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The adsorption of fibrinogen can be used as a quick indicator of surface haemocompatibility
because of its prominent role in coagulation and platelet adhesion. In this work the molecular interaction between fibrinogen and a modified titanium oxide surface/platelet has been
studied by quartz crystal microbalance with dissipation (QCM-D) in situ. In order to further
characterize the conformation of adsorbed fibrinogen, αC and γ-chain antibody were used
to check the orientation and denaturation of fibrinogen on solid surface. QCM-D investigations revealed the fibrinogen have the trend to adsorb on hydrophilic surface in a side-on
orientation by positively charged αC domains, which would reduce the exposure of platelet
bonding site on γ chain and enable less platelet adhesion and be activated. These observations suggest that certain conformations of adsorbed fibrinogen are less platelet adhesive
than others, which opens a possibility for creating a non-platelet adhesive substrates.
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two narrowrods [4]. According to the current view, the
protein has two sets of three non-identical polypeptide
chains (Aα, Bβ, and γ), held together by 29 disulfide
bonds [5]. The carboxyl termini of Bβ and γ chain fold
independently in separate D domains, the Aα chains are
longer than the Bβ and γ chains and their carboxyl termini depart from the D domains and fold back to form
a single globular domain located close to the central E
domain. HPF is net negatively charged at pH=7.4 with
the highest concentration of negatively charged residues
residing on the E and D domains. On the other hand,
the αC domains, which are rich in Arg and Lys residues,
are actually positively charged. The hydropathic index
for HPF indicates that the E and D domains are substantially more hydrophobic than the αC domains [6].

I. INTRODUCTION

For long-term blood-contacting devices such as vascular stents, or heart valves, the interaction of blood with
the synthetic surface of the device presents a daunting challenge for the biocompatibility of the device.
These interactions trigger several adverse biological responses, including complement activation, activation of
the immune response, blood coagulation, and thrombosis. Among these, surface-induced thrombosis has
remained a major obstacle for the biocompatibility and
eventual success of such device [1]. When blood contacts with a biomaterial, protein adsorption onto the
biomaterial surfaces is believed to be among the earliest events to occur. This process is determined by the
nature of the protein, the composition of the biological
fluid, and the surface characteristics of the implanted
device [2]. Among all blood proteins, fibrinogen plays
a prominent role in the processes of both haemostasis
and thrombosis [3], since this protein takes part in the
clotting cascade and mediates the adhesion of platelets
to surfaces and to other platelets (aggregation).
Human plasma fibrinogen (HPF) is a 340 kDa dimeric
protein. The simplest HPF model comprises three
spherical regions (αC, D and E domain) connected by

The adsorption of HPF on inorganic surfaces has been
investigated for many years by a variety of methods.
Most common methods via spectroscopic techniques including Fourier-transform infrared (FTIR), linear and
circular dichroism (CD) directly provide structural information. Another way is the evaluation of antibodies
or thrombocytes binding to the adsorbed protein film
[7−9]. However, owing to the very complex influence
of several experimental conditions on the in vitro alteration of blood, there is still lack of viable in vitro tests
and methods to study the interaction between plasma
proteins and a material surface.
The quartz crystal microbalance with dissipation (QCM-D) is a surface sensitive technique with
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nanogram sensitivity of adsorbed matter, which has
been widely used to monitor adsorption behavior of
biomolecules on surfaces in vivo dynamically [10−12]
and to check the mass of fibrinogen adsorbed on a surface [12]. However, it is well known that in addition to
the amount of protein adsorbed on a surface, the conformation of the protein in its adsorbed state is also of
crucial importance for the properties of an implant material. In this work, we addressed a real-time study
of fibrinogen adsorption on modified titanium oxide
film and consequential coagulation processes induced
by the adsorbed protein using specific immunosorption
and QCM-D.
II. EXPERIMENTS
A. Materials

