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Abstract

The Arg—-Gly—-Asp (RGD) peptide sequence is known as a cell recognition site
for numerous adhesive proteins present in the extracellular matrix (ECM) and
in blood. Whilst surface immobilized RGD groups enhance cell attachment,
RGD components present in solution can effectively inhibit cell attachment by
competing with endogenous ligands for the same recognition site. In contrast to
the widely reported binding to cell integrin, this study demonstrates a new RGD
feature: its inhibitive effect on fibrinogen adsorption. Through a combined
analysis of spectroscopic ellipsometry, neutron reflection and dual polarization
interferometry, we show that the kinetic process of fibrinogen adsorption as a
model pro-coagulant at the silica/solution interface and in the absence of any
cells can be substantially reduced by the addition of RGD in solution and that
the extent of the reduction is dependent on the relative concentration of RGD.

1. Introduction

Almost immediately following the implantation of a biomaterial within the body, proteins
adsorb to the biomaterial surface [1, 2]. This adsorption stimulates further biological responses
such as cell adhesion [3], activation of inflammatory cells [1], and complement activation [4].
Successful implant deployment requires a well corroborated mechanistic theory of interfacial
events at the molecular and cellular levels to predict these interrelated processes, thereby
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devising effective approaches to promote the functional integration of the implant into the
local tissue environment with long-lasting performance.

Fibrinogen is a soluble cell adhesion protein whose interfacial adsorption plays a key role
in underlining the initial interfacial events in a complex manner. Because of this, fibrinogen
has been widely used as a model pro-coagulant in assessing surface biocompatibility [5]. In
blood, plasma fibrinogen can be cleaved to form fibrin monomers by thrombin, a highly specific
enzyme generated at sites of either vascular lesions or implant deployment. The cleaved strands
in turn self-associate to form a homopolymeric structure, leading to the formation of insoluble
fibrin clots [6-8]. Although it is widely accepted that fibrinogen has a strong affinity to a wide
range of biomaterial surfaces and that its surface deposition initiates platelet adhesion onto
thrombogenic surfaces through binding to a platelet thrombus, there is a severe lack of direct
information about the molecular mechanistic processes at the interface. In spite of extensive
research (for example see [3-5]), it is still difficult to ascertain how the amount and structural
conformation of fibrinogen adsorbed affects platelet adhesion and how the different surface
chemistry of biomaterials affects fibrinogen adsorption.

The Arg-Gly—Asp (RGD) peptide sequence is well known as a cell recognition site
for many adhesive proteins present in extracellular matrices (ECM) and in blood, including
fibrinogen [9]. Many studies have reported that polymeric biomaterial surfaces pre-conditioned
with RGD peptides (usually through chemical bonding) show accelerated healing and
endothelialization [10-12]. In contrast, the addition of soluble RGD peptide into a cell culture
can inhibit cell surface attachment and adhesion. These observations have been well explained
by the competitive recognition of synthetic RGD peptides for cell integrins. This theory,
however, does not offer an explicit explanation for the selective promotion of RGD peptides
to the surface attachment of different cell types. For example, a number of recent studies
have reported that polymeric biomaterial surfaces pre-conditioned with RGD peptides showed
accelerated healing and endothelialization [ 13—15], indicating that the synthetic RGD sequence
inhibits platelet receptors and reduces platelet aggregation whist enhancing endothelial cell
adhesion. We hypothesize that the RGD discrimination to cellular responses arises from
their intervening effect on fibrinogen adsorption and the subsequent fibrin layer formation on
biomaterial surfaces.

In spite of the knowledge of the RGD mediation on cell recognition, its intervening process
on fibrinogen adsorption is so far little known. The aim of this work is to demonstrate the
effect of RGD peptide on fibrinogen adsorption. Our results have shown that the addition of
RGD peptide into aqueous solution can indeed slow down the dynamic process of fibrinogen
adsorption and reduce the equilibrated amount of adsorption as well. Since our experiment
has been done in the absence of cells, the effect of RGD peptide on fibrinogen adsorption is
clearly different from its established role in cell recognition. Our results are well supported by
the work of Olivieri and Tweden [14] that indicates that surface immobilized RGD peptides
may impose their influence by altering the structural conformations of ECM proteins.

