation via the bi-valent Ca2* ions.

The adsorbed fibrinogen layers on the PET-P samples modified
with polysaccharides in the presence of Ca2* were much thinner.
The thicknesses of these layers on PET-P in the presence of Ca%*
were around 13 nm, and the layers were more rigid (Fig. 11). For
these layers a side-on orientation for most of the adsorbed fib-
rinogen molecules on the thick (13 nm) PS layer can be suggested
(Fig. 12A). The reason might be the PS film’s rather soft outer layer,
which offers many places for electrostatic interactions, binding in
this way a thin, rather rigid fibrinogen layer in a side-on orientation.

4. Summary and conclusions

In this research the adsorption of blood protein fibrinogen onto
model PET and cationic PET-P surfaces coated with different anti-
coagulant PS was investigated using quartz crystal microbalance
with dissipation unit.

The coating process was monitored using contact angle and
AFM. The PET film’s static water contact angle decreased only
slightly in the case of adsorbed heparin; the adsorption of sulphated
galactoglucomannan and sulphated carboxylmethyl galactogluco-
mannan led to a decrease of about 23%. The highest hydrophilicities
were achieved with polysaccharide layers when calcium chloride
was present in the polysaccharide solutions during adsorption.
AFM images and the calculated average roughness (Sa) after the
polysaccharides’ adsorption onto the model PET surfaces showed
significant differences between the non-modified and modified
surfaces.

The results of the protein adsorption experiments showed that
fibrinogen adsorption, which is usually correlated with the haemo-
compatibility of PET surfaces, can be tuned by coating layers
of sulphated polysaccharides with anticoagulant properties. The
thickest anticoagulant layers were achieved using the cationic
polymer PEI as PS anchor groups in the presence of Ca2*. This com-
bination led to the thinnest layers of adsorbed fibrinogen.

Evaluation of the QCM-D data using the viscoelastic model
(Voight) showed that the nature of fibrinogen adsorption and the
properties of the adsorbed layer depend strongly on the PET coat-
ing.

In the case of PET surfaces coated with anticoagulant polysac-
charides in the presence of CaZ* or PET-P surfaces coated with
anticoagulant polysaccharides, the fibrinogen layers were 35-80%
thinner than in the case of the non-modified PET film. When com-
paring the thicknesses using the Voight and Sauerbrey approaches,
they were significantly different. This indicates that the resulting
protein layer is not rigid; it acts as a viscoelastic system dissipating
energy via viscous deformation.

The formation of a fibrinogen layer on a PET-P anticoagulant
PS layer in the presence of Ca2* led to a denser and more rigid
protein structure with less water incorporated. This layer acts more
as an elastic system, less able to disseminate energy via viscous
deformation.

It can be concluded that protein layers with different viscoelas-
tic properties are formed on PET surfaces depending on the nature
of the primary substrate layers (anticoagulant PS) coated on the
PET surface. The results suggest different orientations as well as
densities resulting in different viscoelasticities of the adsorbed fib-
rinogen layers.

The adsorption of fibrinogen can be used as a quick indication
of surface haemocompatibility determination, and using a Voight
based viscoelastic model realistic protein thickness on a surface can
be estimated.
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