Human type I fibrinogen (45 nm×6 nm×9 nm,
340 kDa, pI=5.8, Sigma-Aldrich) was dissolved in
0.067 mol/L phosphate buffer solution (PBS, pH=7.4,
Hyclone) into a low concentration of 10 µg/mL. Thrombin was dissolved in PBS with concentration of 1 U/mL.
Mouse anti human fibrinogen γ 392-411 & 392-406
antibody (No.NYB4-2xl-f, Accurate chemical & scientific) and goat anti human fibrinogen C-terminus of α
chain Antibody (No.SC-18026, Santa cruz biotechnology) were diluted 1:200 in PBS and used for the immunosorption experiments.
B. Methods
1. Production of the coating

Prior to depositing the coating, the QCM-D crystals
(10 mm diameter of Au film) were cleaned using piranha
solution (H2 SO4 :30%H2 O2 =3:7) and exposed to an Ar
plasma for 5 min in the sputter chamber. The Ti-O
coatings with 50 nm thickness on crystals were produced in an unbalanced magnetron sputtering system
with four targets [14]. Fucoidan solution (5 mg/mL)
was used to modify titanium oxides to acquire a hydrophilic and negatively charged surface [15].
2. Contact angle determination

The static water contact angles (WCA) of the model
surfaces were determined with an OCA35 goniometer
(Dataphysics, Germany). All measurements were done
at least 5 repetitions and the water drop volume was
fixed to 3 µL.
3. Quartz crystal microbalance

All adsorption studies were performed using a modified quartz crystal microbalance with dissipation monitoring apparatus, QCM-D (Model E4, Q Sense AB,
DOI:10.1063/1674-0068/27/03/355-360
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Göteborg, Sweden). The method is based on monitoring the change in resonance frequency of a thin ATcut 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. As previously demonstrated by
Chalmers groups [16, 17], the QCM-D technique has
proven to be well suited for in situ dynamic monitoring
of both mass and mechanical properties such as viscoelasticity of absorbed protein layers. The change in
both resonance frequency ∆f and dissipation ∆D is
monitored during the adsorption process. In the case of
adsorbed soft films such as fibrinogen (∆D>1×10−6 at
10 Hz), the analysis software QTools contains an evaluation process based on the Voigt model of viscoelasticity
(Voigt modeling), which enables quantification of the
film in terms of mass, thickness, water content, density,
and viscoelastic properties [18] .
4. Fibrinogen adsorption studies

For protein adsorption studies, a solution of
10 µg/mL human fibrinogen in PBS (pH=7.4) was
used. Adsorptions were performed at 20 ◦ C at constant
flow (50 µL/min) in a Q-Sense standard flow. Before
protein adsorption all surfaces were rinsed with PBS for
20 min at a flow rate of 50 µL/min. All experiments
were carried out at least three repetitions and an evaluation process based on the Voigt model of viscoelasticity
was performed to analyze the data.
5. Fibrinogen denaturation and crosslinking

In order to quantitatively analyze the fibrinogen
conformation on samples surface, antibodies against
the C-terminus of the α chain and denatured γ-chain
were pumped over the QCM-D chip at a constant
flow (50 µL/min), and it showed constant values after
10 µg/mL fibrinogen adsorption. After the adsorption,
the surface was rinsed by PBS. Additionally, thrombin
solution (1 U/mL) was applied to check the ability of
fibrinogen to form a fibrin clot.
6. Platelet interaction with adsorbed fibrinogen

After 10 µg/mL fibrinogen adsorption was stable, a
solution of 5×106 /mL platelets was pumped over the
chip and incubated at 20 ◦ C for 120 min to acquire the
D and F value. After the qcm-d test, chips with adherent platelets were rinsed three times with PBS for 5 min
each rinse and dehydrated serially in series of increasing ethanol concentrations (30%, 50%, 70%, 90%, and
100%). The SEM procedures were completed by critical point drying (CPD030, BALZERS Company), and
examined using a scanning electron microscopy (SEM,
S-450).
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FIG. 1 Water contact angles for titanium oxides and fucoidan modified titanium oxides. *p<0.01, t-test.