Because of the complex roles played by fibrinogen in eliciting a cascade of blood
coagulation and thrombosis, it is necessary to examine its interaction with a model substrate
with and without RGD peptide. In this work the interfacial adsorption of fibrinogen has been
examined on the well-characterized model surface silicon oxide. This surface allows neutron
reflectivity (NR), spectroscopic ellipsometry (SE) and dual polarization interferometry (DPI)
biosensor measurements to be performed under solution conditions close to the physiological
environment. In comparison with traditional methods of analysing protein deposition onto
surfaces, such as radio-labelling and quantitative ELISA, the techniques used in this work offer
real-time measurement of surface adsorbed amount (surface excess) as well as the structural
conformations of the adsorbed protein layers.
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2. Materials and methods

2.1. Physical techniques

Ellipsometric measurements were made using a Jobin-Yvon UVISEL spectroscopic
ellipsometer over a typical wavelength range of 300-600 nm [16]. A special liquid cell was
constructed to enable the SE measurement at the solid/liquid interface at a fixed incidence angle
of 70°. Results were analysed using DeltaPsi I software and the surface adsorbed amount was
estimated using the equation developed by De Feitjer ef al [17].

Neutron reflection was performed on the reflectometer Surf at Rutherford Appleton
Laboratory, Chilton, Didcot, UK [18]. The wavelength of neutrons used was between 1
and 6.5 A. This range of wavelength makes NR inherently sensitive to structural dimensions at
the molecular level. In addition, the use of deuterium labelling of the solvent helps to identify
the detailed structural distribution within the interfacial layers. Procedures for neutron data
analysis are described in [19].

The interferometrical biosensor used was AnaLight® Bio200 (Farfield Sensors). This
technique finds the absolute effective refractive index in a waveguide mode by solving the
equations of electromagnetism for a system of uniform multiple dielectric layers [20-22]. The
sensor chip is an interferometer comprising two vertically integrated slab waveguides, the lower
one isolated from the experiment and acting as a reference channel, the upper one providing
an evanescent wave for biosensing. Dual polarization (transverse electric (TE), transverse
magnetic (TM)) mode excitation is made with face normal incidence injection of the beam.
Polarization switching is readily achieved at a rate of 50 Hz, thus giving data updates every
20 ms. The technique is thus effective at real-time measurement of the dynamic process of
protein adsorption.

2.2. Materials and samples

Freshly cleaned silicon wafers were immersed in either buffer or human plasma fibrinogen
(Sigma) in 0.1 M NaCl with and without RGD before appropriate measurements were made.
Fibrinogen solution was always freshly prepared about 1 h before the adsorption measurement.
In cases where adsorption was measured from fibrinogen + RGD peptide mixture, freshly
prepared fibrinogen solution was poured into a known amount of dry RGD sample and the
solution was gently mixed under magnetic stirring. A similar approach was used to incorporate
heparin into fibrinogen solution. The solution pH was controlled at 7 using 20 mM phosphate
buffer (PBS) and all the measurements were made at 23-25 °C. The concentration of RGD
tripeptide (Sigma) was adjusted at either 1 or 2 g1~! and that of heparin (Sigma) was kept
at 2 g1='. The fibrinogen concentrations studied were between 0.01 and 0.5 g1~!'. All
the glassware and measurement cells were freshly cleaned by soaking in 5% neutral Decon
solution (purchased from Decon Laboratory UK), followed by copious rinsing with ultrapure
water (UHQ) processed through a PS Elgastat water purification system. D,O containing
99 + %D was purchased from Sigma and used as supplied. Its surface tension at 25 °C was
above 71 mN m~! and was close to the UHQ water freshly processed.

3. Results

3.1. Spectroscopic ellipsometry

In each spectroscopic ellipsometry measurement, the two optical angles, ¥ (measuring changes
of amplitude of the light before and after reflection) and A (measuring changes of phase of the
light before and after refection), were recorded against wavelength between 300 and 600 nm.
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Figure 1. The spectroscopic ellipsometry measurement of fibrinogen adsorption from 0.2 g 17!
solution onto silicon oxide measured at the solid/water interface at the RGD peptide concentration
of O (4),1(A)and2 (W) g1}, pH 7.

Each measurement took about 30 s to complete. Thus, it was possible to record the first
point of adsorption about 1 min after fibrinogen solution was placed into the ellipsometry
measurement cell.

Information about the amount of protein adsorbed was obtained by performing a uniform
layer model fit to each pair of ¥ and A. We have explained previously that for the formation of
an ultrathin interfacial layer, SE is incapable of separating the layer thickness from its volume
fraction [23, 24]. To avoid the coupling problem, we have tried to fix the refractive index of
the protein layer close to that of the pure protein. We have demonstrated that this approach
has little effect on the surface excess [24]. Following the previous work by De Feitjer [17],
the surface excess (I" in mg m~2) can be estimated from the following equation:

A ) 0
a
where 7 is the protein layer thickness (in A), n is the refractive index of the layer and n,, is
the refractive index of the aqueous phase. The value of a was related to the change of the
solution’s refractive index with bulk concentration. To offset the unit conversion the value of
a was taken as 1.8 [17, 24]. To guide the view of the trend of surface excess changes with
time, continuous lines were drawn through each set of data.