III. RESULTS AND DISCUSSION
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FIG. 2 The frequency shift (∆f ) vs. time t for adsorption
of fibrinogen 10 µg/mL and following adsorption of antifibrinogen α chain and thrombin on titanium oxide and fucoidan modified titanium oxide at 20 ◦ C.

A. Contact angle of surface modified titanium oxide films

Hydrophilic changes in the titanium oxide before and
after fucoidan adsorption are analyzed using water contact angle determination (Fig.1). As expected, after fucoidan adsorption the titanium oxide surfaces become
more hydrophilic, the fucoidan layer decreases the contact angle by about 50% in comparison with the dioxide
oxide surface. The increase in hydrophilic is induced
by fucoidan which is a highly sulfated glycosaminoglycan with negative charge in the physiological condition.
The chemical character of solid surfaces has an important influence on fibrinogen adsorption. Cacciafesta et
al. found that a hydrophobic surface promotes stronger
fibrinogen adhesion than charged surfaces, whereas a
hydrophilic negatively charged substrate produces the
smallest perturbation to the protein native structure
[19].
B. Fibrinogen adsorption

QCM-D method provides information not only about
the total adsorbed hydrated mass, but also about the
flexibility of the protein layer. Figures 2 and 3 show
the changes in frequency (∆f ) and dissipation (∆D),
when the native and the fucoidan adsorbed titanium
oxide surface are exposed to fibrinogen solutions with
concentration of 10 µg/mL. The initial baseline corresponds to pure PBS buffer prior to inlet of fibrinogen.
In both figures an immediate steep decrease in frequency and an increase in dissipation were observed.
For the titanium oxide surface, the initial change in
∆f and ∆D levels off after 5 min, and after 2 h the
frequency and dissipation shifts were nearly stable. A
subsequent rinse with pure PBS did not induce significant changes in the ∆D and ∆f levels, indicating an
irreversible adsorption. For the fucoidan modified surface the adsorption of fibrinogen was significantly slower
and did not reach a steady state within 2 h.
DOI:10.1063/1674-0068/27/03/355-360

FIG. 3 The dissipation shift (∆D) vs. time t for adsorption
of fibrinogen 10 µg/mL and following adsorption of antifibrinogen α chain and thrombin on titanium oxide and fucoidan modified titanium oxide at 20 ◦ C.

The ∆D/∆f values showed significant differences between pristine and fucoidan adsorbed titanium oxide,
as seen from Fig.4. The ∆D/∆f is a measure of the
change in the dissipation of the protein layer per frequency unit. The change in the dissipation of a protein
layer is considered to arise from two mechanisms [20]:
(i) the conformational changes in the structure of the
protein layer and (ii) the amount of water bound in the
protein layer. The ∆D/∆f value for fucoidan treated
titanium oxide was slower, implying that the affinity of
fibrinogen was slower on it than native titanium oxide
surfaces, giving a stronger attached and denser protein
layer that contains less water. On the fucoidan modified
titanium oxide surface, fibrinogen change its structure
because of the different ∆D/∆f values at various adsorption stage. The structural changes may be the reason for the slower kinetic of the fibrinogen adsorption
on the fucoidan modified titanium oxide surface.
In order to further characterize the protein layer, the
bonding of polyclonal antibodies to αC domains of fibc
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FIG. 4 The footprint (∆D/∆f ) of 10 µg/mL fibrinogen
adsoption on titanium oxide and fucoidan modified titanium
oxide.