Figure 1 shows that fibrinogen adsorption is time dependent. Within the first 30 min the
adsorbed amount is doubled. After this initial period, the adsorption reaches its saturation
limit. The addition of 1 g 17! RGD peptide reduces the initial adsorption by some 30-50% on
incubation within the first 10 min, but then the adsorbed amount reaches 100% of fibrinogen
alone adsorption by 30 min. However, 2 g 1! RGD reduces fibrinogen adsorption by some 50
%. Interestingly, this level of reduction is maintained for the full 60 min period of measurement,
clearly showing the increasing effect of RGD in inhibiting fibrinogen adsorption onto the model
SiO; surface. Itshould be noted however that SE is only capable of updating the time-dependent
adsorption over the timescale of min. Also note that although the measurements offered a
progressive change of layer thickness with time, its absolute value was not meaningful in the
ellipsometry measurement because of the assumption of the corresponding layer refractive
index as indicated previously. Finally, the RGD peptide alone had no measurable adsorption
over the concentration of 1-2 g 1! under the same solution conditions.
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Figure 2. The neutron reflection measurement of fibrinogen adsorption at the hydrophilic
SiO,/water interface, at fibrinogen concentrations of O (dashed curve), 0.01 g 1= ([@yand 0.2 g 1!
(O). The continuous curves represent the best fits with the layer structures described in the text.
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Figure 3. The neutron reflection measurements to show the effect of RGD on fibrinogen adsorption
at RGD concentration of 0 (dashed curve), 1 g 17! () and 2 g 1=! (O). The continuous curves
represent the best fits.

3.2. Neutron reflection

Neutron reflectivity profiles were measured at the silicon oxide/D,O interface under otherwise
similar solution conditions to those used for the SE measurements. As changes in reflectivity
occur mainly below 1073, we have expanded the measured data shown in figures 2 and 3 to
indicate the changes over this range. This means that the usual signatory occurrence of the
critical angle of neutron reflectivity at the momentum transfer around 0.014 A~ is not shown

here.



S2488 J Armstrong et al

Figure 2 compares reflectivity profiles measured at the silicon oxide/D,O interface with
and without fibrinogen. The differences clearly indicate fibrinogen adsorption. Neutron
reflectivity allows us to reveal the amount of fibrinogen adsorption and the layer thickness
simultaneously. Such information was also obtained through model fitting to the reflectivity
profiles measured as in the case of the ellipsometry data analysis outlined previously. A
single layer model of 40 A was found to be adequate for describing the adsorption at a
fibrinogen concentration of 0.01 g1~', indicating that there was no inhomogeneity across
the interface layer.

However, the single uniform layer model was found to be inadequate to describe the layer
structure adsorbed at a higher concentration of 0.2 g 17!, The reflectivity profile was best fitted
using a three layer model with a total thickness of 60 A. This model consisted of a middle
sublayer of 22 A with high protein volume fraction and two low volume fraction sublayers of
some 20 A each at the SiO, side and the bulk solution side. This indicated that upon increasing
surface adsorption, the structure of the protein layer also changed. With the formation of a
dense polypeptide layer, its polypeptide fragments did not collapse onto the solid surface fully.
Instead, the protein layer retained a 20 A gap that had a depletion of polypeptide distribution.
It should also be noted that the fit shown in figure 2 does not model the measured data at low
momentum transfer range well. The misfit over this range could be improved by incorporating
a further loose layer of some 30 A but containing some 5% polypeptide on the bulk solution
side. This again indicates the sensitivity of NR to the fragment distribution of the protein
across the interface. The in situ structural conformation may have a direct implication to cell
attachment and spreading. A similar layer structure was found at the highest concentration of
0.5 g 17! except that under this concentration the outer polypeptide sublayer on the solution
side was more diffuse and broadly distributed.

In the case of co-adsorption with RGD, little reduction in the total amount of fibrinogen
adsorption was seen at 1 gl~' RGD. This observation was broadly consistent with the
ellipsometry data, bearing in mind that it took about 1 h to complete the NR measurement.
The data in the case of neutron reflectivity represented a time-averaged measurement over this
period. However, as the concentration of RGD increased to 2 g 17!, fibrinogen adsorption was
reduced by some 50%, again in good agreement with the ellipsometry data (figure 3).

3.3. DPI biosensor measurements

Although neutron reflectivity gave more specific information about the volume fraction
distribution of the adsorbed protein layer, each neutron reflectivity measurement took some 30—
60 min to complete. Thus the structural conformation represented the time-averaged outcome.
Because the DPI biosensor updates its measurement on a timescale of seconds, it provides a
better real-time update on protein adsorption. Figure 4 shows a steady increase of fibrinogen
adsorption with time over the first 5 min, and then it tends to a plateau around 1 mg m~2.
Note that this adsorption occurred at the much lower fibrinogen concentration of 0.01 g 17!
and that the biosensor chip surface contained silicon oxynitride. Given the differences in
surface chemistry and protein concentration, the timescale of the dynamic adsorption is broadly
consistent with the ellipsometry results shown in figure 1.