FIG. 5 The mass of adsorbed layers of fibrinogen and subsequent biomolecules on titanium oxides and modified titanium oxides evaluated by Voigt viscoelastic model.

rinogen layers was examined. In both cases an initial
adsorption of 10 µg/mL fibrinogen was followed by a
rinse with BSA and PBS buffer and subsequent introduction of antibody. As seen in Fig.2 and Fig.3. For
the titanium oxide films, the polyclonal antibody adsorption leads to a further increase in the dissipation
and a decrease in the frequency, indicating an adsorption of the antibody on the preadsorbed protein layer.
But for the fucoidan modified titanium oxide films there
is no significant change in the dissipation and frequency.
Fibrinogen is a long rod-like molecule with three different globular sub domains (E, D, and αC domains)
[4]. At pH=7.4 the overall charge of fibrinogen is negative. The D and E domains are negatively charged
but the αC domain is positively charged and strongly
bound to the E domain. The D and αC domains are
thought to be the most surface active domains. When
the αC domain binds to the surface, the fibrinogen always shows side-on adsorption. It has been previously
shown that initial fibrinogen adsorption on silica in neutral environment proceeds with αC domain, establishing electrostatic bonds with the surface [21]. The rest of
the molecule resides on the αC intermediate layer and
is not in direct contact with surface. Thus, the positively charged αC domains are screened by the negatively charged E and D domains. Here the fucoidan
modified titanium oxide film is more hydrophilic and
negatively charged, so the αC domain may contact with
surface but not bond to the αC domain antibody.
This speculation was also confirmed by introduction
of thrombin to the preadsorbed protein layers after αC
domain antibody inlet. As seen in Fig.2 and Fig.3. on
the titanium oxide surface, the thrombin inlets lead to
a further increase in the dissipation and a decrease in
the frequency, indicating adsorption of the thrombin on
the preadsorbed protein layer. But for the fucoidan
modified titanium oxide surface there was a decrease in
the dissipation and an increase in the frequency, which
meant there was a mass loss and conformation change
in the protein layers. Thrombin is a serine protease of

the chymotrypsin family that can rapidly cleave fibrinogen, releasing fibrinopeptide A and fibrinopeptide B,
and converting soluble fibrinogen into insoluble strands
of fibrin [22]. The QCM data suggest that on titanium oxide surface the αC domain antibody bond to
the fibrinogen α chain screening the domain, with which
thrombin can react, but on the modified titanium oxide
films the thrombin has more chances to cleave off the
fibrinopeptides.

DOI:10.1063/1674-0068/27/03/355-360

C. Conformational change of fibrinogen

Several studies have suggested that fibrinogen mediates platelet activation via its direct interaction with
the platelet receptors GP IIb/IIIa, GP Ib, and possibly
axb3 [23]. Three distinct sites in the fibrinogen molecule
have been implicated to play a role in the binding of
platelets. Two of them, the dodecapeptide (c400-411)
and the RGDS sequence (Aa572-575), which are located
in the D-domain of the gamma chain are believed to be
critical for platelet interaction with fibrinogen.
The monoclonal antibody NYB4-2xl for denatured
fibrinogen only (gamma 392-411 & 392-406) monoclonal
antibody was used to check the status of denaturation of fibrinogen on titanium oxide films and fucoidan
modified titanium oxide films by QCM-D. The QCMD data were evaluated using Voigt viscoelastic model
and acquired the mass of adsorbed fibrinogen on surface (Fig.5). More fibrinogen adsorbed and denatured
mass occur on titanium oxide surface compared to the
fucoidan modified titanium oxide surface. According to
the results in Ref.[24], fibrinogen molecule can be assumed to be a rod with diameter of 6 nm and length
of 45 nm. The surface occupied by one molecule is
270 nm2 for side-on adsorption. The mass of one fibrinogen molecule is m0 =5.7×10−19 g. The close-pack
monolayer density calculated in such a way ranges from
210 ng/cm2 (side-on adsorption) to 1570 ng/cm2 (endon adsorption). Earlier QCM-D studies have shown
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FIG. 6 The footprint (∆D/∆f ) of 10 µg/mL fibrinogen
adsorption and following adsorption of platelet on titanium
oxide and fucoidan modified.

FIG. 7 The mass of adsorbed layers of platelet on titanium
oxides and modified titanium oxides evaluated by Voight
viscoelastic model.

that for a fibrinogen layer, water accounts for approximately 70% of the detected mass [25], so in this
work fibrinogen mass would be around 750 ng/cm2 to
900 ng/cm2 on both of the surfaces and fibrinogen adsorption in a random mixture of various orientations.
Alternatively, the amount end-on adsorbed fibrinogen
on native titanium oxide was higher than on the fucoidan modified titanium oxide. Obviously, in end-on
adsorption, fibrinogen contacts surface with its D domain. So the amount of denatured gamma chain bonding antibody on titanium oxide films is higher than fucoidan modified titanium oxide films which show more
potential motif sites to interact with platelet.
D. Platelet interaction with the adsorbed fibrinogen

As an acoustic surface sensitive technique, QCMD provides simultaneous, real-time information on the
chip surface which can be used to monitor cell attachment and cell membrane rearrangement in situ. In this
work, platelet interaction with the fibrinogen adsorbed
on titanium oxide films and fucoidan modified titanium
DOI:10.1063/1674-0068/27/03/355-360
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oxide films were monitored by QCM-D. Figure 6 shows
the footprints of platelet interaction with the fibrinogen, the ∆D/∆f values are changeable along with the
platelet adsorption. It has shown platelets will experience adhesion, secretion [3], aggregation condition on
the surface within several minutes. In the footprints,
the platelet adhesion leads to a further increase in the
dissipation and a decrease in frequency after fibrinogen adsorption. When they contact tightly with the
surface, an obviously different change occurred on the
two surfaces (Fig.6). For the titanium oxide surface
the frequency increased along with a further increase
dissipation while the frequency remained stable for the
fucoidan modified titanium oxide films (Fig.6). Lord et
al. also reported this trend when monitoring cell adhesion on solid surface by QCM and attributed the loss
of mass during spreading to changes in cell-surface contacts, such as extracellular matrix remodeling or rearrangement of focal adhesions/cytoskeleton [26]. So the
rigid and secretion condition of platelet contacting with
titanium oxide film was more serious than the modified
surface. After the secretion, the aggregation of platelets
could be observed as a further increase of dissipation
and decrease of frequency in the footprint (Fig.6).
The total mass of the platelets on titanium oxide
films was higher than on the modified surface, while
the viscoelasticity was lower (Fig.7). This indicates the
amount of platelet adhesion on the modified surface was
lower and the platelets showed less activation. This explanation is also certified by the SEM images of the
adherent platelet on the two surface (Fig.8). Platelets
on the fucoidan adsorbed titanium oxide surface exhibited less aggregation and pseudopodia, and presented
in an isolated and almost round state, compared to the
titanium oxide surface. According to fibrinogen adsorption, the reason may be that the adsorbed fibrinogen in
an end-on orientation offers more motif sites (c400-411)
to bind and activates more platelets.

IV. CONCLUSION

In this comparative QCM-D work, it has been shown
that the structure and relative amount of fibrinogen adsorbed on the surface depends on the surface properties
especially the hydrophilic and charge density. On the
fucoidan modified surface, fibrinogen has the tendency
to adsorb in a side-on orientation by positively charged
αC domains, which will lead to a more rigid and dense
protein layer formation and reduce the total adsorption mass of the fibrinogen. The end-on orientation of
fibrinogen adsorption on titanium oxide surface by D
domains can led to expose more motifs of the γ chain
to interact with the platelet.
Furthermore, the QCM-D is able to monitor the
platelet interaction with protein in real-time by a significant footprint (∆D/∆f ). This is also consistent with
the SEM photograph of platelet in different condition
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FIG. 8 Typical morphology of the adherent platelets on the
surface of titanium oxides (a) and fucoidan modified titanium oxides (b).

and fit with the blood compatibility properties of the
surface types. QCM-D is proven to be well suited to determine the blood compatibility of ultra-thin fibrinogen
layers on inorganic surfaces.
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