When RGD is mixed with the fibrinogen solution, the total amount of adsorption is
substantially reduced. This is again similar to the trend observed from the ellipsometry work
as already described in figure 1. The biosensor data, however, show more variation of the
adsorbed amount with time over the initial stage of interfacial adsorption.

It is useful to note that heparin has been widely used in clinical medicine as an anti-
coagulant. Its role is to inhibit fibrin formation, thereby inhibiting blood coagulation. For
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Figure 4. The DPI biosensor real-time variations of fibrinogen adsorption and its comparison with
the solutions containing 2 g1~! RGD and 2 g 17! heparin. The fib concentration was fixed at
0.01 g1,

comparison, we also show in figure 4 that the addition of heparin into fibrinogen solution can
reduce fibrinogen adsorption onto the silica surface in a manner similar to the action of RGD
peptide. This raises a query as to whether the molecular mechanistic process imposed by the
two model anti-coagulants is similar. A useful experiment for unravelling this issue is to probe
the possible binding of anti-coagulant onto fibrinogen pre-adsorbed onto the substrate surface
by neutron reflection. Such an experiment is in progress.

4. Discussion

The combined measurements from the three surface sensitive techniques offer molecular details
about the real-time variation of the adsorbed amount (SE, DPI) and the structural conformations
(NR), all at the substrate/solution interface. Both SE and DPI show a convincing time-
dependent adsorption of fibrinogen over the period of the first 20-30 min. The difference in the
time-dependent process as shown in figures 1 and 4 for pure fibrinogen adsorption arises from
different protein concentration and the chemical nature of the silicon oxide surfaces. Although
NR measurement requires a much longer time to accomplish, it has revealed the unique
structural feature of the polypeptide distribution along the surface normal. The structural
distribution for the fibrinogen layer was found to be distinctly different from those obtained
for other proteins such as lysozyme and albumins in our previous work [25, 26]. Note that the
isoelectric point (IP) for fibrinogen is around 5.5. At pH 7, both the protein and the silicon
oxide surface are negatively charged. The charge repulsion may contribute to the depletion of
the polypeptide within the first 20 A closest to the oxide surface. Adjacent to the inner depleted
region is the middle dense layer of some 20 A containing some 80% polypeptide, followed by
an outer diffuse layer of 30—60 A into the bulk solution. The main structural characteristic was
retained for the adsorbed fibrinogen layers over the high concentration range. However, when
the concentration was low, there was insufficient sensitivity in the reflectivity data to justify
such a layer distribution other than the fitting of a uniform model.

All three techniques are capable of revealing the effects of regulating factors on fibrinogen
adsorption at the silicon oxide/solution interface. RGD is effective at reducing fibrinogen
adsorption at concentrations around 1-2 g 1=, The inhibition caused by RGD clearly shows
that the time-dependent fibrinogen adsorption is manifested through RGD binding between
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incoming fibrinogen from solution and the ones already immobilized on the silicon oxide
surface. It is interesting to note that there is a clear difference in the adsorbed amount at the
starting point (after about 1 min of solution in contact with the surface) with and without RGD,
as is evident from figure 1. In the absence of RGD, the surface excess is about 2.8 mg m—2, as
compared with 1.4 mg m~2 in the presence of RGD. The difference indicates possible RGD-
specific molecular recognition between fibrinogen molecules and the competitive process upon
addition of the soluble synthetic RGD peptide. At 1 g1~! RGD the inhibitive effect is time
dependent, indicating the dynamic replacement of RGD peptides by surface binding entities
from incoming fibrinogen molecules. After some 30 min the protein surface excess eventually
reaches the same value as in the absence of RGD peptide, suggesting the complete displacement
of pre-engaged RGD peptides. At 2 g1~! RGD there is little sign of variation of any further
fibrinogen adsorption with time, indicating a strong inhibitive effect from the RGD peptides
present in the solution. These SE observations are entirely consistent with the DPI data shown
in figure 4 and the results together reveal the competitive process between RGD blocking
and fibrinogen self-recognition, a molecular process implicating the initial stage of interfacial
coagulation leading to thrombosis.

In addition, the DPI measurement shows that addition of heparin results in similar
inhibition to the RGD peptide. As heparin is well known for its anti-coagulating effect,
the reproduction of its inhibitive action to fibrinogen adsorption might imply a possible
resemblance between the two regulating factors. These experiments demonstrate that
the molecular mechanistic processes involved in fibrinogen deposition onto the surface of
biomaterials, and the regulation by therapeutic molecules, can be effectively screened by these
surface-sensitive techniques.
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